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CHAPTER 1

Nano/micro particle catalysis for
organic transformation:
An introduction

Abstract: Nanomaterials are the most attractive materials as they are prominent in every
aspect of science and technology. In the first chapter, we have explained the definition of
nanoparticles, their classification, synthetic methods, morphologies, and the application
in the various fields from the literature. The procedures for synthesizing metal sulfides
and metal oxides, particularly copper sulfides, copper indium sulfide, and copper oxide-
zinc oxide composite materials, are described. These metal chalcogenide nano/micro
particles are utilized as catalysts in organic transformation. The descriptions of
nano/micron sized material-based catalysis for a few organic reactions, specifically, click
reactions and Glaser-hay coupling reactions, are included in the chapter. The capturing of
CO- gas from the atmosphere, then converting it to valuable chemicals is the best method
of alleviating environmental pollution. In this chapter, we have described the available

chemical methods to produce cyclic- and poly- carbonates.
1.1. Definition of nanomaterials and their classification of based on dimensions

The word nanoparticle stems from the fusion of two words, “nanos” (Greek) and
“particulum” (Latin). A nanoparticle has its dimensions ranging from 1 to 100
nanometres. Nanoparticles are invisible to the naked eye, and they present different
chemical and physical properties compared to their macroscopic counterparts. They occur
in different morphologies like spheres, flowers, rods, wells, wires, flakes, and wafers [1].
The nanoparticles are classified into different types based on size, shape, morphology,

and composition.

The nanomaterials are classified based on their growth in the three-dimensional space
(Figure 1.1). Zero-dimensional (0D) nanomaterials possess all the nanoscale regime
dimensions (all dimensions are lesser than 100 nm). Typically, 0D nanomaterials are a
congregation of few atoms or molecules. The one-dimensional nanomaterials (1D) mean

that at least one of the dimensions is beyond the nanoscale regime. This type consists of



nanowires, nanorods, and nanotubes [2-3]. The two-dimensional nanomaterials (2D) have
two dimensions more than 100 nm. They exhibit shapes similar to a plate-type and consist
of nanolayers, nanofilms, and nanocoating [4-6]. Three-dimensional nanomaterials (3D)
are materials that do not have restrictions in their measurements to nanometres in any
dimension. This group of materials includes bulk powders, diffusions of nanoparticles,

nanowires packages, and with multi-nanolayers [7].
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Figure 1.1: Different types of morphologies (8)

1.2. Types of nanomaterials according to their chemical composition

1.2.1. Carbon-based nanostructures

Carbon-based nanomaterials mainly consist of only carbons, and they are grouped into
two main classes (Figure 1.2). (a) Fullerenes: an allotrope of carbon, made by the
wrapping of single and double-bonded carbon atoms to form closed cages containing 60
carbon atoms. This C60 is the simplest form of carbon-based nanomaterial, which is also
known as “buckminsterfullerene.” The C60 molecule derives its spherical structure from
the arrangement of carbon atoms at the vertices of a truncated icosahedron. The other
forms include C70, C76, C78, and C80, which are used in many medical and biological
applications [9]. (b) Carbon nanotubes (CNTs): CNTs applications span across various



fields like electronics, polymers, energetics, biological, and medical because of their

diverse but straightforward and efficient synthetic strategies [10].
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Figure 1.2: Different carbon-based nanomaterials
1.2.2. Inorganic nanopatrticles and Quantum dots (QDs)

Inorganic nanoparticles are not composed of carbon. The significant materials in this
category are metal and metal oxide-based nanoparticles, and these nanomaterials have a
considerable therapeutic impact in clinical science. The mechanisms interaction of noble
metal nanoparticles such as Au and Ag with animal and plant cells makes them utilized
considerably in health and applications [11]. Various other transition metals like Fe and
Zn finds numerous applications in catalysis, transport, optical sensors, solar panels,
bioremediation, and detection of biomolecules [12-13]. The transition metal oxides are
utilized in cosmetics and sunscreens.

Quantum dots (QDs) are semiconductor materials having nano-sized particles. The
commercial properties of QDs arise from quantum size confinement that arises when
metal or semiconductor particles are smaller sized than their exciton Bohr radii [14-17].
The fluorescent QDs are used in vivo biomedical imaging [18-20]. The binary metal QDs
such as CdSe,, CdS, and CdZn are utilized commonly for biological labeling in animal
cells. Various QDs can be developed by combination, such as CdSe-ZnS core-shell
nanocrystals that are utilized as bioactive fluorescent probes in imaging, sensing,

immunoassays, and in various analysis uses [21].



1.2.3. Organic nanomaterials

Dendrimers, micelles, ferritin and liposomes, are usually called organic nanoparticles
(Figure 1.3). Organic nanoparticles are suitable for drug distribution because of their
characteristics. The most well-known shapes of organic nanoparticles are nanosphere and
nanocapsule. These nanoparticles are naturally degradable and safe. Particles such as
micelles and liposomes possess a hollow core called nanocapsules. Also, they are sensitive
to thermal and electromagnetic radiation [22]. Many organic polymer-based nanoparticles
are reported. The polymeric nature permits their use as controlled and sustained drug
release components. It is realized that surface-modified biodegradable polymeric
nanoparticles could deliver required drugs beyond the blood-brain barrier for diagnostic

and therapeutic uses in neurological disorders [23].
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Figure 1.3: Different types of organic nanomaterials

1.2.4. Nanocomposites

The nanocomposites are the combinations of materials of one kind of nanomaterial with
another kind (Figure 1.4). The nanomaterials like nanowires or nanofibers can be
integrated with bigger size materials. These nanocomposites might be a mixer of metal or
carbon-based nanofibers or organic-based nanowires with any metal ceramic, and

polymer [24].
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Figure 1.4: Structure of nanocomposites



1.3. Synthetic methods of nano/micro particles

Continues research in nanoscience and technology necessitates the collection of
approaches to produce nanoparticles from various materials such as semiconductors,
metals, metal oxides, ceramics, and polymers, and many more. Nanomaterials are
synthesized by various approaches based on the types (organic, inorganic, QDs, and
composites) and nature (size, shape, and orientation). Various techniques have been
discovered to produce thermal decomposition, chemical vapor deposition approach,
conventional Sol-Gel method, solvothermal approach, hydrothermal synthesis, templating
technique, pulsed laser ablation, combustion method, gas phase method, and also
microwave synthesis. Generally, these production methods can be organized as Top-down
and Bottom-up strategies (Figure 1.5). Both techniques play indispensable roles in the

device industry and have their very own benefits and bad marks.
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Figure 1.5: Schematic representation of '‘bottom-up’ and ‘top-down’ methods for the
production of nanoscale materials.

Top to Bottom

The top-down approach involves the solid-state processing of the materials wherein
the bigger particles of material are fragmented into smaller sized particles utilizing
physical techniques (Figure 1.5). Some of the techniques are applying mechanical stress,
high radiation energy, thermal energy or electric energy to trigger material abrasion, and
evaporation followed by condensation to produce nanoparticles. Grinding or milling,

physical vapor deposition are other examples of Top-down synthesis [25]. These



approaches are beneficial as they were devoid of solvent contamination, also generate
uniform monodispersed nanoparticles.

The most significant issue with the top-down technique (physical methods) is the
defectiveness of the surface area. For example, the nanoparticles created by the attrition
have a reasonably wide dimension distribution and different particle geometry or shape.
Furthermore, they might consist of a considerable number of impurities. Such
imperfections would definitely sway the physical as well as chemical properties of
nanostructures and nanomaterials.

Bottom to Top

The bottom-up production methods of nanomaterials consist of the miniaturization of
materials components to the atomic level with different self-assembly processes leading
to nanostructure development. In this approach, the nanomaterials are constructed from
atom-by-atom or molecule-by-molecule to produce a vast quantity of materials. The
bottom-up methods are prominent to produce nanoparticles because of several advantages

such as homogenous chemical composition and much better ordering of particle shapes.

The principal methods of the bottom-up approach include

1. Solution-phase strategies (solvothermal synthesis, chemical reduction, sol-gel,
sonochemical synthesis, and precipitation).

2. Chemical vapor condensation methods (sputtered plasma processing).

3. Vapor-phase strategies involving deposition (thermo chemical vapor deposition,
plasma-enhanced deposition, and plasma arching).

4. Self-assembly methods [electrostatic self-assembly, self-assembly monolayers
(SAM) biological templating, and Langmuir-Blodgett (LB) formation].

Many of these methods are still under advancement or are starting to be utilized for

nanomaterials' commercial production [26-27].

1.4. Synthesis of metal sulphides nano/micro particles

Chalcogenides of transition metal are valuable semiconducting materials. The
properties of these nanomaterials change with the size and shape of the particles and their
composition. Production of metal chalcogenides is accomplished employing diverse metal
sources like CuClz, Cu(OAc)2, CdCly, InCls, ZnCl, and Pb(NOz)2 [28]. The sources of



sulfur are NazS, thiourea (CH4N>S), elemental sulfur (S), and CSz [29]. The surfactant
molecules or capping agents used during the production of metal chalcogenide based
nanomaterial are oleic acid, amines (alkylamine, hexadecyl amine), thiols (dodecane thiol,
1,6-hexane dithiol), and polymers (PVP, PMMA) [30]. The use of amine-based stabilizing
molecules instead of thiol or alcohol is convenient since amines activate the sulfur present
in its source material [31]. Within the metal chalcogenide, copper chalcogenides (Cu.S,
CuS, and Cux«Se) are less harmful material, low-cost, and potentially useful nanomaterial
for various applications.

The ternary chalcogenide materials such as CulnS; and CulnSe; have good
photoconductivity and large absorption coefficients [32]. Further, the bandgap of these
materials can be tuned by changing the particle size so that there is a possibility to match
the desired region of the solar spectrum [33]. Therefore, there are many interests in
synthesizing non-toxic ternary chalcogenide semiconducting nanoparticles (CulnS; and
CulnSe;. These ternary chalcogenide materials are useful in the photocatalytic splitting of
water, light emitting diode, nonlinear optical devices, and bio-imaging [34]. Therefore,
the preparation of the ternary chalcogenide (I-111-V1 group) semiconductor materials has
got more interest. Several procedures to synthesize CulnSz and CulnSe; have been
reported. Some of them include solvothermal, hydrothermal methods, microwave
irradiation technique, hot injection technique, and single-source molecular precursor [35].
Some recent significant synthetic methods are mentioned below.

Synthesis of Copper sulfides

Samira Saeednia et al. reported the production of CuS with various sizes and shapes,

which was obtained through a typical solvothermal synthesis from the reaction of metal

acetate with N-benzylidene ethane and thioamide in ethylene glycol (Scheme 1.1) [36].
Ethylene glycol

Cu(CH,CO0), H,0 + N-benzylidene > CuS Nanoparticles

ethane thioamide 40 min, 230 °C
Scheme 1.1
Charles W Dunnill et al. reported the synthesis of CuS via direct mixing of elemental

of Cu and S powder in hydrazine hydride and water (scheme 1.2). [37].

Hydrazine hydrate ‘
Cu powder + S powder » CuS Nanoparticles

H,0, 4h, 80 °C
Scheme 1.2




Production of hexagonal shape CuS has been developed by Mark T. Swihart et al.,
which was obtained using copper chloride and ammonium sulphide in toluene (scheme
1.3) [38].

LAM

O
CuCl, 2H,0 + (NH,),S » CuS Nanoparticles
utly 2, (NHy), 2h, 72 °C p

toluene

Scheme 1.3

Synthesis of copper indium sulfides

Jonathan E. Halpert et al. reported the synthesis of CulnS, quantum dots thin film for
the perovskite solar cells. The materials were produced by typical single pot synthesis
with a high-temperature method using copper(l) iodide, indium(lll) acetate, and 1-
dodecanethiol (DDT) in 1-octadecene (scheme 1.4) [39].

olylamine
Cul + In(CH;CO00); + C4,H,sSH - > CulnS, Nanoparticles
40 min,
230°C
Scheme 1.4

Synthesis (scheme 1.5) of CulnS> with chalcopyrite structure by hot injection
technique using copper(Il) chloride, indium(l11) chloride, and thiourea was reported by Y.
Vahidshad et al. In this reaction, oleyl amine was used as the capping agent [40].

olylamine

CuCl+ InCl; T CHyN,S 2000 CulnS, Chalcopyrites

2hto4h
Scheme 1.5

Mohammad Y ousefi et al. reported the synthesis of CulnS; produced in very little time

using a microwave oven using bis(acetylacetonate)copper (1), indium (111) chloride, and

thioacetamide in ethylene glycol (scheme 1.6) [41].

ethylene glycol
Cu(acac), + InCI3—|— CoH5NS y SRl - CulnS,
microwave oven

(900power,6 min)
Scheme 1.6




1.5. Composites of copper oxide and zinc oxide and their synthesis

The semiconducting oxides such as ZnO, TiO2, CeO, ZrO, and SnO- are appealing
materials due to their unique properties. These materials having different nanostructures
find applications in various areas including, catalysis [42], photocatalysis [43], solar cells
[44], and gas sensors [45]. The metal oxides nanostructures of CuO and ZnO, such as
CuO-NiO, CuO-MgO, CuO-TiO2, NiO-Zn0O, ZnO-TiOz, and CuO-ZnO-ZrOy, have been
studies elaborately because of their exciting surface properties [46-51]. These materials
have been used in many fields, including chemical and material sciences owing to their
diversified applications. Some of the research areas include catalysis, gas sensors, solar
cells, and optoelectronics devices [52]. Some recent interesting synthetic procedures are
discussed as follows.

Hyunjoon Song et al. reported the ZnO-CuO Core-Hollow cube nanostructures that
was produced by heating zinc acetylacetonate hexahydrate and copper acetylacetonate at
225 °C (scheme 1.7) [53-54].

1,5-PD, PVP 200 °C

Zn(acac), .6H,0 + Cu(acac), - » 7n0-Cu,0 — > ZnO-CuO
5 min, 220 °C 2h
inert condition
Scheme 1.7

Bhaskar R. Sathe et al. synthesized hetero structural CuO—ZnO nanocomposites from
zinc acetate and copper acetate by chemical synthetic approach by calcination 500 °C
(scheme 1.8) [55].

1) PVP, stirring
Zn(acac), + Cu(acac), » CuO-ZnO

2) NaOH, stiiring at 80 °C
3) Dried, calcinated at 500 °C
Scheme 1.8

P. Sathishkumar et al. reported the synthesis of CuO-ZnO by impregnation method

using the zinc oxide and aqueous copper sulphate at 550 °C (scheme 1.9) [56].



1) stirring at 48 h
ZnO + CuSO, .5H,0 - » CuO-ZnO
2) heating at 80 °C, 24 h

3) calcinated at 550 °C, 5 h

Scheme 1.9
1.6. Applications of nano/micro particles

Nanotechnology is the most motivating advancement used in every aspect of scientific
research. Nanomaterials are used in different applications depending on the physical
features such as shape, size, and surface characteristics. The nanoparticles have distinct
physicochemical, architectural, and morphological features relying on their synthetic
methods. These properties are crucial in many applications, such as optical,
optoelectronic, atmosphere, electrochemical, and biomedical areas [57]. Some of the

exciting applications of nanomaterials are itemized in the table 1.1.

Table 1.1: Applications of nanomaterials in various areas

Application Materials Ref
Catalyst Pt, Pd, Fe [58]
Photocatalyst Cds, CuS, BiSs [59]
Energetic materials Al, Bi2Os/Al [60-61]
Water purification ZnO, y-Fe203, CeO2 [62]
Water splitting BiVO4, V205, SnxV20s/CdSe/Pt, IrO, | [63-64]
Electrode materials Sh203, TiO2/M0S2 [65]
Solar cells AgInGaSez, Cu2ZnSnS, [66]
Lasers Au, CdO, Cu, Ni [67-69]
LED AlGaN [70]
DNA Pt and Ag nanoparticles [71]
Fluorescent biological labels Silicon RNA and pd nanoparticle [72]
Nano medicine CdSe Quantum dots [73]

Catalysts are chemical species that enhance a chemical reaction rate by offering an
alternate reaction path to the reaction product, generally by reducing the activation energy.
Nanomaterials received considerable interest as reliable catalysts in numerous reactions

since they have high surface-to-volume ratio and coordination ability. These properties
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offer more active sites per area in contrast with their heterogeneous counter sites.
Nanomaterials find substantial use as a catalyst in water purification, decomposition of
organic pollutants, and organic transformation reactions. Some of the enticing catalysis
by nanomaterials are listed in table 1.2. However, the present description is restricted to
two organic reactions; click chemistry and Glaser—Hay homocoupling reaction.

Table 1.2: Applications of nanomaterials as catalyst in organic reactions

Reaction type Nanoparticle Ref
B-hydroxy-1,2,3-triazoles copper(i)@phosphorated SiO- [74]

Homo and cross-coupling of terminal alkynes Cu/C3N4 composite [75]
Homocoupling of arylboronic acids rgo-ni nanocomposite [76]
Hydrogenation of Nitroarenes Ni3Ss Nanocatalyst [77]
Synthesis of cyclic carbonates porous ZnSnO3 nanocrystals [78]

C—N bond forming reactions Cul -zeolite [79]
Aerobic oxidation of benzyl amine MoOx/CeO2—ZrO> [80]
Oxidation of vanillyl alcohol Mn-doped CeO> mixed oxides [81]
Alcohol oxidation reactions Mnz04@POP nano catalyst [82]

1.7. Nano/micro particles as heterogeneous catalyst for organic reactions

One of the significant advantages of catalysis by nanoparticles is its heterogeneous
nature, which allows the regeneration and reuse of catalysts. Few recent pieces of
literature on nanomaterials-based catalyzes on the click chemistry, Glaser—Hay
homocoupling reaction, and cyclic carbonate synthesis are discussed below.

1.7.1. Click chemistry

Jalal Albadi et al. synthesized 1,4-disubstituted-1H-1,2,3-triazoles from the mixture of
benzyl halide or alkyl halide, alkyne, and NaNs in the water at reflux condition in the
presence of melamine-supported CuO nanocatalyst (scheme 1.10) [83]. Later, they have
used CuO-CeO2 nanocomposite as the catalyst to react benzyl bromide and
phenylacetylene in the presence of amberlite-supported azide in ethanol as solvent (at the

refluxed condition for 65 min) to form corresponding products (scheme 1.11) [84].
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Jun Nie et al. synthesized 1,4-disubstituted-1H-1,2,3-triazoles using CuOX@Nb,Os as
the catalyst for benzyl azide reaction with phenylacetylene in THF. This reaction was
performed in a quartz test tube irradiated with UV light for 6 h at room temperature under

air (scheme 1.12) [85].

—\ __  CuOx@Nb,O5ED N=N ‘Q
TN/ N
N solvent, air ©/I\/

Scheme 1.12
Y. V. D. Nageswar et al. synthesized of 1,4-disubstituted 1,2,3-triazoles by using

magnetically separable and reusable CuFeO4 nanoparticles in a one pot reaction in tap

water at 70 °C (scheme 1.13) [86].

)+ )= e N JQ
+ — : N
N3 H,0, 70 °C ©/§/

Scheme 1.13
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1.7.2. Glaser hay coupling

Yalan Xinget et al. reported the development of green and sustainable synthetic methods
for the preparation of 1,4-diphenyl buta-1,3-diyne from phenylacetylene using DBU as
the base and copper(I)triflate as catalyst in acetone (Reaction condition: rt, 2-5 h, open
air atmosphere) (scheme 1.14) [87].

— __ Cu(QOTf)p, air  /— L —
N\ 7/ — DBU N\ 7/ — — \_/

acetone, rt

Scheme 1.14
Xiaoquan Yao et al. synthesized Cu/C3N4 composite and used it as the catalyst for
homo cross coupling of terminal alkynes. For example, diphenylbuta-1,3-diyne synthesis
was carried out using phenylacetylene and KOH in the presence of Cu/C3Nj4 as the catalyst
at room temperature in isopropyl alcohol for 12 h under an O atmosphere (scheme 1.15)
[88].

_ . CU/C3N4, KOH - -

h

\ / solvent, rt, 02,12h' \ 7/ T T 7

Scheme 1.15

Bianxiang Zhang et al. has established a mild method to synthesize diphenylbuta-1,3-
diyne through a room temperature reaction, which used phenyl acetylene as substrate,
benzene as an oxidizing agent, EtsN as the base, and acetonitrile as a solvent in the
presence of CuCl (scheme 1.16) [89].

—N\ __ CuCLEN /~—\ _ _ /=
N DIB SN/ N\ /
Scheme 1.16
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Elham Safaei et al. established a method for the homocoupling of phenylacetylene
with a mixture of phenylacetylene while suing L' Cu (11) as a catalyst in an oxygen

atmosphere at room temperature in THF (scheme 1.17) [90].

=\ ___ LNScu(l)catalyst //~—\ /=
N\ 7/ = THRr,0,25h N\ / N\ _/

Scheme 1.17

1.8. Capturing and conversion of COzinto cyclic and polycarbonates

Owing to the industrial revolution, the atmospheric carbon dioxide (COz) level is
increasing rapidly, which the primary cause of global is warming. On the other hand, the
attractive CO> capture reactions represent an alternative and safer way of mitigating the
excessive release of it from various industrial sources [91]. The process of capturing waste
carbon dioxide (COy) released from the heavy industry, and automobile exhaust and the
use of renewable carbon resource CO> to produce various organic molecules and polymers
are the best way to alleviate its excessive release to the environment [92-93] and also
advantages as it is an abundant, economic, and non-toxic substance [94]. Therefore, the
research on the utility of

CO:s- is attractive for many scientists as it is an inexpensive, non-toxic, non—flammable,
abundant carbon feedstock to produce valuable chemicals [95-100].

Cyclic and polycarbonate synthesis from CO- and epoxides through a catalytic process
is a 100% atom economic reaction established long ago [101]. They are industrially
important materials because of their physical properties, and also, they are biodegraded
under composting conditions. Cyclic carbonates are fascinating compounds finding a
collection of applications such as electrolyte in lithium-ion batteries, [102] polar aprotic
solvents [103] intermediates for fine chemicals and building blocks in the manufacture of
pharmaceuticals [104]. Polycarbonates are used as solid polymer electrolytes (SPE) [105].
The perpetual challenge is finding a simple route to produce biodegradable and recyclable

polycarbonates using CO-.
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1.8.1. Synthesis of cyclic carbonates from CO2

Highly reactive molecules are used to activate CO> using various catalysts. For example,
Irina P. Beletskaya et al. used a reusable alumina-supported zinc dichloride as the catalyst
for the synthesis of cyclic carbonates from epoxides and COz (4 atm) in a low-pressure

reactor but without using any solvent at 60 °C (scheme 1.18) [106].

O
®)
o
+ co, MXn/support _ o)
TBAI, Neat, 60 °C
2-16 h
Scheme 1.18

Haibo Chang et al. synthesized 5-membered cyclic carbonates from the epoxide and
CO2 (0.4 MPa) in a mild solvent-free condition at 70 °C in the presence of Succinimide-
Kl as the efficient binary catalytic system (scheme 1.19) [107].

0]
) KI-SI catalyst %
(0.4 Mpa) neat, 70 °C /K/O

4 h
Scheme 1.19
Jie Wu et al. prepared cyclic carbonates by the cycloaddition of CO2 (1 atm) with epoxides
using Al (II)@cage as catalyst at 25 °C for 24 h (scheme 1.20) [108].

Vi
0]
(0]
+ co, Al(III)@cage . 0O
(1 atm) neat, 25 °C
24 h
Scheme 1.20
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The PIMs was used as the catalyst by Guichun Yang et al. for the reaction of CO2 with
epoxides at 130 °C using 1 MPa pressure of CO> for 4 h (scheme 1.21) [109].

o)
o) PIM2 J<
+ co - o)
Cl 2 o

4 h
Scheme 1.21

1.8.2. Synthesis of polycarbonates from CO:

Rukhsana I. Kureshy et al. synthesized cyclic carbonates with a polymer, which is rich
with nitrogen content, as an organo-catalyst (CUP) for the reaction of epoxides with CO2
(6MPa) (at 120 °C, 12 h stirring at 1000 rpm). This material was used for the synthesis of
polyurethane via the cycloaddition reactions under similar condition using resorcinol
diglycidyl carbonate and diamines (ethane-1,2-diamine and butanel,4-diamine) in DMSO
(8 h at 85 °C under air). This reaction yielded the corresponding polyhydroxy urethane
(scheme 1.22) [110].

0 0
: : - 4
LA _o oA @ _ cupown SO o
\©/ " aCs 120 °C, 6MPa, 12 h WO\@/O\/I\/
neat

HO

- £ v o 10 S
o) 0 HN" "2 N[0 o) O\J\ /\/N>\
WO\@/O\/I\/O 85°C, 8 h Q( \O/ > H n

DMSO

Scheme 1.22

R. Mulhaupt et al. synthesized the cyclic carbonates from CO, (30 bar) using tetra
butyl ammonium bromide (TBAB) as the catalyst (120—140 °C, 16—26 h). Those cyclic
carbonates were converted into polyhydroxyurethanes (PHU) through melt-phase
polyaddition in a twin-screw compounder (18—130 min at 100—130 °C under nitrogen
atmosphere) (scheme 1.23) [111].
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Scheme 1.23

Robert H. Lambeth et al. synthesized poly(hydroxyurethanes) in the presence of
organocatalyst and TBD (triazabicyclodecene or 1,5,7-triazabicyclo [4.4.0] dec-5-ene) at
room temperature step-growth polymerization between difunctional cyclic carbonates and

amines to produce the polymers (scheme 1.24) [112].

OMOO/\(\O Organo catalyst OHO o
Ve O—( TBD, rt HNXOLO o_L_o

(o] + 0
H2N_R_NH2

Scheme 1.24

Despite the availability of many efficient catalytic systems [113-118] there are
inadequacies in either tedious preparatory procedure of catalyst, separation problem
associated with homogeneous catalysis, conversion percentage, or the need to use pure
CO:s.. Therefore, it is ambitious to capture CO; instantly and convert it to polycarbonates
without tedious procedures.

1.9. Deficiencies in the chemical synthesis of nano/micro particles and circumventing
the problem

Copper sulfides attract researcher because of the variations in their valence states, and
stoichiometric compositions. Further, they exhibit differences in nanocrystal
morphologies and crystal structures. As discussed in section 1.4, there are many ways to
produce binary and ternary metal chalcogenides. However, while synthesizing
nanomaterials by the chemical methods (bottom-up approach), we use long-chain organic
molecules to surround the particles to stabilize them. These surfactant molecules are

known by phrases as stabilizing agents, protecting agents, or passivating agents.

17



The surfactant molecules have head group(s) possessing the lone pair of electron (N,
P, O, and S). Oleyl amine, octylamine, CTAB, pyridine are surfactants having nitrogen-
based head group [120]. Alkyl phosphonic acids, TPP, TOP, TOPO, and phosphagens are
the capping agents possessing phosphorus-based head group [119]. Long-chain alcohols
like octanol, oleoyl alcohol are the surfactant molecules having oxygen-based head groups
[120]. Long-chain thiols, cysteine, thiophenes are stabilizing molecules containing sulfur-
based head group [121]. These surfactant molecules perform a vital role during the
synthesis by way of stabilizing the particle’s size. Also, they prevent the nanomaterials
from uncontrollable oxidation, controls the particle growth rate. However, these organic
molecules create an inorganic-organic interface between them with metal chalcogenides.
These intimate interfaces impact the material’s properties and their applications.

The organic surfactant molecules affect the nanoparticle’s properties of in many ways.
Surfactant molecules isolate the adjacent particles and reduce the communication between
them. For example, when nanoparticles are used for the catalytic application, the chemical
reaction occurs on their surfaces. For the best catalytic activity, adsorption of the substrate
on the surface of nanoparticles as well as electron transfer between them should occur.
However, the insulating nature of organic molecules hinders the movement of charge
carriers, i.e., it affects the electron transfer between inorganic particles and substrate.
Thus, the presence of capping restricts or reduces catalytic activity. A straightforward
solution to the aforementioned issues is avoiding the use of surfactant molecules while
synthesizing nanoparticles.

1.10. Scope and methodology of the thesis

As discussed in sections 1.8 and 1.9, a variety of nanoparticles are tested as the catalyst
for the synthesis of organic molecules and polymers. Despite the availability of many
efficient catalytic systems for organic C-C and C-N bond formation reactions and carbon
dioxide activation, there are inadequacies in either tedious preparatory procedure of
catalyst, separation problem associated with homogeneous catalysis, conversion
percentage, or the need to use pure CO>. Despite the variety of reports, the advantage of
the surfactant-free surface of nanoparticles is underutilized. Thus, the present work aims
to prepare the surfactant-free metals sulfides and mixed metal oxides and use them as the
catalyst for organic reactions and carbon dioxide activation. It is also ambitious to capture

CO:z instantly and convert it to polycarbonates without tedious procedures.
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The scope of the thesis is described below.

Q) Understanding the effect of organic surfactant molecules while using
nano/micro particles as heterogeneous catalysts in organic reactions and
carbon dioxide activation.

(i) Use of surfactant-free metal chalcogenides as a heterogeneous catalyst for
click chemistry and Glaser-hay coupling.

(iii)  Use of surfactant-free mixed metal oxides as heterogeneous catalyst for the
synthesis of 5-membered cyclic carbonates.

(iv)  Capturing and conversion of CO: into polycarbonates without any

cumbersome procedures.

Methodology

Our lab has developed two novel methods of synthesis of metal chalcogenides without
using any organic surfactant molecules. In the first method, the materials were prepared
at room temperature in a reaction driven by the supersaturated condition, while in the
second method; the formation of metal chalcogenides was assisted by
hexamethyldisilazane (HMDS - assisted method).

For this present work (Figure 1.7), we have produced the surfactant-free binary and
ternary copper sulfides at room temperature under the “supersaturated condition”. The
binary chalcogenide, surfactant-free CuS nano/micro flowers (sf-CuS) was utilized as the
catalyst for the click reaction, while surfactant-free CulnS, nano/micro particles (sf-CIS-
np) was used as the catalyst for the reaction of Glaser-hay coupling.

The mixed metal oxide surfactant-free CuO-ZnO nano/micro-flakes (Cozinmf)
composite material was prepared by the simple grinding method, and it was employed for
the 5- membered cyclic carbonate synthesis.

We have explored the instantaneous capture of CO through alternative
copolymerization with resorcinol diglycidylether and three different amines in one-pot
cascade reactions involving polycondensation. These reactions yielded Abrasive materials

that are sharp as glass.
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CHAPTER 2

Multicomponent dipolar cycloaddition of
phenylacetylene involving aryl halides and
epoxides catalyzed by organic surfactant-free
copper sulfide nano/micro flowers (sf-CuS)

Abstract

The azide-alkyne cycloaddition (Huisgen reaction) is one of the most powerful and
widely used copper-mediated reactions. In many such reactions, use of metal or metal
oxide nanoparticles as the catalyst is more appealing because of the increased catalytic
activity attributed to the large surface to volume ratio. However, the nano/micro
particles are synthesized often in the presence of long chain organic molecules as
capping or stabilizing agents. These organic molecules cover the active centers and
restrict or reduce their catalytic activity. Therefore, we have synthesized the copper
sulfide (sf-CuS) nano/micro particles without having organic surfactant molecules as
the capping agent. These particles with a flower-like architecture (micro flowers, mf)
were obtained readily under the supersaturated condition at room temperature. In these
particles, the surface was freely available for adsorption and desorption reactions.
When utilized as a catalyst in multicomponent cycloaddition reactions, the sf-CuS mf
exhibited excellent catalytic activity compared with some other nanoparticles with
surfactants. This sf-CuS mf catalyzed the one-pot synthesis of 1,2,3-triazole and 3-
hydroxy-1,2,3-triazole effectively from a variety of benzyl bromide derivatives
epoxides respectively. Both these reactions proceeded in the presence of azide and
phenylacetylene in the water at room temperature. The catalyst was reusable, and there
was no catalyst leaching observed during reactions. Synthesis of B-hydroxy triazoles
and 1,2,3-triazoles under exceptionally mild conditions with high yields proved the sf-

CuS mf as the catalyst as a robust and recyclable catalyst.
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2.1. Introduction

Synthesis of nano/micro particles is fascinating in organic chemistry since they are used
as heterogeneous catalysts in organic reactions. The capping agents or surfactants that
are used commonly in the synthesis of metal chalcogenides nanoparticles are; amines
(hexadecyl amine, alkyl amine), oleic acid, polymers (PVP, PMMA), thiols (1-
Dodecanethiol, 1, 6hexanedithiol) [1-3]. However, the collective properties of
nanomaterials are not utilized fully [4-9] because of the presence of organic surfactant
molecules around the nano/micro particles that are synthesized via conventional
chemical synthetic methods. When the metal nano/micro particles are used as a catalyst,
the chemical reaction occurs on the surface of the particles. The presence of capping
molecules would hide the active centers and restrict or reduce the catalytic activity so
that capping agents or surfactant molecules around the particles may contribute
negatively to the target applications [10].

In recent years metal is decorated on nanomaterials and these materials are used as

heterogeneous catalysts in organic reactions such as heck reaction (Pd/CuO) [11], Suzuki
cross-coupling reaction (Pd—CuO@Hol S-1) [12], Sonagashira coupling reaction
(Cu/CuO) [13], Heisenberg 1, 3-dipolar reaction (CuNPs/MagSilica) [14], copper(l)-
catalyzed synthesis of azoles by Sharpless [15], copper(l)-catalyzed azide-alkyne [3 + 2]
cycloaddition by Sharpless and Finn [16] and so on. The substituted triazoles are exciting
materials in organic synthesis, coordination chemistry, and N-heterocyclic chemistry
[17-21].
Substituted triazoles play an essential role in opening calcium channels in cells,
particularly [22] at 1 and 4 positions of triazole. They also show biological activities as
anti-cancer, antiHIV therapy, anti-bacterial [23-27] and anti-allergy molecules [28-30].
Agricultural and industrial applications of such compounds include herbicides,
fungicides, agrochemicals [31], optical brighteners [32], fluorescence chemosensory
[33] corrosion retarding agents, dyes, and solar cells [34-37]. Further, the heterocyclic
compounds that are rich in nitrogen atoms can be used as high energy materials [38].

The formation of 1,2,3-triazole derivatives is known to proceed through heisenbug
1,3dipolar cycloaddition of organic azides and alkynes using CUAAC as a catalyst [38-
41]. In recent years, multi-component click synthesis of 1,2,3-triazoles from both in-situ

azidolysis of benzyl halide in the presence of alkynes and g-hydroxy-1,2,3-triazoles via
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in-situ azidolysis of epoxides in the presence of alkynes have been developed [42-44].
Some heterogeneous catalysts used in the dipolar cycloaddition are polyurea
encapsulated copper(l) chloride [45], CuNP/C [46], CuFe2O4 [47], Cu/Cu0O [48],
[AQ2Cu(Il)-APSIO2] [49], copper(l)@phosphorated SiO> [50], SiO.-Cul [51], Clay—
Cu(IT)/NH2NH2-H20 [52], GO@PTA-Cu [53] and copper(l) inionic liquids [54]. Albeit
several catalytic systems have been used for dipolar cycloaddition, in pursuit of catalyst
working under mild condition and developing simple method of production of nano
catalyst, we have synthesized surfactant-free copper sulfide (sf-CuS) particles having
micro flower (mf) like architecture formed by the self-assembly of nanoparticles.
Herein, we report the synthesis of surfactant-free copper sulfide micro flowers (sf-
CuS mf) in an efficient and straightforward synthetic process, and its practical use in the
synthesis of both benzyl halide linked 1,2,3- triazoles and g-hydroxy- 1,2,3-triazoles via
dipolar cycloaddition of azide and alkyne in the presence of benzyl halide and epoxide.
The synthesis described here was performed in water, and so it was safer, greener, and
used inexpensive, recyclable surfactant free heterogeneous catalyst. The above synthetic
procedure satisfied the most of green chemistry principles such as (a) one-pot
multicomponent synthesis (atom economy) (b) reactions in a water medium (green
solvent) (c) using of readily separable and recyclable heterogeneous catalyst (d)

involving simple workup procedure.

2.2. Results and Discussion

In recent times, the azide-alkyne cycloaddition (Huisgen reaction) has emerged as one
of the most powerful and widely utilized copper-mediated reactions. However, many
reactions catalyzed by metal or metal oxide nanoparticles are more appealing because of
the increased catalytic activity attributed to the large surface to volume ratio. In general,
the nano/micro particles used as the catalyst are produced in the presence of long chain
organic molecules as capping or stabilizing agents. These capping agents on the
nano/micro particles cover the active centers and restrict or reduce their catalytic activity.
To outwit this problem, we have developed a method of synthesis of metal chalcogenides
without capping agent so that the catalyst surface is freely available for adsorption and

desorption reactions [10].
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In the present work, we have prepared surfactant-free copper sulfide (sf-CuS) under
the supersaturated condition in a simple chemical reaction wherein sulfur was dissolved
while LiBH4 and Cu(CH3COOQO),-H>0 were suspended in dry tetrahydrofuran (THF). The
reaction was conducted for one hour at room temperature and in an inert atmosphere to
avoid any oxidation. The partial solubility of the metal source and fast reactivity in the
presence of LiBHs provided a thermodynamically favorable condition [55] which
induced the nucleation of particles. Since the reaction was at room temperature, the
digestion process was avoided [56-60] which supplemented the formation of black
powder of CuS having nano/micro flower like architecture. These micron-sized flower-
like particles (mf) were formed by the self-assembly of nanoflakes [61]. These metal
chalcogenide mf were formed under the supersaturated condition, and no surfactant
molecules were used during synthesis. The particles were stable, and no agglomeration
was observed. The material was characterized by PXRD, SEM, and spectroscopic
techniques (Figure 2.1) [10]. Since no organic surfactant molecules were surrounding
the particles, the catalyst surface was freely available for reactions and that significantly

favored high activity in the reactions of click chemistry and epoxy ring opening.

a) ’ after reaction
A [} before reaction
|

|
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Figure 2.1: (a) X-ray diffraction of sf-CuS mf, (b) SEM images of sf-CuS mf

2.2.1. Catalytic activity

The catalytic activity of sf-CuS mf having the unhindered surface in the multicomponent
synthesis of 1, 2, 3-triazoles in the dipolar cycloaddition reactions was investigated. The
experiments began with optimizing the reaction conditions for the multicomponent
synthesis of 1, 2, 3-triazoles from benzyl halide, sodium azide and phenylacetylene
(Scheme 2.1).
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Later the reaction was extended to the synthesis of -hydroxy 1, 2, 3-triazoles from epoxy
derivatives, sodium azide and phenylacetylene (Scheme 2.2). This reaction proceeded
via in-situ ring opening of epoxides followed by the reaction with phenylacetylene. In
both reactions, water was used as the solvent at room temperature. The results were very
encouraging since the reactions completed in 5-12 h, and yielded of the desired products

quantitatively.

N~
f-CuS mf N=N
[Br 4 Ry—= + NaN; —— "> N
Ry 2 ™ Tho R/r \%Rz

Scheme 2.1: Three component synthesis of 1,2,3-triazoles from organic halides catalyzed

by sf-CuS mf
OH
o) sf-CuS mf R1—<» Nzy
A + NaN; + R,— N
R, 3 2 H,0 rt =N

Scheme 2.2: Three component synthesis of B-hydroxy-1,2,3-triazoles from epoxides
catalyzed by sf-CuS mf in water

In order to optimize the reaction conditions, the reactions were performed by varying
the quantity of catalyst and using different solvents. Progress the reaction was monitored
by means of TLC. At the end of the reaction, the catalyst was separated by filtration and
worked up using ethyl acetate and water. There was no difference in yield and reaction
time when catalyst loading was reduced to 15 mg, 10 mg, and 5 mg. However, when 2
mg of the catalyst was used, it required a longer time for the completion of the reaction
(above 12 h). Consequently, it was decided to use 5 mg of the catalyst for further studies.
Similarly, few more reactions were performed in various solvents to choose the medium
of the reaction (Table 2.1). In DMF 45%, DMSO 20% yield was obtained. Among all
solvents tried, water was the best solvent to produce the products in good yields. Other
than these solvents no product spot was observed in TLC. Therefore, water was chosen

as the reaction medium for all reactions.
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Table 2.1: Solvent optimization of for the synthesis of scheme 1 in the model reaction

Entry Solvent Time Yield
(h) (%)

1 CH3OH 24 no

2 n-butanol 24 no

3 CHsCN 24 no

4 CHCI2 24 no

5 CHCIs 24 no

6 DMSO 24 20

7 DMF 24 45

8 H20 6 92

Different benzyl bromides substituted with halides and methyl were reacted with
sodium azide and terminal alkynes to form 1,2,3- triazoles using sf-CuS mf as catalyst
under optimized condition (Table 2.2). Similarly, a series of different aryl epoxy, cyclic
epoxy and alkyl-substituted epoxy derivatives, sodium azide, and terminal alkynes to
form p-hydroxy 1,2,3- triazole using sf-CuS mf as catalyst and water as solvent at room
temperature (Table 2.3). The crude products from all reactions were purified by column
chromatography and then characterized by *H and **C NMR spectral data. Almost all
these reactions (except table 2.2, entries 4 and 5) yielded the corresponding product in

more 90 % yield in water as the solvent

36



Table 2.2 : Synthesis of 1, 2, 3 triazole derivatives by CuS

N:N
_ sf-CuS N
R BN+ R—= 4+ NaN, — R/—_ \%R
H,O rt 1 2
Entry benzyl bromide (R1) alkyne (R2) time product yield%
Br & ,N:N
1 6h N~
96%
(1)
N—
SN=N
Br = N
2 5h 95%
F
(2
F
N=N
Br & N =
3 7h 92%
cl (3)
Cl
N=n
Br é N =
4 9h
B 90%
r
4
Br 4)
N—
=N
Br é N —
5 12h 87%
: )
|
N:N
/ 4
Br = N
6 8h =
92%
(6)
N~
Br é N/
7 6h —
95%
(7)
N—
Br é N/ =N
8 6h —
96%
~
(o] (8) o
o
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N
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9
(@) .
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Table 2.3: Synthesis of B-hydroxy 1,2,3-triazole derivatives by CuS

OH
O + NaN; + R,—=— sf-Cus R1—<_ N=p

R1/A H,0, rt NI

Entry epoxide (R1) alkyne (R2) time product Yield%

N=N
I

OH
o
©/ \/K/N 2 92%

(10)

6h

OH N=N
2 /\/\<| 89%
o) 8h (1)
OH N=N
3 /\<c|) 8h 86%
(12)

e
HG 82%

10h

i: 12h 79%
5 o
(14)
HO
O O~y
6 5h N='\i 91%
(15)
o OH NN
r O A
7h
(16)

7h

9% 98949

Y
)

6h QOWNWF

“
}o
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Though many catalysts are known, the sf-CuS mf used here was obtained in a simple
reaction condition, and the products were obtained in excellent yield. The performance
of the various catalysts in the model reaction (styrene oxide, sodium azide, and
phenylacetylene) was compared (Table 2.4) to understand the effect of sf-CuS micro
flowers as the catalyst. Most of those catalysts were used at above 60°C except for
Cu/Cu20 while our sf-CuS mf was working at the room temperature (This work).
Further, most of the literature on scheme 1 type model reaction was only within benzyl
azide and phenylacetylene (two reactants) whereas we are presenting the catalyst which
can work in multicomponent reactions.

Table 2.4: Comparison table of numerous catalysts with various Synthesis of 1, 4
disubstituted B hydroxy 1, 2, 3 triazoles (for the compound 15)

Catalyst Substrate Time | Temperature | Yield Ref
(h) (°C) (%)
CPSi Styrene Oxide 1 60 94 50
Cu/Cu20 Styrene Oxide 2 RT 75 48
AQ2Cu(Il)-APSiO: Styrene Oxide 4 60 82 49
CuFe204 Styrene Oxide 6 60 87 47
Cu Nano particles Styrene Oxide 8 100 83 46
Cu(l) in lonic liquids | Styrene Oxide 10 80 95 54
Sf-CuS mf Styrene Oxide 5 RT 91 This
work

2.2.2. Leaching study and recyclability of sf-CuS mf as catalyst

Leaching study was performed to confirm the heterogeneous catalysis for the reaction
shown in scheme 1. For this purpose, a reaction was stopped after the formation of
around 20% product, and the catalyst was separated from the reaction mixture. The
reaction was continued without the catalyst for 8 h, but no considerable product
formation was observed. This observation explained that the reaction was working under

heterogeneous catalysis. The lifetime of the catalyst and its reusability play an essential
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role in the practical applications of such heterogeneous systems. In order to take
advantage of heterogeneous nature of our catalyst, a set of experiments were performed
in which both 1,2,3-triazole from in-situ azidolysis of benzyl halide in the presence of
alkynes (scheme 2.1) and epoxy ring opening followed by cycloaddition of azide
(scheme 2.2) and phenylacetylene using the recycled sf-CuS mf. After the completion
of the first reaction, the product was extracted using ethyl acetate, and the catalyst was
recovered by simple decantation and dried at 50 °C. A new reaction was performed with
new reactants under the same conditions using the recovered sf-CuS mf. We have also
performed a recycling experiment in Schemel using 5 mmol of reagents. After
completion of the reaction, the catalyst was recovered and reused for the next cycle thus
confirming that sf-CuS mf could be reused for five times with little change in its activity
(Figure 2.2).

92% 92w

-

Runs

Figure 2.2: Recycling results of the sf-CuS mf catalyst in the synthesis of triazoles

2.3. Conclusions

Surfactant-free copper sulfide (sf-CusS) catalyst has been utilized successfully for one-
pot synthesis of triazoles by cycloaddition of both benzyl halide derivatives- alkyne and
epoxide derivatives — alkyne in the presence of sodium azide. The desired products were
obtained at ambient temperature while the reactions were performed in water. Most of
the reactions proceeded faster with the exception of aliphatic epoxide in the case of
epoxide derivatives. While in benzyl halide derivatives, less electronegative substituted

benzyl halide derivative (Bromo and lodo) were slower compared with other (flouro and
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chloro). The catalyst can be recycled and reused for five times without losing its activity.

2.4. Experimental procedure

2.4.1. Materials

The chemicals Cu(OAC)2, S, and all the phenyl bromide derivatives, phenyl acetylene
derivatives, Lithium borohydride were purchased from Sigma-Aldrich Chemical Co and
used as such. Anhydrous Na>SO4 and NaN3z were purchased from Merck, India. Solvents
used for all reactions were dried and distilled through the standard procedure and then
used for workup and column chromatography. The yields of the compounds reported here
are isolated yields. All reported yields are isolated yields.

2.4.2. Instrumentation

Bruker (500 and 400 MHz) NMR spectrometers were used to acquire *H NMR and 3C
NMR spectra at room temperature using CDCls as solvent. Chemical shifts (ppm, 8) are
reported downfield of TMS. Thin-layer chromatography (TLC) was done using
aluminium plates coated with silica gel 60-120 mess (purchased from MERCK) and was
visualized under 254 nm UV light. Column chromatography was performed using column
packed silica gel (120-240 mesh).

2.4.3. Synthesis of catalyst (sf-CuS-mf)

Sulphur (40 mg, 1.3 mmol) was dissolved in 15 mL of dry tetrahydrofuran (THF) in
a 50 mL two neck RB flask, to that LiBH4 (59 mg, 2.5 mmol) and Cu(CH3C0OO)2-H.0O
(250 mg, 1.2 mmol) were added. The reaction mixture was stirred at room temperature
under nitrogen atmosphere for 1 h. Initially, the color of the solution was dark brown,
and after the completion of reaction it turned to dark green along with the evolution of
gaseous side product(s). After one-hour, volatile side products and solvent were removed
by applying high vacuum. The obtained crude product was washed with methanol (40
mL) followed by THF (40 mL) to remove side products (copper acetate, lithium salt) and
unreacted S, and then centrifuged. The residue was dried under vacuum for 6 h to get
catalyst as a black powder of sf-CuS micro flowers. The catalyst was characterized by
PXRD and SEM techniques.
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2.4.4. Synthesis of 1, 2, 3-triazole from benzyl bromide derivatives, sodium azide and
alkyne

NaNs (65 mg, 1.0 mmol), the benzyl bromide (1 mmol), and the alkyne (1 mmol) were
added to a suspension of sf-CuS (5 mg) in water. The reaction mixture was stirred at
room temperature and monitored by TLC until all the starting materials were converted
to products. The solid was obtained by filtration and washed by DCM (3 x10 mL). The
ex-traction of aqueous phase with DCM was also performed without loss of product, and
collected organic phase were dried with anhydrous Na>SOa, and concentrated in vacuum.
The product was purified through a silica gel column chromatography as corresponding
p-hydroxy 1, 2, 3triazoles. All the products were confirmed by usual spectral methods
(*H-NMR, BC NMR).

1-benzyl-4-phenyl-1H-1, 2, 3-triazole:

N=N
N
—
Melting point : 128-129 °C (White solid).
'H NMR (500 MHz, CDCls) :0=7.83-7.81 (m, 2H), 7.68 (s, 1H), 7.43-7.38

(m, 5H) 7.35 ~7.32 (m, 3H), 5.59 (s, 2H).

13C NMR (126 MHz, CDCls) 10 =148.2, 134.6, 130.5, 129.1, 128.8,
128.1, 128.0, 125.7, 119.4 and 54.2.

HRMS calculated for C;5H13N3 - [M+H]* : 236.1182, found: 236.1184.
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1-(4-flourobenzyl)-4-phenyl-1H-1,2,3-triazole:

N=N
N —
F
Melting point : 123-125 °C (white solid).
'H NMR (500 MHz, CDCls) : 6=7.80-7.78 (m, 2H), 7.65 (s, 1H), 7.42 - 7.38
(m, 2H), 7.33 — 7.05 (m, 5H), 5.55 (s, 2H).
13C NMR (126 MHz, CDCls) :0=164.1, 161.6, 148.3, 129.9,129.1, 128.8, 128.2,
125.7,119.3, 116.2, 116.0, 115.9, 115.6, 53.4 and
52.0.
HRMS calculated C15H1,FN; - [M+H]*: 254.1081, found: 254.1082.

1-(4-Chloro benzyl)-4-phenyl-1H-1,2,3-triazole:

N=N
N —
Cl

Melting point :141-143 °C (white solid).
'H NMR (500 MHz, CDCls) :0=7.83-7.80 (m, 2H), 7.68 (s, 1H), 7.44 — 7.34 (m,

7H), 5.55 (s, 2H).
13C NMR (126 MHz, CDCls) 10 =148.4,134.8, 133.1, 130.3, 129.3, 129.1, 128.8,

128.3, 125.7, 119.4 and 53.5.
HRMS calculated for C;5H12CIN; - [M+H]*: 270.0714, found: 270.0716.
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1-(4-bromobenzyl)-4-phenyl-1H-1,2,3-triazole:

N=N
N —
Br

Melting point :150-152 °C (white solid).

'H NMR (500 MHz, CDCly) 19 =7.78-7.80 (m, 2H), 7.66 (s, 1H), 7.51 (d, 8Hz,
2H),7.40 (t, 7Hz, 2H), 7.33 (t, 7Hz, 1H) 7.17 (d, 8Hz,
2H), 5.55 (s, 2H).

13C NMR (126 MHz, CDCls) :0=148.4,133.7, 132.3, 130.3, 129.6, 129.5, 128.8,

128.3, 125.7, 125.6, 122.9, 119.4, and 53.5.

HRMS calculated for Ci5H1,BrN; - [M+H]*: 315.0220, found: 315.0221.

1-(4-lodobenzyl)-4-phenyl-1H-1,2,3-triazole:

N=N
N —
I

Melting point: :153-155 °C (white solid).
'H NMR (500 MHz, CDCls) :0=17.81(d, 7THz, 2H), 7.73 (d, 8Hz, 2H),7.68 (s, 1H),

7.42 (t, THz, 2H), 7.34 (t, 7THz, 1H) 7.06 (d, 8Hz, 2H),

5.55 (s, 2H).
13C NMR (126 MHz, CDCls) :0=148.4,138.3, 134.3, 132.3, 130.3, 129.8, 129.6,

128.8, 128.2, 120.7, 119,4, 94.5, 53.6 and 53.5.

HRMS calculated for C;sHi3l N3 : [M+H]*: 362.0162, found: 362.0164.
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1-(4-methylbenzyl)-4-phenyl-1H-1,2,3-triazole:

N=N
N
—
Melting point : 112-114 °C (white solid).
'H NMR (500 MHz, CDCly) 19 =7.82-7.79 (m, 2H), 7.65 (s, 1H), 7.43-7.39 (m,

2H), 7.35-7.30 (m, 1H), 7.25-7.20 (m, 4H), 5.55 (s,
2H), 2.38 (s, 3H).

13C NMR (126 MHz, CDCls) 0 =148.1, 138.7, 131.6, 130.6,129.8, 128.7, 128.15,
128.12, 125.7, 119.3, 54.0 and 21.1.

HRMS calculated for C;5H;3N3 - [M+H] *: 250.1382, found: 250.1384.

1-benzyl-4-p-tolyl-1H-1,2,3-triazole:

N=N
N
—
Melting point : 142-143 °C (Pale yellow solid)
'H NMR (500 MHz, DMSO-d6) :6=8.59 (s, 1H), 7.73 (d, 8Hz, 2H), 7.42-7.34(m, 5H),

7.25 (d, 8Hz, 2H), 5.63 (s, 2H), 2.32 (s, 3H).

13C NMR (126 MHz, DMSO-d6) 10 =147.1,137.6, 136.5, 129.9, 129.2, 128.6, 128.3,
125.5, 121.6, 53.4 and 21.3.

HRMS calculated for C;5H;3N3 - [M+H]*: 250.1382, found: 250.1384.
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1-benzyl-4-(4-methoxyphenyl)-1H-1,2,3-triazole:

N=N
N —
O/
Melting point : 140-142 °C (White solid).
'H NMR (500 MHz, DMSO-d6) 10 =17.75-7.73 (d, 8Hz, 2H), 7.59 (s, 1H), 7.41-7.38

(m, 3H), 7.33-7.31 (m, 2H), 6.96-6.94 (m, 2H), 5.58
(s, 2H), 3.84 (s, 3H).

13C NMR (126 MHz, DMSO-d6) :0=159.6,148.12, 134.7, 129.1, 128.7, 128.0, 127.0,
123.2, 118.6, 114.2, 55.3, 54.2 and 30.9.

HRMS calculated for C;H15N30 - [M+H]*: 266.1211, found: 266.1214.

1-benzyl-4-(4-fluorophenyl)-1H-1,2,3-triazole:

N=nN
N —
F

Melting point : 112-113 °C (White solid).

'H NMR (500 MHz, DMSO-d6) :0=17.80-7.77 (m, 2H), 7.63 (s, 1H), 7.42-7.39 (m,
3H), 7.34-7.32 (m, 2H), 7.13-7.09 (m, 2H), 5.59 (s,
2H).

13C NMR (126 MHz, DMSO-d6) :0=161.4,134.5,129.2,128.8, 128.1, 127.49,

127.41,126.7, 119.2, 115.9,115.7 and 54.5.

HRMS calculated for C;5H15,FN3 - [M+H]*: 254.1021, found: 254.1024.
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2.4.5. Syntesis of p-hydroxy 1, 2, 3-triazole from benzyl bromide derivatives, sodium
azide and alkyne:

NaN3 (65 mg, 1.0 mmol), the epoxide (1 mmol), and the alkyne (1 mmol) were added to
a suspension of sf-CuS (5 mg). The reaction mixture was stirred at room temperature
and monitored by TLC until all the starting materials were converted to products. The
solid was obtained by filtration and washed by DCM (3 x10 mL). The extraction of
aqueous phase with DCM was also performed without loss of product, and collected
organic phase were dried with anhydrous Na>SQO4, and concentrated in vacuum. The
product was isolated through a silica gel column chromatography as corresponding -
hydroxytriazoles. All the products were confirmed by usual spectral methods (*H-NMR,
13C NMR).

3-Phenoxy-2-(4-phenyl-1H-1,2,3- triazol-1-yl)propan-1-ol:

N=
(@) I
Melting point :126-128 °C (pale yellow solid)
1H NMR (500 MHz, CDCly) :0=7.89 (s, 1H), 7.78-7.75 (m, 2H), 7.43- 7.39

(m, 2H), 7.34-7.35 (m, 1H), 7.32-7.30 (m,1H)
7.03-6.99 (m, 1H), 6.95-6.92 (m, 2H), 4.75 (dd,
J=3 Hz, J = 11 Hz, 1H), 4.61-4.54 (m, 2H), 4.09-
4.00 (m, 2H), 3.57 (s, 1H).

13C NMR (126 MHz, CDCl5) : §=158.0, 147.7, 130.2, 129.6, 129.5, 128.8,
128.2,125.6, 121.6, 121.3, 114.5, 68.9, 68.7
and 53.03

HRMS calculated for C;7H;7N30, - [M+H]*: 296.1398, found: 296.1398.
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2-(4-Phenyl-1H-1,2,3-triazol-1-yl)hexan-1-ol:

OH N=N
]
\/\/K/N\/\Q
Melting point : 92-93 °C (white solid)
1H NMR (500 MHz, CDCI3) - 8=7.83 (s, 1H), 7.76-7.74 (m, 2H), 7.40-

7.37 (m, 2H), 7.32-7.29 (m, 1H), 4.49 (dd, J =
3 Hz, J = 11 Hz, 1H), 4.27-4.22 (m, 2H), 4.13-
4.11 (m, 1H), 2.89 (S, 1H) 1.55-1.49 (m, 3H),
1.42-1.33 (m, 3H), 0.92 (t, J=7 Hz, 3H).

13C NMR (126 MHz, CDCI3) 19 =147.4,130.4, 128.8, 128.1, 126.0, 125.6,
121.0, 56.1, 34.1, 27.5, 22.5 and 13.9.

HRMS calculated for C14H1gN3O - [M+H] *: 246.1571, found: 246.1573.

2-(4-phenyl-1H-1,2,3-triazol-1-yl)butan-1-ol:

OH N:N
SvY,
Melting point :110-112 °C (White solid)
1H NMR (500 MHz, CDCly) :0=1.82 (s, 1H), 7.71 (d, J=7 Hz, 2H),7.37 (t,

J=8Hz, 2H), 7.31-7.28 (m, 1H), 4.49 (dd, J =
3 Hz, J = 14Hz 1H), 4.26-4.22 (m, 1H), 4.09-4.04
(m, 1H), 1.60-1.59 (m, 3H), 1.05 (t, J=7 Hz, 3H).

13c NMR (126 MHz, CDCI3) 10 =147.3,130.3, 128.8, 128.1, 125.5, 121.1,
55.9, 27.4, and 9.8.

HRMS calculated for C;,H15N50 - [M+H]*: 218.1252, found: 218.1254.
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2-methyl-2-(4-phenyl-1H-1,2,3-triazol-1-yl)propan-1-ol:

N=N
r
HO
Melting point : 125-126 °C (white solid)
1H NMR (500 MHz, CDCl5) :9=7.91 (s, 1H), 7.83 (d, J=8Hz, 2H), 7.44-7.40
(m, 2H), 7.36-7.31 (m, 1H), 4.37 (s, 2H), 1.27 (s,
6H).
13C NMR (126 MHz, CDCI3) 1 9=147.5,130.5, 128.8, 128.1, 129.3, 125.5, 121.2,
70.5, 60.4, and 27.1.
HRMS calculated for C;,H15N5;0 : [M+H]*: 218.1246, found: 218.1247

2-(4-phenyl-1H-1,2,3-triazol-1-yl)cyclohexanol:

oH N=N
-0

Melting point : 168-170 °C (white solid)

1H NMR (500 MHz, CDCl3) :0=17.80 (s, 1H), 7.78-7.76 (m, 2H), 7.41 (t, 2H),
7.35-7.32 (m, 1H), 4.24-4.18 (m,1H),4.13-4.07
(m,1H), 3.22 (S, 1H) 2.27-2.24 (m, 2H), 2.01-1.89
(m, 1H), 1.61-1.49 (m, 4H).

13c NMR (126 MHz, CDCI3) 10=147.3,128.8, 128.0, 125.6, 119.4, 72.6, 66.9,
33.6, 31.6, 24.7, and 24.0.

HRMS calculated for C14H17N5O - [M+H]*: 244.1493, found: 244.1496.
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2-phenyl-2-(4-phenyl-1H-1,2,3-triazol- 1-yl)ethanol:

HO
Q\fﬁ‘
N=N
Melting point :122-124 °C (white solid)
1H NMR (500 MHz, CDCly) :0=7.76 (s, 1H), 7.74 (d, 2H), 7.39- 7.35 (m,

5H), 7.29-7.27 (m, 2H), 5.72-5.69 (m, 1H) 4.63-
4.59 (m, 1H), 4.25-4.21 (m, 1H), 3.88 (s, 1H).

13C NMR (126 MHz, CDCl3) 19 =207.1,147.6, 136.1, 130.2, 129.1, 128.9, 128.8,
128.2, 127.1, 125.6, 120.5, 67.2, 64.9, and 30.8.

HRMS calculated for C;gH15N5O - [M+H]*: 266.1238, found: 266.1239.

3-phenoxy-2-(4-toulyl-1H-1,2,3-triazol-1-yl)propan-1-ol:

OH pN=N
O I
@/ \/K/N\/\©\
Melting point : 126-128 °C (colorless solid)
1H NMR (500 MHz, CDCls) :0=17.85 (s, 1H), 7.65-7.63 (m, 2H), 7.33- 7.30

(m, 2H), 7.21 (d, J=7Hz, 2H), 7.02-6.99 (m,1H)
6.94-6.92 (M, 2H), 4.74-4.72 (m,1H), 4.58-4.52 (m,
2H), 4.16-4.01 (m, 3H).

13C NMR (126 MHz, CDCls) 19 =158.1, 147.7, 138.0, 129.6, 129.5, 127.4, 125.6,
121.5,121.0, 114.6, 68.9, 68.8, 53.0,29.7 and
21.2.

HRMS calculated for C1gH;9N305 - [M+H]*: 310.1524, found: 310.1525
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1-(4-(4-methoxyphenyl)-1H-1,2,3- triazol-1-yl)-2-phenoxyethan-1-ol: (pale yellow oily)

N=
@ADVK/N 7 /
o)
1H NMR (500 MHz, CDCls) :9=781 (s, 1H), 7.70-7.69 (d, 2H), 7.33- 7.29

(m, 2H), 6.95-6.92 (m, 5H), 4.75-4.72 (m,1H),
4.59-4.53 (m, 2H), 4.07-3.99 (m, 2H) 3.85 (S,
3H) 3.60 (S, 1H).

13C NMR (126 MHz, CDCls) : 9 =159.1,158.0, 147.6, 129.6, 129.5, 127.0,
123.0, 21.6, 121.2, 120.4, 114.6, 114.5, 114.2,
69.0, 68.7, 55.3 and 52.9.

HRMS calculated for C1gH;9N303 - [M+H]*: 326.1412, found: 326.1413

1-(4-(4-fluorophenyl)-1H-1,2,3- triazol-1-yl)-2-phenoxyethan-1-ol: (colorless liquid)

OH N=N
O 1
©/ \/K/N VY
F
IH NMR (500 MHz, CDCls) :0=7.86 (s, 1H), 7.73-7.72 (d, 2H), 7.34- 7.29

(m, 3H), 7.03-6.92 (m, 4H), 4.76-4.73 (m,1H),
4.60-4.56 (M, 2H), 4.09-4.00 (m, 2H),3.75 (S, 1H).

13C NMR (126 MHz, CDCl5) : 9 =159.6,158.0, 147.6, 129.6, 129.5, 127.0, 123.0,
121.6,121.2, 120.4, 114.54, 114.55, 114.2, 69.0,
68.7, 55.3 and 52.9.,

HRMS calculated for C;7H15FN3O, - [M+H]*: 314.1215, found: 314.1217.
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CHAPTER 3

NIR absorbing surfactant-free CulnS, nano/micro
particles (sf-C1S-np) as catalyst for symmetric
Glaser—Hay coupling reactions

Abstract
Catalysis by CulnS; nanoparticles in the coupling reaction of substituted phenylacetylenes

is presented in this chapter. The CulnS2 nano/micro particles (sf-CIS-np) were prepared
in a simple reaction without using any surfactant molecules. They were used as the

catalyst in the dimerization of 1, 3-diyne derivatives while using of 8-
diazabicyclo[5.4.0]undec-7-ene (DBU) as the base. These Glassar-Hay coupling reactions
were conducted at room temperature in acetonitrile (Time: 4-7 h, depending on the
substrate) using 10 mg of sf-CI1S-np. The maximum yield obtained in these reactions was

97%, while the catalyst was reused for five cycles with little difference in its efficiency.
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3.1. Introduction

The non-toxic ternary chalcogenide semiconducting nanoparticles such as CulnS,
CulnSe», and CulnyGaixSe> are attractive materials for various uses. Among the I-111-VI
group-based materials, CulnS; possess good photoconductivity, large absorption
coefficients, and bandgap value matching with the visible solar spectrum [1-7]. The
bandgap of this material can be adjusted by altering the particle size, which provides the
probability to match a particular part of the solar spectrum [8-10]. The tenability gives the
material a choice to be very useful in solar cells, photocatalytic splitting of water [11],
light-emitting diodes [12-13], bio-imaging [14-15], and nonlinear optical devices [16-17].
Because of these applications, the synthesis of ternary chalcogenide semiconductor
materials has received more interest. Some of the methods available to synthesize CulnS>
are elemental hydrothermal [18], solvothermal method [19-20], microwave irradiation
technique [21-22], single-source molecular precursor [23-25], and hot injection
techniques [26-27].

Producing 1,3-diynes via coupling of terminal alkynes to is appealing to the synthetic
community. 1,3-Diynes present in numerous natural products, and they are useful as
bioactive and pharmaceutical compounds with antifungal, antibacterial, anti-HIV,
antiinflammatory, or anticancer activities [28-32]. These compounds also serve as basic
building blocks for synthesizing many advanced materials including conjugated polymers,
molecular wires, and liquid crystals, [33-34]. These applications made it attractive in
recent decades. The Glaser—Hay reaction is one of the conventional synthetic methods
available for the construction of conjugated 1,3-diynes is [35]. This reaction was reported
first by Carl Andreas Glaser in 1869, where the copper salts were used as the catalysts.
Much progress has been made in the past decade to improve this methodology, where

copper received the most attention [36].

At present, two methods are used extensively to synthesize 1,3-diyne derivatives. The
first method make use of alkenyl halides possessing leaving groups that undergo
elimination under basic conditions with a copper catalyst to yield the desired 1, 3-diyne
[37]. The other method is the transition metal-catalyzed homocoupling reaction of

terminal alkynes in the presence of a base or ligand [38]. For example, recently, Elhamifar
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and co-workers reported the synthesis of 1, 3-diyne in ionic liquid using novel nanoporous
organo silica-supported Pd and Cul as a catalytic combination [39]. Significant endeavors
have been made to design and synthesize more efficient and feasible catalysts to improve
the catalytic activity compared to this Pd/Cu bi-metallic framework for oxidative coupling
of terminal alkynes. Transition metals such as Pd [40], Cu [41], Ni [42], Co [43], and Ti
[44] were tested in many places. Some other catalysts employed for alkyne coupling
include RGO-Ni [45], LoN'S Cu'' [46], Cul [47], GO@Cu(I) [48], and SiO2/SSQ/Au [49].
However, there are still challenges in catalysis, such as the use of expensive and toxic

catalysts, the constraint of using complex ligands, and harsh reaction conditions.

The ternary transition metal sulfides such as ZnlIn;Ss, CdInzSs, and CdLazSs can
directly function as photocatalysts for visible-light-induced organic transformations
without any ancillary modifications [50]. Thus, these materials occupy a prominent place
in the heterogeneous catalysis for many organic transformations such as C-C, C-N, and
C-S coupling reactions, oxidation, and reduction reactions [51]. However, it can be noted
that despite many catalytic applications of ternary metal sulfides as a photocatalyst for
organic transformation, their catalytic activity for C-C coupling reactions specifically for
1,3-diyne synthesis is unexplored. Our research group at the University of Hyderabad has
been concentrating on developing green and sustainable heterogeneous catalysts for

organic transformation.

The synthetic method plays a significant role in determining the material's properties
by controlling size and shape. The control can be attained in the wet chemical synthetic
method by changing reaction temperature, solvent, surfactant, nature of precursors, and
other reaction conditions. However, whatever the method may be, the easy availability of
the material's surface for catalysis without any hindrance is indispensable. Earlier, in our
group, surfactantfree synthesis of binary and ternary metal chalcogenides was developed
[52-53]. Chapter 2 described the multicomponent dipolar cycloaddition catalyzed by
surfactant-free CuS nano/micro flowers (sf-CuS mf). We have explored the catalytic
activity of surfactant-free CulnSz nanoparticles (sf-C1S-np) for useful transformations of

alkynes in our continuing endeavor.

This chapter reports the catalytic activity of ternary metal chalcogenide nano/micro
particles (sf-CIS-np) produced by chemical synthetic approach without using any

surfactants or templates. The synthesis of sf-CI1S-np was reported earlier from our lab
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(2015 Sanyasinaidu gottapu, Synthesis and characterization of metal (Al) and metal
chalcogenides nanoparticles). In this present work, it is used as a catalyst in the
dimerization of 1, 3-diyne derivatives in the presence of DBU as the base. The synthesis
explained here was carried out in acetonitrile, and the heterogeneous catalyst was

recyclable readily.

3.2. Results and discussion

3.2.1. Production of CulnSz (sf-CI1S-np) nanoparticles and its characterization

Many synthetic methods such as hot injunction method, thermal decomposition of single
precursor, hydrothermal or solvothermal, template-assisted growth, soft template way,
microwave irradiation, sonochemical techniques, CVD, and electrochemical methods are
developed to prepare semiconducting binary metal chalcogenide nanoparticles [54].
However, only a few methods are available for the synthesis of ternary metal chalcogenide
nanocrystals. This is because in ternary systems, three elements are involved in the
reaction, and it is necessary to consider the reactivity of all elements. If the reactivity is
not controlled, elements will form two different binary compounds or nucleus growth into
heterodimers. A simple solution-phase surfactant-free synthesis of CulnS, nanoparticles
(sf-CIS) was developed in our lab. In this reaction, the limited solubility of the metal
sources and fast reactivity them with LiBH4 driven the formation of nano/micro particles
under a thermodynamically favorable condition that encouraged the nucleation of
particles. We have prepared sf-CIS-np at ambient temperature in less time (3h) without
using any template or surfactant molecules in the present work. To synthesize CulnS>
nanoparticles, Cu(OACc)., InCls, and S are used in 1:1:2 ratio respectively while LiBH4
was used as a reducing agent (Scheme 3.1). The final product was characterized by PXRD
patterns, EDX, FESEM, and UV—-Vis-NIR spectrum.

Cu(OAc), + InClg + LiBH, + S % Culns,
Scheme 3.1: Synthesis of copper indium sulfide nanoparticles
PXRD pattern (Figure 3.1) of sf-CIS-np showed the obtained product had a tetragonal
crystal structure (a=b=5.523 A, c=11.12 A) with body-centered lattice (JCPDS # 89-
6095). In PXRD spectrum, the obtained broad diffraction peaks around (20) =27.8, 32.3,
54.7, 75.2 (°) were matching with the (1 1 2), (20 0), (1 1 6) and (3 2 5) planes of the

tetragonal crystal structure. No other characteristic peaks were corresponding to
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Cu(OAC)2, Cu0, CuO, Cus, and InzSs, or any other phase of CulnS,. These observations
established the phase purity of sf-CI1S-np. The energy EDAX spectrum (Figure 3.2) of sf-
CIS-np was consistent and substantiated the presence of elements Cu, In, and S in the

material and there were no other elements present.

-sf-CIS-np

(112)

Intensity (a.u.)

20 30 40 50 60 70 80
2-Theta(degree)

Figure 3.1: Powder X-ray diffraction (PXRD) of sf-CIS-np

2 4 6 8 kev 10

Figure 3.2: Energy dispersive X-ray analysis (EDAX) spectrum of sf-CI1S-np

The FESEM images were acquired to perceive the shape and size of the sf-CI1S-np. The
FESEM image of sf-CIS-np (Figure 3.3) depicted spherical aggregates of particles of
sizes ranging from 30-50 nm. The UV-Visible -NIR spectrum of sf-CI1S-np (Figure 3.4)

showed the absorption maximum at 468 nm.
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Figure 3.3: FE-SEM images of sf-CIS-np

e $1-CI1S-np

Intensity (a.u)

'wo'soo'sao'nlbo'mo ooo'looo
Wavelength (nm)

Figure 3.4: UV-Vis—NIR spectrum of sf-CIS-np

3.2.2. Catalytic application

Numerous reactions are catalyzed by metal salts, bimetallic systems as well as metal
composite nanoparticles. The catalysis by nanoparticles is much more enticing due to the
boosted catalytic activity associated with the huge surface area to volume ratio. However,
in the synthesis of nanoparticles, long-chain organic molecules are used as stabilizing
molecules. These molecules surrounding the nano/micro particles hide the active centers
and limit or minimize their catalytic activity. We have produced sf-CIS-np by solution-
phase method at moderate temperature without using any surfactants or templates to
outsmart this issue. In this material, the catalyst surface was freely available for adsorption
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and desorption reactions because no organic surfactant molecules were surrounding the
particles,

As discussed earlier, (section 3.1) dimerization of acetylene derivatives via Glaser-Hay
coupling has arisen as one of the most effective and extensively used Cu-catalyzed
reactions to produce 1,3-diynes. The free, unhindered surface on sf-CIS-np is expected
to influence activity significantly when used as the catalyst in the reactions of 1,3-diynes
synthesis. Therefore, we tested the catalytic activity of sf-CIS-np in the Glaser-Hay
coupling reaction using various substituted phenylacetylene. In all cases, the reaction
progress was watched by TLC. Further, the reaction product was purified by eluting via
column chromatography and the products were characterized using NMR spectral data
(*H and *C).

CulnS, (10 mg)‘

R— R———R
DBU, CH5CN

R= phenyl derivatives

Scheme 3.2: Synthesis of homocoupling of phenyl acetylene derivatives

First, the reaction conditions were optimized to synthesize 1,3-diynes from
phenylacetylene using different bases and solvents through homo-coupling reaction
(Scheme 3.2). Few reactions were carried out in different solvents to pick the medium of
the reaction. No product was obtained in water and dimethylformamide, whereas the
yields (in brackets) in other solvents are as follows; Methanol (34%), dichloromethane
(39%), n-butanol (20%), chloroform (56%). It was found that the reaction progressed
perfectly in acetonitrile and (Table 3.1, entry 5) while the yields were low when the
reaction was performed in other solvents (Table 3.1, entries 1-4). When acetonitrile was
utilized as a solvent, the reactions were completed in 4-7 h at room temperature and
quantitatively yielded the preferred products. While we screened various bases for the
phenylacetylene coupling reaction, the base DBU provided the best result compared with
other bases like NaOH, KOH and triethyl amine.
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Table 3.1: Optimization of reaction condition for coupling reaction

Entry Solvent Time (h) Yield (%)
1 Methanol 24 34
2 Dichloro methane 24 39
3 n-butanol 24 20
4 Chloroform 24 56
5 Acetonitrile 4 96
6 Water 24 no
7 DMF 24 no

Few reactions were done by altering the catalyst quantities in various solvents to find
a sufficient quantity of catalyst required for the reaction. The progression of all these
reaction was checked by TLC. The catalyst sf-CIS-np was isolated at the end of the
reaction by filtering. Furthermore, the product was worked-up with ethyl acetate and
water. There was no change in yield when the catalyst's amount in the reaction was 20,
15, 10, and 5 mg. While 5 mg of sf-CI1S-np was utilized, the reaction prolonged much for
the completion (above 12 h). Therefore, it was chosen to utilize 10 mg of sf-CIS-np for
further investigations. After optimizing conditions (rt, 4-7 hours), the reaction was
generalized with 10 mg of sf-CIS-np as the catalyst; DBU as the base; acetonitrile as the
solvent. With this condition, various substituted benzyl acetylenes were reacted to form
1,3-diynes (Table 3.2). Mostly, all these reactions (except Table 3.2, entries 3, 7, and 8)
produced the respective products in greater than 95% yields at room temperature.

Numerous catalysts for the coupling reactions were described in the literature. The
efficiency of the different catalysts in the coupling reaction (phenylacetylene as substrate)
was compared (Table 3.3) to recognize the impact of surfactant-free catalyst. Most of
those catalysts were used at a temperature above 80 °C except for Cul and LN Cu",
while our sfCI1S-np was working at room temperature and required less amount of catalyst
(10mg) except GO@Cu(Il). Further, sf-CI1S-np studied here was prepared in easy reaction
conditions while the products were obtained in good yield.
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Table 3.2: Synthesis of homocoupling of phenyl acetylene derivatives

CulnS, (10 mg)

R— ——
DBU, CH,CN _— -
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Table 3.3: Comparison results from numerous catalysts used for the Glaser-Hay coupling

Catalyst Substate Catalyst load | Time | Temperature | Yield Ref
(mg) (h) (°C) (%)

RGO-Ni Phenylacetylene 50 3 85 99 [61]

LN'S Cu(ll) | Phenyl acetylene 63 25 RT 100 [62]

Cul Phenyl acetylene 28 12 RT 98 [63]

GO@Cu(ll) | Phenyl acetylene 10 2 80 99 [64]

SiO./SSQ/Au | Phenyl acetylene 18 18 80 99 [65]
sf-CIS-np | Phenyl acetylene 10 4h RT 96 This work

3.2.3. Leaching study and recyclability of sf-CIS-np as catalyst

A leaching study was executed on the heterogeneous catalysis in the Glaser-Hay coupling
reaction (scheme 3.2). Thus, the reaction was stopped after around 20% product
formation, and sf-C1S-np was isolated from the reaction mixture. It was then allowed to
progress without sf-CIS-np for further 8 h, yet no significant increase in the amount of
product was observed. This observation revealed the functioning of heterogeneous
catalysis in these reactions.

The reusability of the catalyst plays an important role in deciding the real use of such
heterogeneous systems. Therefore, experiments were done in which alkynes (5mmol of
reagents) were reacted utilizing the recovered sf-CIS-np. After the initial reaction, the
product was removed using ethyl acetate, and sf-CIS-np was recovered by decanting the
reaction mixture, and then it was dried at 60 °C. A fresh reaction was carried out with new
reactants under similar conditions applying the recovered sf-CIS-np. After completing
the reaction, the catalyst was recycled by following the cycle in the same manner. This
study confirmed that sf-CIS-np may be reused for five times with little modification in

its activity (Figure 3.5).
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Figure 3.5: Bar diagram showing the results of recycling of sf-CI1S-np as catalyst in the
Glaser-Hay coupling
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3.3. Conclusion

The copper-indium-sulfide (CulnSz) nanoparticles (sf-CI1S-np) were prepared without
using any surfactant molecules. These nanoparticles were used as the heterogeneous
catalyst for homo-coupling reactions involving phenylacetylene derivatives. The reaction
optimization studies established that 10 mg of sf-CIS-np is sufficient to complete the
reactions within 4-7 h at room temperature, depending on the substrate. These reactions
gave the best result when the base DBU and solvent acetonitrile were used. The maximum
yield obtained in these reactions was 97%. The catalyst was reused for five cycles with

little difference in its efficiency.

3.4. Experimental section

3.4.1. Materials

The chemicals, CuCl,, InCls, S, and all the phenyl acetylenes were purchased from
SigmaAldrich Chemical Co and used without any purification process. Anhydrous
Na.SO4 were purchased from Merck, India. Solvents were dried and distilled through the
standard procedure and then used for workup and column chromatography. TLC was done
using aluminium plates coated with silica gel 60-120 mess, which was purchased from
MERCK. The yields of the compounds reported here are isolated yields. Schlenk line
technique was applied to maintain the standard air-free conditions.
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3.4.2. Instrumentations

The following instruments were used to characterize the sf-CIS-np samples. (i) Bruker
D8 Xray diffractometer [A (Cu-Ka) = 1.54A°, scan rate of 1°/min], (ii) Ultra 55 Carl Zeiss
Field Emission Scanning Electron Microscopy (Operating voltage = 10 kV), (iii) JASCO
UVVisible-NIR Spectrophotometer MODEL V-770, (iv) Buchi B-540 apparatus for
melting points, and (v) Bruker (500 or 400 MHz) NMR spectrometer.

For microscopic analyses, and the sf-C1S-np samples dispersed in methanol were dropped
on the glass plate and then mounted on a stub using conductive carbon tape. *H NMR and
13C NMR spectra of organic compounds in CDCls were acquired in at ambient
temperature.

3.4.3. Synthesis of surfactant-free CulnSz nanoparticles (sf-CIS-np)

In the systematic procedure, the sulfur powder (0.058g, 1.8 mmol) was dissolved in of dry
toluene (10 ml) in a two neck round bottom flask (50 ml). Then, InClz (200 mg, 0.9 mmol),
Cu (OCOCHs3)2 (164 mg, 0.9 mmol), and LiBH4 (98 mg, 4.49 mmol) were added. The
reaction mixture inside the flask was refluxed until the reaction mixture turned black
(approximately for 3 h) with stream nitrogen. Then, the stirring was stopped and the
volatile compounds were evacuated by applying high-vacuum. To remove unreacted
lithium salts, starting materials, and other side products, the resultant product was washed
using methanol and toluene by sonication followed by centrifugation methods. It was
dried 6 h under vacuum to get black CulnSz nanoparticles (sf-CIS). The obtained product
was characterized by using different techniques such as PXRD, FESEM, EDX, and UV—
Vis absorption spectroscopy.

3.4.4. Typical procedure for homocoupling reactions

A mixture of phenylacetylene (0.052 g, 0.50 mmol), 8-diazabicyclo 5.4.0 undec-7-ene
(DBU) (0.074 g, 0.50 mmol) and sf-CIS-np (10 mg) in acetonitrile (1.0 mL) was stirred
under air (at rt, 4 h). The reaction progress was monitored by TLC, and finally the
suspended material was filtered to get back the catalyst. Afterward, the filtrate was diluted

with saturated aqueous NH4Cl, and the water layer was extracted repeatedly by
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CH3COOC:Hs. All organic extracts were mixed together, washed with brine, and dried
over NaxSOs. It was concentrated under reduced pressure to get the crude substance,
which was purified by eluting through a column packed with silica gel using n-hexane to

obtain the corresponding diyne as a white solid.
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Spectral data of homocoupling of phenyl acetylene derivatives

1,4-diphenyl buta-1,3-diyne:

==Y

(1)
Melting point : 85-86 °C (white solid).
'H NMR (400 MHz, CDCl5) : = 7.55-7.57 (m, 4 H), 7.35-7.40 (m, 6 H).
13C NMR (101MHz, CDCls) :0=132.5,129.2, 128.4, 121.7, 81.5, 73.9.
HRMS : [M + H]" = m/z 203.

1,4-Bis(2-(trifluoromethyl)phenyl)buta-1,3-diyne:

A\
CF; FsC
)

Melting point 1 6769 °C (white solid).
'H NMR (400 MHz, CDCls) 20 ="7.70-7.75 (m, 4H), 7.49—7.57 (m, 4H);
13C NMR (101 MHz, CDCly) :0=135.1,131.4,129.0, 126.0, 124.3, 122.2, 119.8,

78.7,and 78.5.
HRMS : [M+H]" = m/z 339.
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1,4-bis(p-fluorophenyl) buta-1,3-diyne:

F::F

©)
Melting point : 192-193 °C (white solid).
'H NMR (400 MHz, CDCl5) : 8= 7.52-7.56 (M, 4H), 7.04-7.09 (m, 4H).
13C NMR (101 MHz, CDCls) :0=164.1,162.4, 134.5, 117.8, 116.0, 115.8, 80.6,
73.7.
HRMS : [M+H]" = m/z 239.

1,4-bis(p-methoxyphenyl) buta-1,3-diyne:

o )-E-=AT-om

(4)
Melting point : 134—135 °C (white solid).
'H NMR (500 MHz, CDCls) : 0= 7.46-7.50 (m, 4H), 6.86-6.89 (m, 4H), 3.85 (s,
6H).
13C NMR (126 MHz, CDCls) :6=160.2, 134.0, 114.0, 114.11, 80.9, 73.2, 55.4.
HRMS : [M + H]" = m/z 263.
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1,4-Bis(4-ethylphenyl)buta-1,3-diyne:

Melting point
'H NMR (400 MHz, CDCls)

13C NMR (101 MHz, CDCls)

HRMS

()

: 181-183 °C (white solid).
: 6=7.44 (d, 1 =8 Hz, 4 H), 7.16 (d, ] =8 Hz, 4 H),

2.39 (s, 6 H);

:0= 139.4,139.2, 132.3,132.1, 129.5, 118.4, 81.4,

72.9,21.7.

. [M +H]" =m/z 231.

1,4-Bis(4-(tert-butyl)phenyl)buta-1,3-diyne: (colour less liquid)

IH NMR (500 MHz, CDCls)

13C NMR (126 MHz, CDCls)

HRMS

(6)

: 5= 7.48-7.50 (m, 4H), 7.37-7.39 (m, 4H), 1.34 (s,

18H);

:0=152.5, 132.0, 125.2, 118.9, 81.4, 73.4, 34.5,

and 31.1 ppm;

: [M + H]" = m/z 315.
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1,4-dithienyl buta-1,3-diyne:

- — — ~
==
()
Melting point : 111-112 °C (white solid).
H NMR (400 MHz, CDCls) :0=7.61-7.62 (m, 2H), 7.30-7.32 (m, 2H), 7.19-7.29
(m, 2H).
13C NMR (101 MHz, CDCls) 0= 131.2, 130.1, 125.6, 120.9, 76.5, 73.5.
HRMS : [M + H]" = m/z 215.

1,4-dinaphthyl buta-1,3-diyne:

(8)
Melting point : 171-172 °C (yellow solid).
'H NMR (500 MHz, CDCl5) : 8= 8.46 (d, J = 8.3 Hz, 2H), 7.91 (d, J = 8.3 Hz,

2H), 7.87 (d, J = 8.3 Hz, 2H), 7.84 (dd, J = 7.2,
1.3 Hz, 2H), 7.64-7.68 (m, 2H), 7.56-7.61 (m,
2H), 7.47-7.51 (m, 2H).

13C NMR (126 MHz, CDCls) :0=144.1,133.9, 133.1, 132.0, 129.7, 128.4, 127 .2,
126.7,126.2, 125.2, 119.5, 80.9, 76.6.
HRMS : [M + H]" = m/z 303.
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1,4-Bis(4-methoxy-2-methylphenyl)buta-1,3-diyne:

—_ - /
9)
Melting point : 66—68 °C (white solid).
'H NMR (500 MHz, CDCls) :0=7.45(d, J=9.0 Hz, 2H), 6.77 (d, J = 2.5 Hz,
2H) 6.70—6.73 (m, 2H), 3.83 (s, 6H), 2.49 (s, 6H);
13C NMR (126 MHz, CDCls) :6=160.2, 143.5,134.3, 115.2, 114.1, 111.4, 80.8,
76.4,55.1, and 20.7;
HRMS :[M +H]" =m/z 291.

(10) 1,4-bis(3-chlorophenyl)buta-1,3-diene:

(=A%)

o] cl
(10)
Melting point : 174—176 °C (white solid).
'H NMR (500 MHz, CDCI3) - 8= 7.47 (t, J =8 Hz, 1H), 7.44 (t, J = 8 Hz, 1H),

7.38 (t, J = 8 Hz, 1H), 7.36 (t, J = 8 Hz, 1H),
7.33-7.34 (m,1 H), 7.31-7.32 (m,1 H), 7.21-7.24

(m, 2H);

13C NMR (126 MHz, CDCI3) : 0= 134.3,132.2,130.6, 130.2, 129.7, 123.2, 80.5,
74.6.

HRMS - [M + H]* = m/z 271.
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CHAPTER 4

High yield room temperature conversion of
carbon dioxide into cyclic carbonates catalyzed by
mixed metal oxide (CuO-ZnQO) nano/micro-flakes

(Cozi-nmf)

Abstract: Capturing and converting carbon dioxide (COz) into useful organic molecules
and polymers is the best way of alleviating excessive release of it from industrial sources
to the environment. Cyclic carbonate synthesis by cycloaddition from CO2 and epoxides
through a catalytic process is a 100% atom economic reaction established five decades
ago. Despite the availability of many efficient catalytic systems, there are shortcomings
in either tedious preparatory procedure of catalyst, separation problem associated with
homogeneous catalysis, or the requirement of pure CO>. In this work, we report the
catalytic system based on copper and zinc mixed metal oxides (CuO-ZnO) nano/micro-
flakes (Cozi-nmf) for cycloaddition reaction of CO> with various epoxides at room
temperature. These reactions were performed under solvent-free conditions. The novel
recyclable heterogeneous catalyst was prepared via a simple procedure successfully at
room temperature by grinding process. The synthesis of both catalyst and cyclic
carbonates described here is greener and used inexpensive source materials to produce
them. The vyields of the synthesized cyclic carbonates were more than 95%, except for
many reactions. The high efficiency of Cozi-nmf as a catalyst is explained based on the
availability of the bare catalyst surface, which promoted the hindrance free movement of

electrons and adsorption of substrate effectively.

N -~ -

QR Ph, CH;CHy spd - CHLOPE destyalives Yield T4% ~ U8
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4.1. Introduction

Owing to the industrial revolution, the atmospheric carbon dioxide (COz) level is
increasing rapidly, which is the primary cause of global-warming. On the other hand, the
attractive CO> capture reactions represent an alternative and safer way of mitigating the
excessive release of it from various industrial sources [1]. Using CO: it is possible to
prepare many organic compounds by carboxylation reaction and specific transformation
reactions into carboxylic acids, organic carbonates, urea, and methanol [2]. The use of
renewable carbon resource CO; to produce various organic molecules and polymers has
advantages as it is an abundant, economic, and nontoxic substance [3]. Therefore, the
efficient methods that convert carbon dioxide into valuable chemicals have drawn much
attention [4].

Cyclic carbonates are fascinating compounds finding range of applications such
as electrolyte in lithium-ion batteries [5], polar aprotic solvents [6] intermediates for fine
chemicals and building blocks in the manufacture of pharmaceuticals [7]. The cyclic
carbonates with different functional groups are used as the precursor materials for
polymeric materials like polycarbonates, polyurethanes, and polyesters [8]. Further, it is
possible to tune the properties such as hydrophilicity, bio adhesion, and biodegradation
by integrating various functional groups into the polymer chain [9]. The production of
cyclic carbonates from CO> through cycloaddition reactions with epoxides is a 100% atom
economic process established five decades ago [10]. However, because of the low
reactivity and thermal stability of CO3, the transformation of it into several useful products
always involves a principal step of activating CO> molecules [11].

There are many reports on the development of catalytic systems to activate COs.
Until now, the catalysts for the reaction of epoxides with CO; are confined to materials
such as ionic liquids [12], organic metal complexes [13], organocatalysts, and quaternary
ammonium [14]. Some of the known catalytic systems for epoxide—CO. coupling
includes Al (II@cages [15], Ti(HPO4)2-H20 [16], ZnCl2/Al,O3 [17], succinimide-KI
[18], PCN222(Co) [19], PIM2 [20] and some complexes [21] of Zn, Co, Mo, Pd, Cr, Cu,
Mg, Al, and Sn. Much of the catalytic systems reported to the cyclic carbonate synthesis

are homogeneous catalysts. Further, many of these reactions need high pressures of pure
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CO: to induce the reaction with epoxides at temperatures. At this juncture, it is worth
mentioning that pure CO; is obtained by purifying flue gases containing large amounts of
CO:- released from power plants and industrial furnaces. These purification processes are
typically time-consuming and involve additional cost and energy. Despite the good
catalytic behavior manifested by the catalysts mentioned above, their intrinsic
homogeneous nature precludes re-utilization and limits their practical application on an
industrial scale, especially those involving tedious preparation procedures [22]. Therefore,
it is essential to develop highly stable and efficient heterogeneous catalysts for converting

industrial CO> at atmospheric pressure and the mild temperature [22].

The chemical reactions occur on the catalyst’s surface. To use metal oxides in the
form of nano/micro particles as a catalyst in any reaction, their active centers at the surface
should be free from any hindrance and exposed to the interaction with the substrate.
Moreover, a critical scan in the literature revealed that most reactions through different
physical and chemical pathways required high temperatures to produce copper oxide-zinc
oxide (CuO-Zn0O) nanocomposite [23]. Therefore, we have designed a simple procedure
and synthesized the CuO-ZnO nano/micro-flakes (Cozi-nmf) successfully with the
exposed surface and explored their catalytic activity for CO, capture reactions. We have
synthesized CuO and ZnO in a 1:1 ratio to attain a high specific surface area. We have
established the novel recyclable heterogeneous catalysis of Cozi-nmf having exposed
surfaces for reaction of CO2 with various epoxides at room temperature without use of
any solvent. The synthesis described here is greener and used inexpensive source materials
to produce catalyst and cyclic carbonates.

4.2. Results and discussion
4.2.1. Room temperature preparation of catalyst (Cozi-nmf) and its characterization

The procedure involved in the synthesis of materials determines their usability on a large
scale. In the present work, Cozi-nmf was produced at room temperature by the solvent-
free grinding method easily within 10 minutes. The required product was purified by
water. The X-ray diffraction pattern gave preliminary information on the formation of
Cozi-nmf. The typical powder XRD pattern (Figure 4.1) obtained from the sample of
Cozi-nmf exhibited diffraction peaks at 26 values of 31.6, 34.3, 36.0, 47.3, 56.5, 62.7,

66.1, 67.7 and 68.8 (°) respectively. The representative (hkl) planes of the corresponding
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diffraction peaks (100), (002), (101), (102), (110), (103), (200), (112) and (201) were
identified to the ZnO wurtzite phase (JCPDF No0:036-1451). However, diffraction peaks
at 26 values of 31.6, 34.3, 36.0, 38.5, 47.3, 48.4,53.5,56.5, 57.9and 61.3 (°) were
identified to the lattice planes of [(110), (002), ( 111), (111), ( 112), ( 202), (020), (021),
(202) and (113)], which were matching with CuO monoclinic phase (JCPDS No: 80-
0076). Further, the existence of three diffraction peaks at 20 values of Cu at 31.3°,
34.3°and 36.1°being overlapped completely with ZnO diffraction peaks with the

variation of 0.85-1.14°, which established the formation of ZnO-CuO composite material.
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Figure 4.1: PXRD pattern of Cozi-nmf

The morphological features and elemental compositions of Cozi-nmf were
visualized through electronic microscopes. The FESEM images (Figures 4.2a and b)
exposed the formation of flake-like particles of CuO-ZnO composite materials (Cozi-
nmf) with thickness in nanometer’s order while overall size in microns. The elemental
mapping images by EDS (Figure 4.2c) demonstrated the presence of oxygen, zinc and
copper elements throughout architecture while the atomic ratio was matching with CuO-
ZnO (Cu: Zn: O=1:1:2) (Figures 4.2d, e, and f). The TEM, HRTEM and SAED analysis
of Cozi-nmf are shown in figure 4.3. The crystallinity of material was evident clearly
from the HRTEM image (Figure 4.3c.) The selected area electron diffraction (SAED)
indicated (Figure 4.3d) corresponds to the plane (110) at d spacing value at 2.7A of CuO
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, and the plane (101) at d spacing value at 2.4A ZnO indicated the formation of CuO-ZnO

composite material and the bright spots revealed the high crystalline nature.

Cular 2 nlsr 2 O Ka1

Figure 4.2: FE-SEM image of Cozi-nmf, 200 nm a) 100 nm b), EDS spectrum c), Cu,
Zn, O elemental mapping (d, e, f)

Figure 4.3: TEM image of Cozi-nmf at 20 nm magnification (a), high resolution
Image of Cozi-nmf (b,d) and SAED pattern (c)
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X-ray photoelectron spectroscopy (XPS) analyses (Figure 4.4) of Cozi-nmf disclosed
the oxidation state of elements in the composite. First, the XPS survey spectra of the
sample confirmed the presence of Cu, Zn, and O atoms in Cozi-nmf. There are no other
elements observed except Si and C from the glass plate (Figure 4d). The Zn2p spectra
showed two symmetric peaks, the peak around 1024.0 eV corresponds to the Zn2p3/2,
and the one around 1047.1 eV is assigned to Zn 2pl/2, indicating the oxidation state of
Zn (I1) ion in the sample (Figure 4a). In the Cu2p spectrum, the peaks around 934.5 eV
and 955.5 eV in all the samples confirmed the presence of Cu 2p3/2 and Cu 2pl/2,
indicating the oxidation state of Cu (I) (Figure 4b). The O 1s peaks observed around
533.3 eV was assigned to oxygen (Figure 4.4c).
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Figure 4.4: XPS spectrum of Cozi-nmf (a) Zn 2p, (b) Cu 2p, (c) O 1s and (d) Survey
spectrum

4.2.2. Stability and surface area

The thermal stability of Cozi-nmf was investigated by thermal gravimetric analysis
(TGA). The composite Cozi-nmf underwent a sharp weight loss of about 6.3% upto 250
°C, corresponding to the surface adsorbed residues (Figure 4.6). After an initial weight
loss, the composite was losing weight of about 4 % slowly stable upto 800 °C. The
availability of surface freely for the interaction with the substrate is essential for effective
catalysis. Therefore, the specific surface area of Cozi-nmf was measured based on single

gas adsorption at a constant temperature, while nitrogen gas was used as an adsorbate.
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The N2 adsorption-desorption isotherm of Cozi-nmf (Figure 4.5) was determined in the
pressure range “P/PO of 0-1.0”, and the surface area was calculated as 45.8 m? gL
Envisioning here is that this entire surface area will be available for catalysis without any

hindrance for the catalytic activity to produce cyclic carbonates.
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Figure 4.5: N> adsorption and desorption isotherm of Cozi-nmf
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Figure 4.6: Thermogravimetric analysis of Cozi-nmf
4.2.3. Catalytic activity

The metal oxides in the form of nano/micro particles are preferred as catalysts compared
to their bulk counterparts because of increased surface area. However, many chemical
synthesis procedures of nanoparticles use various long-chain surfactant molecules to
stabilize the size of the particles. These organic surfactant molecules not only hide the
surface but also hinder the electron movement. Therefore, it is imperative to produce a

catalyst whose surface should be free from any hindrance and exposed for substrate
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interaction. Thus, Cozi-nmf is an attractive material for catalysis. We chose the coupling
of phenyl glycidyl ether (PGE) with CO2 using Cozi-nmf as a catalyst to give phenyl
glycidyl carbonate (PGC) as the model reaction (Scheme 4.1). First, we have scanned the
reaction conditions (time and temperature) and keeping CO pressure at 1 atm to optimize
the cyclic carbonates yield. Among the various reactions tried with solvents like toluene,
CH3CN, CH30H, CHCI3, DMSO, DMF, and H0O, the reaction without solvent showed

superior activity compared to other solvents (Table 4.1).

Cozi-nmf )(J)\
co, + (Catalyst) -0 0
(1atm) R Neat, TBAB
rt, 3-6 h

R
R= Ph, -CH,CH3 and -CH,OPh derivatives

Scheme 4.1: Reaction of terminal epoxides and CO; at 1 bar pressure

Table 4.1: Solvent optimization using the model reaction the presence of Cozi-nmf
@)

O
OMA Cozi-nmf (5 mg) VOKJfO

CO, (1 atm) o
TBAB (0.05 mol)

Entry Solvent Time (h) Yield (%)
1 CHsOH 24 15
2 toluene 24 20
3 CH3CN 24 23
4 H.0 24 no
5 CHCI 24 26
6 DMSO 24 no
7 DMF 24 no
8 No solvent 6 97
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To test the advantage of having mixed metal oxide composite as the catalyst, we
have performed controlled reactions of PGE with CO2 under the optimized condition in
the presence of ZnO and CuO nanoparticles, also the catalyst Cozi-nmf (Table 4.2). The
reaction did not yield any product when conducted without Cozi-nmf. The observed yield
of PGC in the presence of ZnO and CuO was 15% and 35%, while a much higher 97%
yield was obtained using Cozi-nmf as the catalyst. The high surface area of Cozi-nmf
that available freely without any capping agent was the reason for better catalytic activity

in this CO2 fixation reaction.

Table 4.2: Synthesis of phenyl glycidyl carbonates with different catalysts

O
Catalyst (5 mg) O//<O
CO, (1 atm)

o

TBAB (0.05 mol

o8

Entry | Epoxide | Catalyst | Yield (%)
1 2 CuO 35
2 2 ZnO 15
3 2 Cozi-nmf 97

The reaction without solvent at room temperature for 3 h using scanty of Cozi-nmf (5
mg, 0.06 mmol) and CO> at 1 atm pressure (Table 4.3, entry 8) gave the best result in
terms of time and yield (98%). In contrast, with less than 5 mg of Cozi-nmf, the reaction
became sluggish with a low product yield. Using the optimized reaction conditions, we
have tested the performance of Cozi-nmf for the reaction of CO. with substituted
epoxides. Phenyl glycidyl ether substituted with electron-donating [-CH3 -OCHs, -
C(CHpa)3] and electron-withdrawing groups (-Cl, -Br, -Ph) were used as the substrate in
the reactions. As shown in Table 4.3 (entries 1-11), most substrates were converted
efficiently to cyclic carbonates respectively with excellent selectivity and high conversion.
It was observed that terminal epoxides with both electron-withdrawing and electron-
donating groups were converted into the respective cyclic carbonates with quantitative
yields (93-98%) within 3-6 h. Other than phenyl glycidyl ether, we have attempted the
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reaction with two more substrates, styrene oxide (Table 4.3, entryl) and 1, 2 epoxy butane
(Table 4.3, entry 11). It is noteworthy that the aliphatic substrate, 1, 2 epoxy butane
yielded the corresponding cyclic carbonate with lower conversion (Table 4.3, entry 11,
74%).

We have compared the catalytic activity of Cozi-nmf with that of known
heterogeneous catalysts used for the production of cyclic carbonates (Table 4.4). The
comparative study showed that other reported reactions involved use of protic compounds,
additives, and solvents for epoxide activation. Moreover, those catalytic systems required
either high pressure [24], high temperature to activate CO», whereas our designed Cozi-
nmf having high Lewis acidic nature of surface might facilitate CO> insertion at rt with 1

atm pressure. The simplicity of synthesis makes Cozi-nmf stand in a better position.
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Table 4.3: Cyclic carbonate synthesized by using Cozi-nmf as catalyst

(2)
0

4

ovok/o
J

@)

o _t_P°

Q

- . cl
YT"?'d'_gf;f’ YT'.e'd'_937 (;f’ Yield: 95%
ime: ime: Time: 4 h
(4) (5) (6)
@) @)
\/(I)\///<O \/CI)\///<O O//<O
0] @)
/©/ ©/ O\/K/O
Br . O
. Yield: 97%
. [0)
Y_Iltf,‘|d.-954rf) Time: 3h Yield: 93%
Ime- Time: 6 h
(7) (8) 9)
O

)

o

)

o

/@OWO OMI\/O O
~
O \{/O/ ©/ o)
Yield: 96% Ov[ =0
Time: 4 h Yield: 98% _ @)
Time: 3 h Yield: 90%
Time: 6 h
(10) (11)
O O -
(0]
©/\ /\[O>:O O//<O
Yield: 93% W
Time: 6 h Yield: 74%
Time: 6 h

Reaction conditions: epoxide (1 mmol), Cozi-nmf (5 mg), rt, 1 atm of CO.. Yields of isolated pure

product.
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Table 4.4: Comparative study on the catalytic activity of Cozi-nmf with numerous
catalysts using PGE as substrate

Catalyst CO2 | Time | Temperature | Yield Ref
(bar)| (h) o) | (%)
Al(lll)@cages 1 48 RT 54 15
Ti(HPO4)2-H20 | 1 6 RT 87 16
ZnCl,/Al;03 1 4 100 100 17
Succinimide-KI | 0.4 6 70 94 18
PCN-222(Co) 1 18 50 90 19
PIM2 1 8 130 96 20
Cozi-nmf 1 3 RT 97 | Thiswork

4.2.4. Recyclability of Cozi-nmf as catalyst

A heterogeneous catalyst needs to be examined for its recoverability, ease of separation,
and reusability. The reusability of Cozi-nmf was examined using the illustrative reaction
between CO. and PGE to yield cyclic carbonate. The reaction mixture was centrifuged
after the reaction time to separate the solid Cozi-nmf. Then, it was washed scrupulously
with distilled H20 followed by CH3OH and dried for 5 h in an oven at 100 °C before
reuse. As seen in figure 4.7 the catalyst can be efficiently recycled and reused five times.
The results indicated that after 5-time reuse of catalyst, the product's yield decreased from
97% to 90%.

97% 97% 95%
3% 20%
l ' | ' ' )
Runs

Figure 4.7: Bar diagram showing results of recycling of Cozi-nmf in the synthesis of cyclic

carbonates.
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4.3. Conclusion

We have synthesized Cozi-nmf with a high surface area of around 45.8 m? g* by grinding
method within 10 min. It was used as the catalyst to activate CO, for cycloaddition
reaction with various epoxides to produce cyclic carbonates. The syntheses described here
were performed in solvent-free conditions and used inexpensive and recyclable
surfactant-free heterogeneous catalysts. The yields of the synthesized products were more
than 95% except for styrene and aliphatic carbonates. The high efficiency of Cozi-nmf as
a catalyst is because of the availability of the bare catalyst surface, which promoted the
hindrance free movement of electrons and adsorption of substrate effectively. The
simplicity in the synthesis of catalyst and cyclic carbonates promises large-scale industrial

use of the method.

4.4. Experimental Section

4.4.1. Materials
ZnCl,, CuCl; and epoxides were purchased from Sigma-Aldrich, while anhydrous NaOH
was purchased from Merck, India. Solvents used for the reactions were dried and distilled
using standard procedure and then used for work up and column chromatography. TLC
was done using commercially available (MERCK) aluminium plates coated with silica
gel (60-120 mess).

4.4.2. Instrumentation

Instruments used to characterize Cozi-nmf are similar to the description in section 3.4.2.
TEM images of Cozi-nmf were acquired by using an “FEI Technai G2 20 STEM
instrument” at an acceleration voltage of 200 kV. XPS spectra were recorded in a Thermo
Scientific K Alpha spectrometer equipped with a micro-focused monochromatic X-ray

source (Al Ka, spot size ~ 400 pm) operating at 70 W.

The Cozi-nmf sample was suspended in isopropanol and then dispersed on ITO plates to
record FESEM micrographs. The Cozi-nmf sample for TEM analyses were dispersed in

isopropanol, and 1-2 drops of dispersion were dripped onto a carbon-coated copper grid
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(200 mesh). An optimum concentration of Cozi-nmf was drop-casted onto a quartz

substrate for the XPS analysis.

'H NMR and 3C NMR spectra of cyclic carbonates in CDCls were acquired at room
temperature using Bruker (500 or 400 MHz) NMR spectrometer. The chemical shifts (5)
are reported in ppm scale downfield from the internal standard TMS (& = 0.0). High-
resolution mass spectra (HRMS) were recorded using ESI-TOF techniques.

TGA was recorded on a PerkinElmer — STA 6000. Surface area analysis was determined
from the BET analysis, which was recorded by the Quanta chrome instrument. Melting
points of cyclic carbonates were measured on a Buchi B-540 apparatus.

4.4.3. Synthesis of nanocomposite copper oxide -zinc oxide (CuO-ZnO)
nano/micro-flakes (Cozi-nmf)
The grinding process for synthesizing Cozi-nmf is described as follows: CuCl, (2 mmol)
and ZnCl, (2 mmol) were mixed uniformly by grinding in an agate mortar until the
mixture turned black (approximately for 5 min). After that solid NaOH (8 mmol) was
added into the mortar, and continued the grinding for another 10 min. The resultant black
mass was gathered and washed several times using water followed by absolute methanol
through the centrifugation process. Then the residue was dried at 60 °C to get light black
powder of Cozi-nmf. The whole grinding process was operated in air atmosphere at room

temperature.

4.4.4. Synthesis of cyclic carbonate from CO2and epoxide

In a typical reaction (Scheme 4.1), epoxide (1mmol), t-butyl ammonium bromide
(0.05mol), and catalyst, Cozi-nmf (5mg) were placed in a 50mL round bottom flask filled
with CO2 gas from a CO: cylinder. After mixing them, CO> gas flow was continued
purging through the needle dipped in the reaction mixture. The reactions were continued
at rt for 3-6 h, and CO> was provided by a gas cylinder (1atm) connected to the flask.
After completing the reaction, it was worked up with water and ethyl acetate and dried
using anhydrous Na>SOas. Then, ethyl acetate was evaporated under a vacuum and the
residue was purified by eluting through a column packed with silica gel using ethyl acetate
and hexane to get the purified cyclic carbonates. Compounds were characterized based on
their spectroscopic data (*H, 3C NMR, and HRMS), which were compared to those
reported in the literature.
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Spectral data of cyclic carbonates

4-phenyl-1,3-dioxolan-2-one:

)
o«
O
Melting point : 57 °C (White solid).
'H NMR (500 MHz, CDCls) :0=4.32 (1H, t, J=8 Hz), 4.80 (1H, t, J=8 Hz

), 5.68 (1H, t, J=8 Hz), 7.30-7.37 (2H, m),
7.40-7.44 (2H, m)

13C NMR (126 MHz, CDCls) £ 71.11, 77.93, 125.79, 129.16, 129.64,
135.78, 154.79

HRMS calculated for CgHgOs3 - [M+Na]*: 187.1571, found: 187.1572.

4-(Phenoxymethyl)-1,3-dioxolan-2-one:

o _L_°
J

Melting point : 96-97 °C (White solid)..

'H NMR (400 MHz, CDCls) :0=4.16-4.18 (1H, dd, J=10 Hz, J= 7 Hz), 4.24-
4.27 (1H, dd, J=10 Hz, 6 Hz), 4.54-4.57 (1H,
q), 4.64 (1H, t, J=8 Hz), 5.02-5.07 (1H, m),
6.92-6.94 (m, 2H), 7.02-7.05 (1H, m), 7.31-
7.34 (2H, m)

13C NMR (101 MHz, CDCls) 1 0=66.25, 66.93, 74.04, 114.65, 122.04, 129.70,
154.56, 157.76.

HRMS calculated for C1yH104 -[M+Na]* : 217.0471, found: 217.0471.
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4-((4-Chlorophenoxy)methyl)-1,3-dioxolan-2-one:

o _t_°
AT

Melting point : 101-102 °C (White solid).

'H NMR (500 MHz, CDCl3) : 6=4.11-4.15 (1H, dd, J=10 Hz, 7 Hz), 4.22-
4.26 (1H, dd, J=10 Hz, 7 Hz), 4.52-4.56 (1H,
q), 4.64 (1H, t, J=8 Hz), 5.02-5.07 (1H, m),
6.84-6.88 (2H, m), 7.25-7.29 (2H, m) and

13C NMR (126 MHz, CDCls) :66.10, 67.27, 73.96, 115.94, 127.03, 129.40,
129.62 154.55, 156.36.

HRMS calculated for C1o0HgCIOs - [M+ H]*: 228.0212, found: 228.0212.

4-((4-Bromo phenoxy)methyl)-1,3-dioxolan-2-one:

o _t_P°
AT

Melting point :103-104 °C (White solid).

'H NMR (500 MHz, CDCls) :0=4.12-4.14 (1H, dd, J=10 Hz, 7 Hz),
4.22-4.25(1H, dd, J= 10Hz, 6 Hz), 4.52-
455 (1H, q), 4.64 (1H, t, J=8Hz), 5.03-
5.07 (1H, m), 6.80-6.83 (2H, m), 7.38-
7.43(2H, m) and

13C NMR (126 MHz, CDCls) . 66.11, 67.22, 74.00, 114.32, 116.45,
132.34,132.55, 154.59, 156.89.

HRMS calculated for C1o0HgBrO4 : [M]*: 271.9565, found: 271.9562,

C10HoBrOs :[M+2]*: 273.9540, found: 273.9540
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4-((o-Tolyloxy)methyl)-1,3-dioxolan-2-one:

o _-_P°

Melting point : 96 °C (White solid).

H NMR (500 MHz, CDCls) :0=2.24 (3H,s), 4.14-4.17 (1H, dd, J=13 Hz,
7 Hz), 4.27-4.30 (1H, dd, J=14 Hz, 7 Hz),
4.59-4.62 (1H, q), 4.66 (1H, t, J= 8 Hz), 5.06-
5.10(1H, m), 6.78-6.81 (1H, t, J=5 Hz), 6.93-
6.96 (1H, m), 7.17-7.20 (2H, m)

13C NMR (126 MHz, CDCls) : 16.00, 66.27, 66.99, 74.22, 110.79, 121.67,
126.90, 131.10, 154.83, 155.74.

HRMS calculated for C11H,04  : [M+ NH4]™: 226.0957, found: 226.0957

4-(([1,1'-biphenyl]-2-yloxy)methyl)-1,3-dioxolan-2-one: Isolated yield: 93%, white

solid,
0 7
oA
Shad
Melting point :105-107 °C (White solid).
'H NMR (500 MHz, CDCls) : 0= 3.60-3.70 (2H, m), 3.96-4.02 (2H, m), 4.06-

4.08 (1H, m), 7.01(1H, d, J=8Hz), 7.09 (1H, t,
J=7Hz) 7.32-7.36 (3H, m) 7.43 (2H, t, J= 7THz)
7.50 (2H, d J= 7Hz)
13C NMR (126 MHz, CDCls) - 9=63.63, 70.17, 70.49, 113.23, 121.81, 127.14,
128.15, 128.77, 129.38, 130.90, 131.49,
138.36, 155.28.

HRMS calculated for C;sH404 - [M+Na]™: 293.0797, found: 293.0798.
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4-((4-methoxyphenoxy)methyl) -1,3-dioxolan-2-one:

o _+_°
S

Melting point : 99-100 °C (white solid).

IH NMR (400 MHz, CDCls)  :6=3.13 (3H, s), 4.24 (2H, d, J=4Hz), 4.62-4.64
m), 5.00-5.06 (1H, m), 6.89-6.97 (3H, m), 7.01-
7.06 (1H, m).

13C NMR (101 MHz, CDCls)  : 55.90, 66.42, 69.39, 74.45, 112.57,116.77,

121.04, 123.49, 147.46, 150.43, 154.77.

HRMS calculated for C11H1,0s : [M+H] *: 225.0637, found: 225.0636.

4-((4-(tert-Butyl)phenoxy)methyl)-1,3-dioxolan-2-one:

o«

o _+_°

Melting point : 98-100 °C (white solid).

H NMR (500 MHz, CDCls) :0=1.31 (9H, s), 4.14-4.17 (1H, dd, J=10 Hz,
7 Hz), 4.22-4.25 (1H, dd, J=11 Hz, 6 Hz)
4.52 (1H, q), 4.62 (1H, t, J =8 Hz), 5.01-
5.06 (1H, m), 6.85-6.88 (2H, m),7.32-7.34
(2H, m)

13C NMR (126 MHz, CDCly) : 31.45, 34.15, 66.30, 67.06, 74.10, 114.17,
126.47, 144.88, 154.60, 155.55.

HRMS calculated for C1aHg04 - [M+ NH4] *: 268.1420, found: 268.1420.
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4,4'-((1,3-phenylenebis(oxy))bis(methylene))bis(1,3-dioxolan-2-one): (Colorless gel)

o

o _+_°

ov[?:o

'H NMR (400 MHz, CDCls) :0=4.11-4.14 (2H, dd, J=Hz), 4.23-4.25 (2H,
dd, J =Hz, Hz), 4.51-4.54 (2H, q), 4.63 (2H,
t, J=Hz), 5.03-5.07 (2H, m), 6.49 (1H, d,
J=Hz), 6.55-6.57 (2H, d, J= Hz), 7.19-7.23
(1H, t, J=Hz) and

13C NMR (101 MHz, CDCls) . 66.14, 67.10, 67.15, 74.05, 101.97,
102.06, 107.95, 130.41, 154.81, 154.82,
159.06.

HRMS calculated for C14H40s :[M+ Na] *: 333.0958, found: 333.0958.

4-((Benzyloxy)methyl)-1,3-dioxolan-2-one: (Colorless liquid)

(Yo

IH NMR (400 MHz, CDCls) - 9=3.62-3.65 (1H, dd, J=11 Hz, 7Hz), 3.71-3.74
(1H, dd, J=11Hz, 7 Hz), 4.39-4.42 (1H, q), 4.50
(1H, t, J=8 Hz), 4.57-4.65 (2H, m), 4.82-4.85
(1H, m), 7.31-7.33(3H, m) 7.36-7.39 (2H, m)

13C NMR (101 MHz, CDCls) - 66.32, 68.84, 73.73, 75.00, 127.78, 128.11,
128.60, 137.06, 154.93.

HRMS calculated for C11H1,04  : [M+ NH4] *: 226.0954, found: 226.0953.
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4-ethyl-1,3-dioxolan-2-one: (Colorless liquid)

IH NMR (500 MHz, CDCls)

13C NMR (126 MHz, CDCls)

HRMS calculated for
CsHgOs [M+ NH4] +

@)

o

@)

: 6= 0.98-1.031 (3H, m), 1.71-1.85 (2H, m),
4.05-4.09 (1H, ), 4.50-4.53 (1H, t, J=8
Hz), 4.62-4.68 (2H, m).

:19.72, 68.97, 77.96, 155.06.

1 134.1539, found: 134.1530.
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CHAPTER 5

Instantaneous capture of carbon dioxide by
resorcinol diglycidylether in cascade reactions
comprising bulk co-polymerization

Abstract:
Capture and conversion of carbon dioxide (CO;) to organic materials is an enticing

reaction to mitigate its excessive release into the atmosphere. Herein, we report
instantaneous capture of CO> through bulk copolymerization in three-component cascade
reactions. The atom economic reactions of CO> with resorcinol diglycidylether (or 1,3-
di(glycidoxy)benzene) and three different amines in the presence of a non-nucleophilic
base 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) vyielded three polycarbonates. The
activation of CO. and reaction with co-monomer completed within 10-15 min at 100 °C
but without any catalyst and solvent. The ring-strain induced reactivity of oxiranes and
the proton-removing ability of the sterically hindered non-nucleophilic base have driven
the copolymerization reactions. All these polycarbonates were hard and glassy with
hardness upto 24.26 HV
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5.1. Introduction

The process of capturing waste carbon dioxide (CO3) released from the heavy industry
and automobile exhaust, and converting it to organic compounds or polymeric materials
are the best way to alleviate its excessive release to the environment [1]. Therefore, the
research on the utility of COz is attractive for many scientists as it is an inexpensive, non-
toxic, non— flammable, abundant carbon feedstock to produce valuable chemicals [2-3.
Cyclic and polycarbonate synthesis from CO> and epoxides through a catalytic process is
a 100% atom economic reaction established long ago. However, CO2 is a
thermodynamically stable highly oxidized molecule that deters its usefulness as a starting
material for preparing various useful organic materials. In this present work, we report
instantaneous capture of CO. through bulk copolymerization with resorcinol
diglycidylether and three different amines in one-pot cascade reactions involving bulk co-
polymerization. These reactions yielded material with remarkable hard and sharp
characteristics. As a rare observation, these polymers possessed hardness upto 24.26 HV
as determined by Vickers micro hardness tester using the diamond pyramid shape
intender.

Cyclic and polycarbonates are industrially important materials because of their
physical properties, and also, they are biodegraded under composting conditions. Further,
while cyclic carbonates are utilised as the solvent for electrolytes in Li-ion rechargeable
batteries, polycarbonates are used as solid polymer electrolytes (SPE) [4]. The perpetual
challenge is finding a simple route to produce biodegradable and recyclable
polycarbonates using CO2. Highly reactive molecules are used to activate CO: in the
presence of various catalysts. Despite the availability of many efficient catalytic systems
[5], there are inadequacies in either tedious preparatory procedure of catalyst, separation
problem associated with homogeneous catalysis, conversion percentage, or the need to
use pure CO.. Therefore, it is ambitious to capture CO: instantly and convert it to

polycarbonates without tedious procedures.

Some of the best-practiced methods of preparing polycarbonates are direct
polycondensation with CO, ring-opening polymerization of cyclic carbonates,
caprolactones, and ring-opening followed by copolymerization of epoxides [6]. There are

many reports on developing catalytic systems to activate CO> to polycarbonates via
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alternating copolymerization of CO./epoxides. Earlier, we reported ring-expansion and
ring-opening polymerization of epoxides using Cu(ll), Zn(Il), and Cd(ll), complexes of
2,5-bis{N-(2,6diisopropylphenyl)iminomethyl} pyrrole, wherein Zn(ll1) complexes
provided the best result [7].

A recent report by Williams and co-workers [8] showed the advantages of using an
indium phosphasalen ring-opening polymerization catalyst to overcome similar Al-salen
catalyst system's low activity. In such recent efforts, notably, the ring expansion of
diglycidylethers occurred upon reaction with COz in the presence of either organopolymer
catalyst [9] (60 bar CO- at 120 °C, 12 h) or tetrabutylammonium bromide [10] (30 bar
CO- at 85 °C, 16-26 h). Those bis(cyclic carbonates) were converted to polycarbonates
by condensation polymerization at temperatures 85 — 130 °C in the presence of diamines.
Ringopening polymerization of resorcinol diglycidylether yielded a cross-linked
polyether via cationic photo polymerization on exposure UV light [11]. All these studies
revealed the complexity involved in the ring-opening polymerization of diglycidylethers
to capture CO; either in the form of catalyst or undesired product formation. Further, it is
imperative to look towards a collection of carbon mitigation strategies, rather than a single
method. In this chapter, we report straight forward synthesis of polycarbonates from CO;

using resorcinol diglycidylether driven by a sterically hindered non-nucleophilic base.
5.2. Results and discussion

5.2.1. Co-polymerization of CO2 with resorcinol diglycidylether
The epoxides being three-membered strained heterocycle is much more reactive than
simple ethers and thus susceptible to a variety of nucleophilic and electrophilic attack. To
design a fast and reliable method to capture CO2, we intended to utilize the ring-strain
induced reactivity of diglycidylethers and high basicity of the sterically hindered non-
nucleophilic base 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU). Thus, in our present
reactions (Scheme 1), resorcinol diglycidylether [IUPAC name: 1,3-bis(oxiran-2-
ylmethoxy)benzene] yielded polycarbonates (PC1, PC2 and PC3) directly in cascade
reactions involving three different amines and CO: in the presence of DBU. In a model
reaction to optimize reaction conditions, resorcinol diglycidylether (10 mmol) and

benzylamine (1.09 mmol) were reacted with CO- gas without solvent at 100 °C wherein
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DBU (1.09 mmol) was added. The reaction was performed in a 50 mL RB flask connected
to the Schlenk line through which continuous flow of CO2 gas was maintained. Within 10
min, the reaction mixture was turned form a liquid state to abrasive solid material stopping
the reaction automatically. Under the optimized reaction condition, the reaction of
resorcinol diglycidylether with three different amines in the presence of CO; yielded
polycarbonates, i.e., from benzylamine (PC1), aniline (PC2), and butylamine (PC3)
(Scheme 5.1).
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Scheme 5.1: General synthesis of polymers from epoxy CO; and amine derivative

The condensation polymerization with CO2 occurred only in virtue of the chemical
functionality formed by an amine reaction with epoxide rings of resorcinol
diglycidylether. All steps in these cascade reactions happened within 10-15 min at 100 °C
but without any catalyst and solvent. The proton-removing ability of a base without any
other side reactions helped direct alternative copolymerization involving three
components in cascade reactions. It is worth mentioning that, in a similar reaction
condition, in the presence of TBAI, simple oxirane was reported to yield oxazolidinone
[12].

The plausible mechanism of polymer formation is shown in Scheme 5.2. In this
reaction, DBU's role was to remove a proton from the amine, which in turn reacted with
the two epoxy groups to open the ring at the primary carbon position and formed the two
anions. From two molecules of epoxy, the oxy anions reacted with CO; gas to form the
desired polymer. To understand the role of CO,, we have performed a reaction with
resorcinol diglycidylether, amine, and DBU without using CO- gas, but no polymerization

product was formed from this reaction.
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Scheme 5.2: Plausible mechanism for the formation of polycarbonate from resorcinol
diglycidylether, amines and CO> gas

5.2.2. Structural and thermal characterization of polycarbonates

The challenge was to characterize the polycarbonates produced. All three polymers were
not soluble in any solvents from polar to non-polar solvents like DMSO, DMF,
acetonitrile, THF, chloroform, DCM, isopropanol, methanol, acetone, toluene, ether, ethyl
acetate, water, n-hexane, n-heptane, and cyclohexane. Therefore, the polymers were
removed from the reaction vessel by breaking it. They were all strong abrasive solids and
sharp like glass, Actual photos polymers, PC1, PC2, and PC3 are shown in Figure 5.1.
The polymers were crushed with a hammer and ground to obtain powders, which were
washed repeatedly with solvents to remove unreacted starting materials and soluble
impurities. The structures of three polymers were confirmed by solid-state 3C NMR and

IR spectral data and further characterized by thermal analyses.
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Table 5.1: Spectral data and thermal properties of polycarbonates

13C NMR-MAS IR | Td| To |Hardness
Polymer 1
(ppm) cm™) | c) | (°C) (HV)
160.67 (-C=0 and -OAr carbon),
130.42,111.30, 105.49 (Aromatic
PC1 carbons). 7089 (Aliphatic 1746 | 318 77 |24.99+0.87
carbons)
160.56 (-C=0 and -OAr carbon),
PC2 130.62,111.10, 105.47 (Aromatic 1739 | 343 | 109 |6.23+0.41

carbons), 70.71  (Aliphatic
carbons)

160.82 (-C=0 and -OAr carbon),
131.60, 111.01,104.16 (Aromatic
carbons), 69.82 (CH2 OPh, -

PC3 |[CHOCO and -CH2CH-NH),| 1792 | 315 | 125 |[19.65+0.43

30.57 (-CH2CH2-NH),
21.13(CH2-CHz), 14.60 (CHs -
CHy)

13C NMR = Solid state NMR-MAS spectral data; IR = carbonyl stretching frequency
in IR spectra; Tq = Decomposition temperature; Ty = Glass transition temperature; HV
= Vickers Pyramid Number

Carbon signals of the PC1, PC2, and PC3 appeared at expected chemical shifts in the
13C NMR-MAS spectra. In the 13C NMR-MAS spectrum of PC1 (Figure 5.1), the signal
of the aliphatic carbons (C1, C2, C3, and C4 in Figure 5.1) appeared as a single broad
peak at 6 70.89 ppm. The signal of the aromatic carbon atoms (C5, C6, C7, C8, C9, C10
and C15 in Figure 5.1) appeared at 6 = 130.42 ppm, while other aromatic carbon atoms
(C12, C14, and C16 in Figure 5.1) appeared like broad doublet peak at & 105.49 and
111.30 ppm. The carbons attached with oxygen atoms in the aromatic ring (C11 and C13
in Figure 5.1) and carbonyl carbon C17 were appearing merged at 6 160.67 ppm. The
FTIR spectrum of PC1 presented strong absorption bands at 1746 cm™ pertaining to the
carbonyl C=0 stretching vibration. Aromatic ring stretching frequency appeared at 1590,
1489, and 1450 cm, aromatic ortho-substituted group stretching frequency appeared at
760 and 685 cm™. For the -CH group, two stretching frequencies appeared at 2926 and
2875 cm't, -C-O- group stretching frequency appeared at 1180, 1148, 1080, and 1038 cm
! Hydrogen bonding -NH group stretching frequency appeared at 3406 cm™ (Figure 5.2).
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Figure 5.1: 13C NMR-MAS spectrum of PC1 and its structure of with carbon mapping
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The thermal properties of polycarbonates produced i.e., PC1, PC2 and PC3 were
examined with DSC (Figure 5.3) and TGA (Figure 5.4). The Tg values of the polymers
seem to vary considerably from 77 to 125 °C (Table 5.1, Column 5) depending on the
amine comonomer. The Tg value of the aliphatic substituted polymer (PC3) is higher than
that of the aromatic aniline substitution (PC2), while the benzylamine substitution (PC1)
gave the lowest Tg value. This observation may be due to the restricted the movement of
the polymer chains caused by the aromatic rings, and the flexibility imparted by the
presence of aliphatic segments in the polymer backbone. The TGA thermograms (Figure
5.4) demonstrated typical sharp one-stage characteristics with fast weight loss arising at
decomposition temperatures for PC1 and PC3, while butylamine incorporated polymer
showed initial weight loss sacred at 110 °C. In particular, the thermograms of PC3 showed

very good thermal stability (Table 5.1, Column 4).
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Figure 5.3: Differential scanning calorimeter of polycarbonates, PC1, PC2 and PC3
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Figure 5.4: Thermal gravimetric analysis of polycarbonates, PC1, PC2 and PC3
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5.2.3. Hardness of polycarbonates

Many different plastics are often used in friction and wear applications, such as in
bearings, bushings, gears, and chain guides. Plastic hardness is a measure of resistance to
penetration of plastic by a harder body [13]. Hence, it is a crucial engineering parameter
for constructing devices, industrial parts, or consumer products. The microhardness of
polymers is also influenced by various microstructures of polymers and composites [14].
For example, the microhardness of poly(methylmethacrylate) was improved by
reinforcing with polypropylene to make the mechanical property suitable for prosthetic
dentistry [15]. Synthesized poly carbonates of actual photos (first row), samples (second
row), and morphology of Vickers indent (third row) of polymers, PC1, PC2, and PC3

were shown in figure 5.5.

Figure 5.5: Actual photos (first row), samples (second row), and morphology of Vickers
indent (third row) of polymers, PC1, PC2, and PC3 in the order from left to right

The basic principle of measuring hardness is to test the material's ability to resist plastic
deformation when a force is applied from a standard source. The different hardness scales
have been popular in different industries and different disciplines of science and
technology. The Vickers hardness test is the most widely used testing methodology [16]
for evaluating the mechanical performance of materials since the results in this method
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are independent of the indenter load [17]. Since the obtained polymers were hard and
glassy, we have determined their hardness by Vickers microhardness tester (Table 5.1,
column 6). The polymer with aromatic group attached directly (PC2) showed lowest value
of hardness Vickers hardness scale, whereas benzyl group attached polymer (PC1)
showed the highest value of 24.99+0.87 HV. The polymer with the pure aliphatic chain
possed the hardness value of 19.65+0.43 HV. We have confirmed the hardness value after
6 trails of each sample (Table 5.2).

Table 5.2: Vickers hardness of samples of PC1, PC2 and PC3

Trail PC-1 PC-2 PC-3

I 24.31+0.35 6.30+0.17 20.01+0.2

I 25.60+0.43 6.10+0.2 19.01+0.14

11 25.35+0.3 6.19+0.15 20.20+0.18
v 25.48+0.37 6.27+0.25 19.14+0.22

\ 24.11+0.32 6.33+0.2 19.81+0.13

VI 25.12+0.45 6.21+0.18 19.75+0.17
Average 24.99+0.87 6.23+0.41 19.65+0.43

5.3. Conclusion

In summary, instantaneous capture of carbon dioxide through bulk copolymerization in
three component cascade reactions was established. Three different polycarbonates were
obtained by changing the amines used in the reactions. These reactions were driven by the
proton removing ability of a non-nucleophilic base and the release of ring-strain imparted
by the three-member oxiranes heterocycles. All these polycarbonates were insoluble in
any solvent but they were very hard. Considering the fast with which the reaction occurred
and the hardness of the materials, the method reported here has potential for large-scale

industrial application.
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5.4. Experimental section

5.4.1. Materials
Resorcinol diglycidyl ether benzyl amine, aniline, butyl amine and 1,8-Diazabicyclo
[5.4.0] undec-7-ene, (DBU) were purchased from Sigma-Aldrich.

5.4.2. Instrumentation
Solid state *C NMR spectra were acquired using ECX400 - Jeol 400 MHz High
Resolution Multinuclear FT-NMR Spectrometer. IR spectra were recorded on a neat FTIR
spectrophotometer. The Tg of polycarbonates were measured by Differential Scanning
Calorimeter (DSC) operated with a heating rate of 10 °C/min. TG analyses were carried
out on a PerkinEImer — STA 6000 was performed on a PerkinElmer — STA 6000 coupled
with a PerkinEImer—Clarus SQ8S mass spectrometer.

Hardness test

The hardness of polycarbonates was determined using Vickers hardness testing method

using square based diamond pyramid as indenter (Figure 5.6). This kind hardness refers
to the resistance to permanent deformation when the material is subjected to a continual
load. The Vickers hardness measurements of polycarbonates (PC1, PC2 and PC3) were
performed using a Tinius Olsen Micro — Vickers Hardness — FHO06 Series tester. In this
method, the force is applied with the help of an indenter on the sample material. The
hardness of samples with a 500 g (HV0.5) load was measured at an indentation time of 20
s using Diamond pyramid shape Intender. This intender can be used for all materials
irrespective of hardness. The hardness values were measured immediately after

indentation. In all cases, six measurements were taken and averaged.

Figure 5.6. Image of measuring of hardness
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5.4.3. General procedure of production of polycarbonate from the reaction of
epoxide, amine and COz

In a typical reaction, DBU (1.09 mmol), epoxide (10 mmol) and amine derivatives (1.09
mmol) were introduced into a Schlenk flask (10 mL). The reaction was continued at 100°C
for 10 min with flow of CO.. When the reaction mixture turned to strong solid material,
the flow of gas was stopped and allowed to reach room temperature. Product was not
soluble in any solvent and so the reaction flask was broken to get polymers. To know the
structure of the product, the material was crushed with hammer and grinded to get powder.
It was washed by organic solvents to remove any unreacted starting materials and DBU.
To confirm the structure of product, solid state 3C NMR-MAS and IR spectra were
recorded.

Spectral data and characterization of PC2

In the solid state 3C NMR-MAS spectrum of PC2 (Figure 5.7), the signal of the aliphatic
carbons (C1, C2 and C3 in Figure 5.7) appeared at one broad peak at 70.71 ppm. The
signal of the aromatic carbon atoms of the ring (C4, C5, C6, C7, C8, C9, and C14 in Figure
5.7) appeared at 6 130.62 ppm, while other set of aromatic carbon atoms (C11, C13 and
C15 in Figure 5.7) appeared like broad doublet peak at & 105.47 and 111.10 ppm. The
carbons attached with oxygen (C10, C12) and the carbonyl carbon C16 were appearing
merged at & = 160.56 ppm.

The FTIR spectra of PC2 (Figure 5.8) showed strong absorption bands at 1739 cm™ due
to the carbonyl C=0O stretching vibration. Hydrogen bonding -NH group stretching
frequency appeared at 3350 cm™. For -CH group, two stretching frequency appeared at
2931, 2878 and, 2833 cm™*. Aromatic group stretching frequency appeared at 1592, 1490,
and 1450 cm™. The aromatic ortho substituted group stretching frequency appeared at 756
and 685 cm™. The -C-O- group stretching frequency appeared at 1127, 1181, 1153, 1081
and 1022 cm™.
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Figure 5.8: FTIR spectrum of PC2
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Spectral data and characterization of PC3

In the solid state 3C NMR-MAS spectrum of PC3 (Figure 5.9), the signal of the aliphatic
carbons, C7 (Figure 5.9) appeared at 6 14.60 ppm, while C5 and C6 (Figure 5.9) appeared
as a broad peak at 21.13 ppm. The signal of C4 appeared at 6 30.57 ppm, while other
aliphatic carbons (C1, C2, C3, and C4 in Figure 5.9) appeared as one broad at 69.82 ppm.
The signal of the aromatic ring carbon C10 appeared at 6 130.60 ppm and remaining ring
carbons C9, C11 and C13 appeared like broad doublet peak at 6 104.16 and 111.05 ppm.
The carbon attached to oxygen (C8, C12 and C14 in Figure 5.9) and carbonyl carbons
were appearing merged at 6 160.82 ppm.

The FTIR spectra of PC3 showed (Figure 5.10) strong absorption bands at 1792 cm™ due
to the carbonyl C=0 stretching vibration. Hydrogen bonding -NH group stretching
frequency appeared at 3373 cm™. Aromatic group stretching frequency appeared at 1592,
1490 and 1451 cm™ The aromatic ortho substituted group stretching frequency appeared
at 746 and 684 cm?. For -CH group, two stretching frequency appeared at 3008, 2930 and
2875 cm. The -C-O- group stretching frequency appeared at 1180, 1154 and 1045 cm™.
The polymers PC1, PC2 and PC3 were confirmed from spectral data solid state *C NMR
(table 5.1, column 2) and carbonyl functional group of the FTIR spectral data (table 5.1,

column 3)
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SUMMARY AND CONCLUSION

The nano/micro particles are synthesized often in the presence of long chain organic
molecules as capping or stabilizing agents. These organic molecules cover the active
centres and restrict or reduce their catalytic activity. Considering the above fact, we have
been successful in synthesizing various metal sulphides and oxides without involvement
of surfactant molecules. In these materials, the surface was freely available for adsorption
and desorption reactions. Since there is no hindrance for the movement of electrons, it
was anticipated to influence their catalytic efficiency. Thus, the present work emphasized
the single step synthesis of different nano/micro materials of metal sulphides/oxides

without surfactant molecules and their role as catalysts towards organic reactions.

Capturing and converting carbon dioxide (CO>) into useful organic molecules and
polymers is the best way of alleviating excessive release of it from industrial sources to
the environment. The present work also emphasized the conversion of CO; to cyclic and

polycarbonate with and without using catalyst in simple reactions.

We have successfully synthesized sf-CusS, sf-CulnS; and composite CuO-ZnO
nano/ micro particles under supersaturated conditions. The significant characteristics of
nano/ micro materials without surfactant molecules are their insoluble nature in many
organic solvents. However, the solubility issue has become advantageous since they could
be used in heterogeneous catalysis. In many such reactions, use of these metal sulphides
or metal oxide nanoparticles as the catalyst was more appealing because of the increased
catalytic activity attributed to the large surface to volume ratio with unhindered electron

movement.

In the First study, we have synthesized the copper sulfide (sf-CuS) nano/micro
particles without having organic surfactant molecules as the capping agent. These
particles with a flower-like architecture (micro flowers, mf) were obtained readily under
the supersaturated condition at room temperature. The catalyst has been utilized
successfully for one-pot synthesis of triazoles by cycloaddition of both benzyl halide
derivatives- alkyne and epoxide derivatives — alkyne in the presence of sodium azide and
exhibited excellent catalytic activity compared with some other nanoparticles with
surfactants. Both these reactions proceeded in the presence of azide and phenylacetylene

in the water at room temperature. The desired products were obtained at ambient
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temperature while the reactions were performed in water. The catalyst can be recycled
and reused for five times without losing its activity and there was no catalyst leaching

observed during reactions.

The copper-indium-sulfide (CulnS2) nanoparticles (sf-C1S-np) were prepared in a
simple without using any surfactant molecules. These nanoparticles were used as the
heterogeneous catalyst for Glassar-Hay homo-coupling reactions involving
phenylacetylene derivatives. They were used as the catalyst in the dimerization of 1, 3-
diyne derivatives while using of 8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) as the base, in
acetonitrile using 10 mg of sf-CIS-np at room temperature within 4-7 h, depending on
the substrate. The reaction optimization studies established that 10 mg of sf-CIS-np is
sufficient to complete the reactions within 4-7 h at room temperature, depending on the
substrate. The catalyst was reused for five cycles with little difference in its efficiency.
The catalyst can be recycled and reused for five times without losing its activity and there

was no catalyst leaching observed during reactions.

In this thesis, we have reported the catalytic system based on copper and zinc mixed
metal oxides (CuO-ZnO) nano/micro-flakes (Cozi-nmf) for cycloaddition of CO> with
various epoxides at room temperature under solvent-free conditions. The novel recyclable
heterogeneous catalyst was prepared via a simple procedure successfully at room
temperature and the catalyst (Cozi-nmf) with a high surface area of around 45.8 m? g!
by grinding method within 10 min. It was used as the catalyst for cycloaddition of CO>
with various epoxides to produce cyclic carbonates. The syntheses described here were
performed in solvent-free conditions and used inexpensive and recyclable surfactant-free
heterogeneous catalysts. The high efficiency of Cozi-nmf as a catalyst was because of the
availability of the bare catalyst surface, which promoted the hindrance free movement of
electrons and adsorption of substrate effectively. The simplicity in the synthesis of

catalyst and cyclic carbonates promises large-scale industrial use of the method.

We have established instantaneous capture of carbon dioxide through bulk
copolymerization in three-component cascade reactions. The atom economic reactions of
resorcinol diglycidylether with three different amines and CO: in the presence of 1,8-
Diazabicyclo[5.4.0Jundec-7-ene (DBU) yielded three polycarbonate. The activation of
CO- and reaction with comonomer completed within 10-15 min at 100°C but without any
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catalyst and solvent. The ring-strain induced reactivity of three-member epoxide
heterocycles and the proton-removing ability of the sterically hindered non-nucleophilic
base have driven the copolymerization reactions. All these polycarbonates were insoluble
in any solvent but they were very hard. Considering the fast with which the reaction
occurred and the hardness of the materials, the method reported here has potential for
large-scale industrial application. All these polycarbonates were hard and glassy with
hardness upto 24.26 HV.
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Abstract. A versatile methodology for the production of organic surfactant-free metal chalcogenide
microparticles consisting of nano crystallites at room temperature in a short time is described. The reaction
of various metal sources with LiBHy4 in the presence of either S or Se yielded their corresponding CuS, Cu,S,
CdS and Cu,-,Se microparticles. These micron size particles are aggregates of nano crystallites. The reactivity
of LiBH4 and supersaturated condition helped in the formation nanocrystals. The first observation of metal
source dependent morphology of particles produced under identical reaction condition is also discussed. The
morphology of CuS particles obtained in these reactions was varying with the change of metal source used in the
reaction. Interestingly, the reactions producing metal chalcogenide microparticles also yielded borane (BH3) as

a side product.

Keywords.

1. Introduction

The synthesis of metal chalcogenide (S, Se, Te) nano/
micro size particles is fascinating since they possess
properties that depend on the composition of material,
size and shape of the particles. ! The unique optical prop-
erties of these metal chalcogenides made them useful
for multiple potential applications in biological,*? light
emitting and photovoltaic devices.*® Among the metal
sulphides, copper sulphide (CuS) is a less hazardous
material, and relatively cheap. It is an important p-type
semiconductor and exhibits many unusual electronic,
optical, and other physical and chemical properties.
It has great potential in a versatile range of appli-
cations such as optical filters, superionic materials,
solar radiation absorbers, catalysts, nanometer-scale
switches, high-capacity cathode material in lithium sec-
ondary batteries, superconductors, chemical sensors and
thermoelectric cooling material.”-!! Therefore, copper

=
For correspondence

Metal chalcogenides; copper sulphide; copper selenide; micro flowers.

sulphide is a valuable material for the construction of
devices for various applications.

Copper sulphide has attracted significant interests
because of the variations in stoichiometric composi-
tions, valence states, nanocrystal morphologies and dif-
ferences in the crystal structures. '? The variation in sto-
ichiometric compositions of copper sulphide resulted in
five polymorphic forms, viz. chalcocite (Cu,S), djurleite
(Ci.95S), digenite (Cu,gS), anilite (Cu;;S) and covel-
lite (CuS).'? Copper sulphide was synthesized using
the following methods; viz., thrombolysis, template
assisted growth, microwave irradiation, hydrothermal
or solvothermal, sonochemical techniques, CVD, soft
template way and electrochemical method.** How-
ever, those methods are expensive and complicated
because of the presence of surfactants and templates
that introduce impurities to the products. Further, a
selective synthesis of one of the polymorphs is a
challenge.

Electronic supplementary material: The online version of this article (https://doi.org/10.1007/s12039-017-1381-4) contains

supplementary material, which is available to authorized users.
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The collective properties of nanomaterials are not
utilized fully'* because of the presence of organic sur-
factant molecules around the nano/micro particles that
synthesized via regular chemical synthetic methods.
Further, the capping agents or surfactants molecules
around the particles may contribute negatively to the
targeted applications. A few important points needing
attention are,”° (i) Capping agents isolate the neighbour-
ing particle and decrease the communication between
them. (ii) Shielding nature of capping agents hinders
the charge carriers and thus affects the electronic devices
made out of them. (iii) When the metal nano/micro par-
ticles are used as a catalyst, the chemical reaction occurs
on the surface of the particles. The presence of capping
would hide the active centres and restricts or reduce the
catalytic activity. (iv) The surfactant molecules around
nano/micro particles used for biological applications
can be toxic for the human. All these observations sug-
gest that it is crucial to design a method to produce
applied nanomaterials without organic molecules sur-
rounding.

Understanding the mechanism of formation of nano-
particles would help to develop a novel synthetic
method. When the particles are formed in a reaction,
the size of the particles is determined by the relative
rates of two competitive processes, i.e., nucleation and
the growth of nuclei to form large particles. The par-
ticle size of a freshly formed material is determined
by the mechanism that predominates. In a reaction,
if nucleation dominates, a material containing a large
number of small particles are obtained, and if the
growth predominates, a small number of large par-
ticles of the material are obtained. Altogether, it is
desirable to design a reaction condition suitable for
the formation of the product by altering the reac-
tion temperature and solubility of reactants. Hence, we
have developed a simple room temperature synthetic
method to produce surfactant or template-free metal
sulphides and selenides. Herewith, we have described
the syntheses of CuS, Cu;-,Se, Cu,S and CdS micron
size particles and evolution of BH; from the same
reactions.

2. Experimental
2.1 Materials and synthetic procedure

The chemicals used in the syntheses, copper acetate [Cu(CHj3
COO); - H>0] (98.0% purity), copper nitrate [Cu(NO3), -
3H,0] (99.9% purity), copper chloride (CuCl; - 2H>0) (99%
purity), cadmium chloride (CdCl,) (tech grade) and lithium
borohydride (LiBH4) (95% purity) were purchased from

Sanyasinaidu Gottapu et al.

Sigma-Aldrich India and used as received. All the solvents
were purified using standard procedures.

2.2 Instruments and sample preparation

Powder X-ray diffraction (PXRD) was carried out by using
Bruker D8 X-ray diffractometer [ (Cu-Ka) = 1.54 A] at
scan rate of 1o/min. The UV-Visible-NIR spectra of samples
dispersed in methanol were recorded using Shimadzu UV-
3600/Vis spectrophotometer. The Fourier transform infrared
(FT-IR) spectra (KBr pellet) were recorded using Jasco
5300 spectrophotometer. Field Emission Scanning Electron
Microscopy (FESEM) images were obtained in Ultra 55 Carl
Zeiss instrument; for this purpose the samples were dispersed
in methanol and kept on glass plate. Transmission electron
microscopy (TEM) images were obtained using FEI Technai
G? 20 STEM instrument operated at an acceleration voltage
of 200 kV. The TEM samples were prepared by dispersing
the compound in methanol followed by sonication for 3 min.
Then, sonicated solution was dispersed immediately (other-
wise it will settle down) on carbon coated nickel grids (200
mesh). 3'P{'H}, 'H, 'B NMR spectra were acquired in a
Bruker Avance 400 MHz using 85% HPOy, SiMes and BF3-
ether, respectively as the standard references.

2.3 Synthesis of CuS micro flowers

In a typical reaction, sulphur (40 mg, 1.3 mmol) was dis-
solved in 15 mL of dry tetrahydrofuran (THF) in a 50 mL
two neck RB flask, to that LiBH4 (59 mg, 2.5 mmol) and
Cu(CH3COO); - Hy0 (250 mg, 1.2 mmol) were added. The
reaction mixture was stirred at room temperature under nitro-
gen atmosphere for 1 h. Initially, the colour of the solution was
dark brown, and after the completion of reaction it turned to
dark green along with the evolution of gas(es). After one hour,
volatile side products and solvent were removed by applying
high vacuum. The obtained crude product was washed with
methanol (40 mL) followed by THF (40 mL) to remove side
products (copper acetate, lithium salt) and unreacted S, and
then centrifuged. The residue was dried under vacuum for 6
h to get a black powder of CuS micro flowers, which was
characterized by PXRD and other techniques. Following the
same procedure, the synthesis of CuS was carried out using
two different precursors; CuCl, - 2H,0 [250 mg, 1.5 mmol,
sulphur (47 mg, 1.5 mmol), LiBH4 (47 mg, 2.9 mmol),] and
Cu(NO3); - 3H,0. [250 mg, 1.0 mmol, sulphur (33 mg, 1.0
mmol), LiBHy (45 mg, 2.1 mmol)].

2.4  Synthesis of Cu,S nano/micro particles

In atypical reaction, sulphur (20 mg, 0.6 mmol) was dissolved
in 15 mL of dry THF in a 50 mL two neck RB flask, to that
LiBH4 (59 mg, 2.5 mmol) and copper acetate (250 mg, 1.2
mmol) were added. The reaction mixture was stirred for 1
h at room temperature under the nitrogen atmosphere after
that volatile side products and solvent were removed under
vacuum. Obtained crude product was washed with methanol
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(40 mL) and THF to remove side products and unreacted
precursor and then centrifuged. The product was dried under
vacuum for 6 h to obtain a brown powder of Cu;S nano/micro
particles.

2.5 Synthesis of CdS micro particles

In typical areaction, sulphur (44 mg, 1.4 mmol) was dissolved
in 15 mL of dry THF in a 50 mL two neck RB flask and
then added LiBH4 (60 mg, 2.8 mmol) and cadmium chloride
(250 mg, 1.4 mmol). The reaction mixture was stirred for 1
h at room temperature under the nitrogen atmosphere after
that volatile side products and solvent were removed under
vacuum. Obtained crude product was washed with methanol
(40 mL) and THF to remove side products and unreacted
precursor and then centrifuged. The product was dried under
vacuum 6 h to obtain a yellow powder of CdS micro particles.

2.6 Synthesis of Cu,-,Se micro particles

In a typical reaction, selenium powder (49 mg, 0.6 mmol) was
added in 5 mL of dry THF in a 50 mL two neck RB flask, to
that LiBHs (59 mg, 2.5 mmol) and copper acetate (250 mg,
1.2 mmol) were added. The reaction mixture was stirred for
1 h at room temperature under the nitrogen atmosphere after
that volatile side products and solvent were removed under
vacuum. Obtained crude product was washed with methanol
(40 mL) and THF to remove side products and unreacted
precursor and then centrifuged. The product was dried under
vacuum 6 h to obtain a black powder of Cu,-,Se micro parti-
cles.

2.7  Confirmation of BH; by trapping as
phosphine-borane complex

To confirm the formation of BH3 in all above reactions, four
separate reactions were conducted where PPh3 (721 mg, 2.7
mmol) was added to the mixture of LiBH4 and one of the
metal sources [Cu(CH3COQO); - HyO, Cu(NO3), - 3H,0,
CuCl; - 2H,0, CdCl,], but in the absence of S and Se. The
reaction mixture was stirred at room temperature for 1 h under
nitrogen atmosphere. The reaction mixture was filtered, and
the solvent of the filtrate evaporated to obtain a crude prod-
uct, which was dissolved in methanol and recrystallized to get
pure PPh3:BHj3 adduct. It was characterized by multinuclear
NMR spectral data and single crystal X-ray diffraction stud-
ies. 3'P{'H} NMR (8 ppm in CDCl3): broad merged lines at
20.86 and 20.36. "B NMR (8 ppm in CDCl3): —37.94 (m).
"HNMR (8 ppmin CDCl3): 7.63—7.44 (three set of multiplets,
15H, Ph), 1.3-0.92 (poorly resolved multiplet, 3H, BH3) (Fig-
ures S1-S3 in Supplementary Information). The structure of
PPh3:BH3 was confirmed by single crystal X-ray crystallog-
raphy (Figure S4 in Supplementary Information). When the
same reactions were conducted in the presence of sulphur a
large amount of phosphine sulphide was also obtained due
to due to sulphur bonding with phosphorous?” as confirmed
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from 3'P{'H} NMR spectrum (a peak at § 43.34 ppm) (Figure
S2 in SI).

2.8 Procedure for conversion of acids to alcohols

Acids to alcohols conversions via hydroboration were con-
ducted similarly to metal sulphide/selenide syntheses by
adding calculated quantity (2.7 mmol) of each acid separately.
The amount of acid to be added was decided by assuming evo-
lution of one mole BH3 for each mole of LiBHy used in the
reactions. The reactants were added in THF sequentially as
sulphur or selenium, LiBHy4, metal sources and then organic
acid. These reaction mixtures were stirred at room tempera-
ture for 3 h under nitrogen atmosphere.

The products were filtered and extracted with ether. The
ether extract was washed with 3N NaOH (30 mL) three times
followed by brine solution and then dried over anhydrous
NaySOg4. Evaporation of organic layer yielded alcohols. Struc-
tures of acids and corresponding alcohols are depicted in the
Table S17 (in Supplementary Information). As determined by
the 'H NMR spectra of crude reaction mixtures, presumably,
the majority of acid molecules were converted alcohol while
remaining decomposed (Yield: 30—40%). The formation of
alcohols in these reactions was confirmed from the appearance
of benzylic -CH,-peak around 4.6 ppm in '"H NMR spectra
(Figure S18 in Supplementary Information).

3. Results and Discussion
3.1 Formation of copper chalcogenides

With the aim of producing organic surfactant free
nano/micro particles, various metal sources were reacted
with LiBH, at room temperature in the presence of
sulphur or selenium. These reactions yielded respec-
tive metal sulphide (CuS, Cu,S and CdS) or selenide
[Cu,-,Se (z=0-0.28)] microparticles within 1 h (Table
1). All three copper sources, copper acetate [Cu(CH;
COO), - H,0], copper nitrate [Cu(NO3), - 3H,0], cop-
per chloride (CuCl, - 2H,0), in the presence of sulphur
(metal sources : S=1:1), on reactions with LiBH,
(two equivalents with respect to metal sources) yielded
hexagonal covellite phase of CuS. While the reaction of
LiBH, (two equivalents with respect to metal sources)
with copper acetate [Cu(CH;COQO), - H,O] in the pres-
ence of lesser amount of sulphur [Cu(CH3;COO), -
H,0:S = 2:1] yielded hexagonal-Cu,S. The same reac-
tion in the presence of one equivalent of selenium
[Cu(CH;COOQO), - H,O:Se = 1:1] yielded Cu,-,Se (z =
0 — 0.28). A similar reaction of CdCl, with LiBH, (two
equivalents) in the presence of sulphur (CdCL,:S = 1:1)
yielded phase pure CdS. These metal sulphides and
selenide nano/micro particles were characterized by
powder X-ray diffraction patterns and HRTEM.
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Table 1.
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Production of metal chalcogenides.

xM-Salt + yE + nLiBH4 — M,E, + nBH3 1 +nLi-Salt
M=DMetal; E=S, Se. Reaction condition: THF, rt, 1 h.

M Salt E  Reaction stoichiometry Product
Cu(CH3COO), -H,O S x=1,y=1,n=2 CuS
Cu(NO3); - 3H,0 S x=1,y=1,n=2 CuS

Cu(Cl, - 2H,0 S x=1,y=1,n=2 CuS
Cu(CH3COO),; -H,O S x=1,y=0.5,n=2 Cu,S

CdCl, S x=1,y=1,n= CdS
Cu(CH3COO0); - H,O  Se x=1,y=0.5,n=2 Cu;-,Se (Z=0-0.28)

The selective production of any one of the polymor-
phic forms of copper sulphide is essential to use them
for any device making. Interestingly, the standardized
reaction scheme shown in Table 1 was useful to pro-
duce selectively CuS, Cu,-,Se (z = 0—0.28), Cu,S and
CdS nano/micro particles at room temperature. Besides,
hydrated water in metal sources did not seem to affect
the preferred products. Since the method developed here
was reproducible, inexpensive and consume very less
time they have the potential to be used for the produc-
tion of various metal sulphides.

3.2 BHj; evaluation and in-situ organic reactions

In organic, inorganic and materials chemistry, several
reactions are known where LiAlH,, LiBH,, NaBH,,
and KBH, are used as hydride sources and reducing
agents.?! However, only a few reports explained the fate
of Al and B presented in these reducing agents after the
reactions.? In the earlier reports, 3> we have estab-
lished the evolution BH; in the reaction of LiBH, with
ZnCl, or PbNO;. Similarly, in the present study, all reac-
tions involving LiBH, and various metal sources yielded
the BH; gas along with metal chalcogenides. The for-
mation of BH; was confirmed by trapping it with PPh;
as BH;:PPh; adduct and subsequent characterization by
spectral data and single crystal X-ray diffraction studies
(Figures S1-S4 in Supplementary Information).

The mixture of NaBH,/I, is known to produce BH;
and the utility of this reaction has been well estab-
lished.? The borohydrides (BH; ) are used as hydride
source in the variety of organic reactions.??"? Meth-
ods of enhancement of reactivity and selectivity of
borohydride for applications in organic synthesis have
been studied thoroughly.?® To confirm further, when a
few organic acids (aromatic and aliphatic acids) were
added to the reaction of LiBH, and metal sources
[CU(CH3COO)2 . HQO, CU(NO3)2 . 3H20, CUC12 .
2H,0, CdCl,], the hydroboration reaction occurred
quickly utilizing the in situ generated BH;. Subsequent

LiBH, + M-Salt — Li-Salt + M™* + BH;T + H* (M = Cu or Cd)
H +E—>E?> +H* (E=Sor Se)
M"* + E>~— M,E (x=1o0r 2)
Scheme 1. Plausible reaction pathway for

the formation of metal chalcogenides and
BHs.

hydrolysis yielded the corresponding alcohols (yield:
30-40%). This functional group transformation is possi-
ble via hydroboration. Altogether, the formation of BH3
in these reactions appears to be common in the reactions
of metal borohydrides with metal halides and metal salts.
Formation of gaseous side product eased the removal of
boron from the reaction.

The formation of metal chalcogenides and BH; in
these reactions can be explained as follows. A few
reports explained the formation NaHE (E = S, Se, Te)
in the reaction of NaBH, in the presence of water.?*®
The NaHE subsequently reacted with metal chlorides
yielding metal chalcogenides. However, as mentioned
earlier, the evolution BHj; in the reaction of LiBH, with
ZnCl, or PbNO; and NaBH,; with CoCl, and I, are
also documented. *“**%> Further, we performed control
reactions wherein LiBH, was reacted with anhydrous
metal sources (Cu(CH;COQ),, Cu(NOs),, and CuCl,)
in the absence of chalcogens. All these reaction also
liberated BH;5. The reactions of LiBH, with hydrated
metal sources accelerated the reactions. Therefore, the
sequence of reactions might be as shown in Scheme 1.
First, LiBH, reacted with metal sources forming lithium
salts (LiCl, LiNOs, and LiOAc), and then hydride ions
from (BH, reacted with the metal sources to liberate
BH; and H™.

3.3 Characterization of metal chalcogenides

The PXRD (Figure 1) patterns of CuS (JCPDS #06-
0464, a=3.792A and c=16.344 A) showed the forma-
tion hexagonal covellite phase in all three reactions.
Absence of other characteristic peaks corresponding



Metal chalcogenide microparticles

to copper acetate, copper oxide, sulphur and Cu,S, or
any other phase of CuS confirmed the phase purity
of the products. Interestingly, PXRD pattern of the
product from 2:1 [Cu(CH;COO), - H,O : S = 2:1]
reaction showed a selective formation of hexagonal-
Cu,S (JCPDS #89-2670), (Figure S5 in Supporting
Information).The selective formation of either CuS or
Cu,S in the above reaction confirmed the stoichiom-
etry control in the reaction. PXRD patterns of Cu,-,Se
(z = 0-0.28) (JCPDS #06-0680) (Figure S6 in Support-
ing Information) and CdS (JCPDS #89-0440) (Figure
S7 in SI) showed the formation of pure fcc phases of
both microparticles. Peaks in the diffraction pattern were
broadened in all cases due to the nano size of the parti-
cles. The Vis-NIR spectrum of CuS and Cu,S dispersed
in methanol showed the absorption edge at 683 nm
and 568 nm respectively (Figures S8-S9 in SI). Both
microparticles had absorption band spanning into NIR

(c)
5
8 |(b)
2
@
=
£|@
JCPDS # 06-0464
Hexagonal
1 | 5 = ; | . = II =
20 30 40 50 60 70
2009
Figure 1. Powder X-ray diffraction (PXRD) patterns of

CuS obtained (a) CuCl,, (b) Cu(OAc),, (c) Cu(NO3); as
metal sources.
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region. The materials with NIR absorption are reported
to be useful in photoacoustic contrast agent for deep
tissue imaging and Photothermal ablation therapy for
cancer cells.?’

In last few years, there has been focus on the synthe-
sis of CuS particles existing in different shapes such as
nanoflakes, nanotubes, microspheres, flower-like struc-
tures, nanowires, nanorods, urchin-like structures, and
nanoribbons.?** In these reactions, the morphology of
products obtained under identical conditions was vary-
ing with the change of metal sources (Table 2). Typical
FESEM image (Figures 2a, b) revealed the formation
of “rose-flower” like architecture when copper acetate
was used in the reaction. These microflowers were con-
stituted through self-assembly of numerous nanoflakes.
The width of the flakes ranged within 5-10 nm and
length of flakes were within 40-200 nm. When cop-
per chloride was the metal source, aggregated CuS
particles having “cauliflower” like architecture were
formed (size: 50-200 nm, (Figures 2c, d). When cop-
per nitrate was used, randomly shaped aggregates of
CuS particles with a size range of 2040 nm (Figures
2e, f) were obtained. All these microflowers consisted
of nano crystallites. The average sizes of nano crys-
tallites calculated using Scherrer formula is around 30
nm [31.7 nm (when metal source was CuCl,); 30.1 nm
(when metal source was Cu(OAC),; 30.1 nm (when
metal source was Cu(NOs),] (Table S2 in Supporting
Information).

Images of Cu,S particles showed aggregation of
“peanut-shaped” particles (Figures 2g, h). Similarly,
many Cu,-,Se particles were seen plate-like in FESEM
as while some of were having hexagons (Figure S10
in SI). CdS particles were an aggregation of spherical
particles with size range 20-30nm (Figure S11 in SI).

Table 2. Reaction condition and particles sizes of various Products®.

Metal source Concentration of metal ~ Product Particles shapes and sizes
sources in (Molarity)®

Cu(CH3COO); - H,O 0.083 CuS nano flakes which self-assembled to
form rose flowers architecture
5-10 nm (flake width) 40-200 nm
(flake length)

Cu(NO3), - 3H,0 0.098 CuS Nanoparticles 2040 nm

Cu(Cl, - 2H,O 0.069 CuS Cauliflower shape 100-200 nm

Cu(CH3COO), - H,O 0.083 CuS Peanut shaped 50-100 nm (length)
20-30 nm (width)

Cu(CH3COO); - H,O 0.083 Cuj-,Se

CdCl, 0.083 CdS Spherical nanoparticles 20-30 nm

areaction time 1 hour, Psolvent THF.



Figure 2. FESEM images of CuS: (a, b) rose-flower like
architecture obtained when copper acetate was metal source,
(c, d) cauliflower like aggregation obtained from copper chlo-
ride, (e, f) Randomly shaped nanoparticles were obtained
from copper nitrate. (g, h) peanut shaped Cu; S nanoparticles.

Figure 3 depicts TEM and HRTEM images along with
SAED patterns. Morphologies and sizes seen in TEM
images (Figure 3a) of CuS obtained using three differ-
ent copper sources were consistent with that observed
in FESEM. SAED patterns of CuS nano/micro particles
obtained in reactions where copper acetate was metal
source clearly showed (1 0 3) and (1 1 0) planes reveal-
ing the crystalline nature of CuS nanoflakes. HRTEM
images (Figure 3c) clearly showed a lattice spacing
of 0.28 nm, which was consistent with the distance
between the (1 0 3) lattice planes observed in pure
hexagonal covellite phase of CuS (JCPDS #06-0464).
Similarly, the SAED patterns and HRTEM of CuS
obtained from two other reactions also showed lattice
planes (1 0 3) and (1 1 0) matching with PXRD pat-
terns of CuS hexagonal covellite phase. TEM analysis of
Cu,S showed a peanut like nanostructure of length 50—
100 nm and width 20-30 nm (Figures 3j, k,1). SAED and
HRTEM images clearly showed a lattice spacing of 0.19
nm, which was consistent with the distance between the
(1 1 0) lattice planes.

Sanyasinaidu Gottapu et al.

Figure 3. TEM image of CuS, rose flowers architecture
(a), SAED (b), HRTEM (c) obtained from copper acetate.
Cauliflower-like nano structure (d), SAED (e), HRTEM (f)
obtained from copper chloride. Randomly shaped nanoparti-
cles (g), SAED (h), HRTEM (i) obtained from copper nitrate
and TEM image of Cu,S peanut shaped nanoparticles (j),
SAED (k), HRTEM (1).

3.4  Formation of surfactant free nanoparticle and
their purity

It is necessary to avoid heterogeneous impurities to
achieve full utilization ' of properties of the hierarchical
superstructure. Since surfactants molecules or capping
agents do not contribute to the application require-
ments, they are considered as impurities of nano/micro
particles. Hence, the purity of metal chalcogenides
was collectively assessed by elemental analysis, PXRD
pattern and FT-IR spectra. Elemental analyses of the
particles reported here (CuS Cu,S, CdS and Cu,-,Se)
using Energy Dispersive X-ray Spectroscopy (EDAX)
(Figures S12—-15 in Supporting Information) proved the
presence of the respective elements (Cu, Cd, S, and Se)
in the materials. The results were consistent for various
samples of every material and confirmed the absence of
carbonaceous impurities.

Further, PXRD spectra did not show any amorphous
regions corresponding to any organic materials. Clear
PXRD patterns matching the targeted materials and the
absence of any other compounds (within the detectable
limit of PXRD) or other phases confirmed the purity
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of materials reported here. Further confirmation about
the absence of organic moieties was obtained from
FT-IR spectra. The FT-IR spectra (Figure S16 in Sup-
porting Information) of CuS, Cu,S, CdS and Cu,-,Se
obtained from the reactions described here showed no
signal for any organic impurity confirming the absence
of any organic molecules around the particles. Thus,
our reactions yielded the nanomaterials without organic
molecules surrounding it.

Agglomeration is a common phenomenon of metal
nanoparticles which induces the growth of nuclei lead-
ing to the formation of bigger particles. Capping agents
are required to ensure colloid stability during syn-
thesis of nanoparticles. Interestingly, it was observed
that the metal sulphide nano/micro particles, obtained
in the present as well as in the past studies, did not
agglomerate. '* Xie and co-workers** suggested the for-
mation of thermodynamically stable structure under
right growing conditions, which can yield nanoparticles.
Thus the formation nanoparticles can be explained by
invoking the necessity of ripening phenomenon for the
particle growth. The digestion is a much-needed pro-
cess practiced in gravimetric analyses to obtain large
crystals of metal sulphides, sulphates and salts where
there are no metallic bonds. The Ostwald ripening pro-
cess® helps the growth of particles during digestion.
This observation gives a clue that if the condition is
not favouring the growth, the particles will remain
in nano-regime. Therefore, in any reaction to pro-
duce nanoparticles, it is necessary to create a condition
favouring the nucleation instead the growth of parti-
cles.

Von Weimarn’s theory of relative supersaturation
and subsequent studies explained nucleation vs. parti-
cles growth as factors deciding the sizes of particles
formed in a reaction. According to the theory, increased
solubility of products and elevated temperature would
yield particles of bigger sizes. Consequently, the satu-
rated conditions, room temperature reactions, and fast
reactions should not support the growth of the nucleus
but should produce smaller particles. The reaction con-
ditions and particle sizes of various products obtained
are listed in Table 2. The data in the table showcases the
influence of reaction condition on the size of particles.
Since both the starting materials and products described
in the present reactions were only sparingly soluble
in THF, the room temperature reactions favoured ther-
modynamically stable sizes for the particles. However,
since there was no other factor supporting the growth
of nuclei, these metal sulphide particles remained in
nano size after synthesis. Those nano crystallites self-
assembled and formed rigid microflower.'*® Thus, the
method described here is useful to produce nano/micro

1859

particles without surfactants or any other templates.
Nevertheless, the method needs optimization to produce
uniform particle size.

4. Conclusions

A versatile method for the syntheses of organic free
CuS, Cu,S, CdS and Cu,-,Se nano/microparticles at
room temperature within one hour is described. All these
materials were characterized thoroughly using PXRD
patterns and electron microscopic images. The super-
saturated condition and the strong reactivity of LiBH,
drove the formation of metal chalcogenide nano/micro
particles. After the synthesis, the particles remained in
nano sizes as long as the compounds were stable. The
method was reproducible and can be extended for the
production of many metal sulphides.

The reduction reactions producing metal chalco-
genide microparticles also yielded borane (BH;), which
was characterized by trapping it with PPh;. Evolution
of BH; in the reactions of LiBH, with various metal
sources established the formation of it as a regular phe-
nomenon. The morphology of CuS particles obtained
in these reactions was varying with a change of metal
source used in the reaction. To the best of our knowledge,
this is the first observation of metal source depen-
dent morphology of nano/microparticles obtained under
identical reaction condition.

Supplementary Information (SI)

NMR spectra of Ph3P, PXRD spectra of Cu;,S, Cu;-,Se, CdS,
UV-Vis-NIR spectra of CuS and Cu;S, EDAX spectra of CuS,
Cu;S, Cuj-,Se, CdS, FESEM images of Cu;-,Se, CdS, FTIR
spectrum of CuS, "H NMR spectrum of reaction mixture and
table containing reactions of acid to alcohol conversion using
in situ generated BH3 are available as Supplementary Infor-
mation at www.ias.ac.in/chemsci.
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The azide-alkyne cycloaddition (Huisgen reaction) is one of the most powerful and widely used copper-
mediated reactions. In many such reactions, use of metal or metal oxide nanoparticles as the catalyst is
more appealing because of the increased catalytic activity attributed to the large surface to volume ratio.
However, the nano/micro particles are synthesized often in the presence of long chain organic molecules
as capping or stabilizing agents. These organic molecules cover the active centers and restrict or reduce
their catalytic activity. Therefore, we have synthesized the copper sulfide (sf-CuS) nano/micro particles
without having organic surfactant molecules as the capping agent. These particles with a flower-like
architecture (micro flowers, mf) were obtained readily under the supersaturated condition at room
temperature. In these particles, the surface was freely available for adsorption and desorption reactions.
When utilized as a catalyst in multicomponent cycloaddition reactions, the sf-CuS mf exhibited excellent
catalytic activity compared with some other nanoparticles with surfactants. This sf-CuS mf catalyzed the
one-pot synthesis of 1,2,3-triazole and B-hydroxy-1,2,3-triazole effectively from a variety of benzyl
bromide derivatives epoxides respectively. Both these reactions proceeded in the presence of azide and
phenylacetylene in the water at room temperature. The catalyst was reusable, and there was no catalyst
leaching observed during reactions. Synthesis of B-hydroxy triazoles and 1,2,3-triazoles under excep-
tionally mild conditions with high yields proved the sf-CuS mf as the catalyst as a robust and recyclable
catalyst.
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1. Introduction may contribute negatively to the target applications [10].

In recent years metal is decorated on nanomaterials and these

Synthesis of nano/micro particles is fascinating in organic
chemistry since they are used as heterogeneous catalysts in organic
reactions. The capping agents or surfactants that are used
commonly in the synthesis of metal chalcogenides nanoparticles
are; amines (hexadecyl amine, alkyl amine), oleic acid, polymers
(PVP, PMMA), thiols (do-decane thiol, 1, 6-hexane dithiol) [1-3].
However, the collective properties of nanomaterials are not utilized
fully [4—9] because of the presence of organic surfactant molecules
around the nano/micro particles that are synthesized via conven-
tional chemical synthetic methods. When the metal nano/micro
particles are used as a catalyst, the chemical reaction occurs on the
surface of the particles. The presence of capping molecules would
hide the active centers and restrict or reduce the catalytic activity
so that capping agents or surfactant molecules around the particles
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materials are used as heterogeneous catalysts in organic reactions
such as heck reaction (Pd/CuO) [11], Suzuki cross-coupling reaction
(Pd—CuO@Hol S-1) [12], Sonagashira coupling reaction (Cu/CuO)
[13], Heisenberg 1, 3-dipolar reaction (CuNPs/MagSilica) [14],
copper(I)-catalyzed synthesis of azoles by Sharpless [15], copper(])-
catalyzed azide-alkyne [3 + 2] cycloaddition by Sharpless and Finn
[16] and so on. The substituted triazoles are exciting materials in
organic synthesis, coordination chemistry, and N-heterocyclic
chemistry [17—21]. Substituted triazoles play an essential role in
opening calcium channels in cells, particularly [22] at 1 and 4 po-
sitions of triazole. They also show biological activities as anti-
cancer, anti-HIV therapy, anti-bacterial [23—27] and anti-allergy
molecules [28—30]. Agricultural and industrial applications of
such compounds include herbicides, fungicides, agrochemicals
[31], optical brighteners [32], fluorescence chemosensory [33]
corrosion retarding agents, dyes, and solar cells [34—37]. Further,
the heterocyclic compounds that are rich in nitrogen atoms can be
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used as high energy materials [38].

The formation of 1,2,3-triazole derivatives is known to proceed
through heisenbug 1,3-dipolar cycloaddition of organic azides and
alkynes using CuAAC as a catalyst [38—41]. In recent years, multi-
component click synthesis of 1,2,3-triazoles from both in-situ azi-
dolysis of benzyl halide in the presence of alkynes and $-hydroxy-
1,2,3-triazoles via in-situ azidolysis of epoxides in the presence of
alkynes have been developed [42—44]. Some heterogeneous cata-
lysts used in the dipolar cycloaddition are polyurea encapsulated
copper(I) chloride [45], CuNP/C [46], CuFe;04, [47] Cu/Cu,0 [48],
[AQyCu(Il)-APSiOy] [49], copper(l)@phosphorated SiO, [50]
Si0,—Cul [51], Clay—Cu(II)/NH,NH; - H,0 [52], GO@PTA-Cu [53] and
copper(I) in ionic liquids [54]. Albeit several catalytic systems have
been used for dipolar cycloaddition, in pursuit of catalyst working
under mild condition and developing simple method of production
of nano catalyst, we have synthesized surfactant-free copper sul-
fide (sf-CuS) particles having micro flower (mf) like architecture
formed by the self-assembly of nanoparticles.

Herein, we report the synthesis of surfactant-free copper sulfide
micro flowers (sf-CuS mf) in an efficient and straightforward syn-
thetic process, and its practical use in the synthesis of both benzyl
halide linked 1,2,3- triazoles and (-hydroxy- 1,2,3-triazoles via
dipolar cycloaddition of azide and alkyne in the presence of benzyl
halide and epoxide. The synthesis described here was performed in
water, and so it was safer, greener, and used inexpensive, recyclable
surfactant free heterogeneous catalyst. The above synthetic pro-
cedure satisfied the most of green chemistry principles such as (a)
one-pot multicomponent synthesis (atom economy) (b) reactions
in a water medium (green solvent) (c) using of readily separable
and recyclable heterogeneous catalyst (d) involving simple workup
procedure.

2. Results and discussion

In recent times, the azide-alkyne cycloaddition (Huisgen reac-
tion) has emerged as one of the most powerful and widely utilized
copper-mediated reactions. However, many reactions catalyzed by
metal or metal oxide nanoparticles are more appealing because of
the increased catalytic activity attributed to the large surface to
volume ratio. In general, the nano/micro particles used as the
catalyst are produced in the presence of long chain organic mole-
cules as capping or stabilizing agents. These capping agents on the
nano/micro particles cover the active centers and restrict or reduce
their catalytic activity. To outwit this problem, we have developed a
method of synthesis of metal chalcogenides without capping agent
so that the catalyst surface is freely available for adsorption and
desorption reactions [10].

In the present work, we have prepared surfactant-free copper

sulfide (sf-CuS) under the supersaturated condition in a simple
chemical reaction wherein sulphur was dissolved while LiBH4 and
Cu(CH3C00);-Hz0 were suspended in dry tetrahydrofuran (THF).
The reaction was conducted for 1 h at room temperature and in an
inert atmosphere to avoid any oxidation. The partial solubility of
the metal source and fast reactivity in the presence of LiBH4 pro-
vided a thermodynamically favorable condition [55] which induced
the nucleation of particles. Since the reaction was at room tem-
perature, the digestion process was avoided [56—60], which sup-
plemented the formation of black powder of CuS having nano/
micro flower like architecture. These micron-sized flower-like
particles (mf) were formed by the self-assembly of nanoflakes [61].
These metal chalcogenide mf were formed under the supersatu-
rated condition, and no surfactant molecules were used during
synthesis. The particles were stable, and no agglomeration [10] was
observed. The material was characterized by PXRD, SEM, and
spectroscopic techniques (Fig. 1) [10]. Since no organic surfactant
molecules were surrounding the particles, the catalyst surface was
freely available for reactions and that significantly favored high
activity in the reactions of click chemistry and epoxy ring opening.

The catalytic activity of sf-CuS mf having the unhindered surface
in the multicomponent synthesis of 1, 2, 3-triazoles in the dipolar
cycloaddition reactions was investigated. The experiments began
with optimizing the reaction conditions for the multicomponent
synthesis of 1, 2, 3-triazoles from benzyl halide, sodium azide and
phenylacetylene (Scheme 1). Later the reaction was extended to the
synthesis of B-hydroxy 1, 2, 3-triazoles from epoxy derivatives,
sodium azide and phenylacetylene (Scheme 2). This reaction pro-
ceeded via in-situ ring opening of epoxides followed by the reaction
with phenylacetylene. In both reactions, water was used as the
solvent at room temperature. The results were very encouraging
since the reactions completed in 5—12 h, and yielded of the desired
products quantitatively.

In order to optimize the reaction conditions, the reactions were
performed by varying the quantity of catalyst and using different
solvents. Progress the reaction was monitored by means of TLC. At
the end of the reaction, the catalyst was separated by filtration and
worked up using ethyl acetate and water. There was no difference
in yield and reaction time when catalyst loading was reduced to
15 mg, 10 mg, and 5 mg. However, when 2 mg of the catalyst was
used, it required a longer time for the completion of the reaction
(above 12 h). Consequently, it was decided to use 5mg of the
catalyst for further studies. Similarly, few more reactions were
performed in various solvents to choose the medium of the reaction
(Table 1). In DMF 45%, DMSO 20% yield was obtained. Among all
solvents tried, water was the best solvent to produce the products
in good yields. Other than these solvents no product spot was
observed in TLC. Therefore, water was chosen as the reaction

after reaction
before reaction

a)

Intensity (a.u)

20 (deg)

Fig. 1. (a) X-ray diffraction of sf-CuS mf, (b) SEM images of sf-CuS mf.
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R, Bf + Ry—=

-+ NaN;

N=N

N
R/1~ \%Rz

sf-CuS mf
H,0O rt

Scheme 1. Three component syntheis of 1,2,3-triazoles from organic halides catalysed by sf-CuS mf.

sf-Cusmf Ry N=N

o
+ NaN3 + Ry,——
R1/A 3 2

- N
H,O rt =

Scheme 2. Three component syntheis of B-hydroxy-1,2,3-triazoles from expoxides catalysed by sf-CuS mf in water.

Table 1

Solvent optimization of for the synthesis of Scheme 1 in the model reaction.
Entry Solvent time Yield
1 CH50H 24h no
2 n-butanol 24h no
3 CH5CN 24h no
4 CHCl, 24h no
5 CHCl5 24h no
6 DMSO 24h 20%
7 DMF 24h 45%
8 H,0 6h 92%

medium for all reactions.

Different benzyl bromides substituted with halides and methyl
were reacted with sodium azide and terminal alkynes to form 1,2,3-
triazoles using sf-CuS mf as catalyst under optimized condition
(Table 2). Similarly, a series of different aryl epoxy, cyclic epoxy and
alkyl-substituted epoxy derivatives, sodium azide, and terminal
alkynes to form (-hydroxy 1,2,3- triazole using sf-CuS mf as cata-
lyst and water as solvent at room temperature (Table 3). The crude
products from all reactions were purified by column chromatog-
raphy and then characterized by 'H and >C NMR spectral data
(Figs. S1—S18). Almost all these reactions (except Table 2, entries 3,
4 and 5) yielded the corresponding product in more 90% yield in
water as the solvent.

Though many catalysts are known, the sf-CuS mf used here was
obtained in a simple reaction condition, and the products were
obtained in excellent yield. The performance of the various cata-
lysts in the model reaction (styrene oxide, sodium azide, and
phenylacetylene) was compared (Table 4) to understand the effect
of sf-CuS micro flowers as the catalyst. Most of those catalysts were
used at above 60 °C except for Cu/Cu,0 while our CuS was working
at the room temperature (This work). Further, most of the literature
on Scheme 1 type model reaction was only within benzyl azide and
phenylacetylene (two reactants) whereas we are presenting the
catalyst which can work in multicomponent reactions.

Leaching study was performed to confirm the heterogeneous
catalysis for the reaction shown in Scheme 1. For this purpose, a
reaction was stopped after the formation of around 20% product,
and the catalyst was separated from the reaction mixture. The re-
action was continued without the catalyst for 8 h, but no consid-
erable product formation was observed. This observation explained
that the reaction was working under heterogeneous catalysis.

The lifetime of the catalyst and its reusability play an essential
role in the practical applications of such heterogeneous systems. In
order to take advantage of heterogeneous nature of our catalyst, a
set of experiments were performed in which both 1,2,3-triazole
from in-situ azidolysis of benzyl halide in the presence of alkynes
(Scheme 1) and epoxy ring opening followed by cycloaddition of

azide (Scheme 2) and phenylacetylene using the recycled sf-CuS
mf. After the completion of the first reaction, the product was
extracted using ethyl acetate, and the catalyst was recovered by
simple decantation and dried at 50°C. A new reaction was per-
formed with new reactants under the same conditions using the
recovered sf-CuS mf. We have also performed a recycling experi-
ment in Scheme 1 using 5 mmol of reagents. After completion of
the reaction, the catalyst was recovered and reused for the next
cycle thus confirming that sf-CuS mf could be reused for five times
with little change in its activity (Fig. 2).

2.1. Experimental procedure

2.1.1. Synthesis of catalyst (sf-CuS)

Sulphur (40 mg, 1.3 mmol) was dissolved in 15 mL of dry tetra-
hydrofuran (THF) in a 50 mL two neck RB flask, to that LiBH4
(59 mg, 2.5 mmol) and Cu(CH3C00),-H,0 (250 mg, 1.2 mmol) were
added. The reaction mixture was stirred at room temperature un-
der nitrogen atmosphere for 1 h. Initially, the color of the solution
was dark brown, and after the completion of reaction it turned to
dark green along with the evolution of gaseous side product(s).
After 1h, volatile side products and solvent were removed by
applying high vacuum. The obtained crude product was washed
with methanol (40 mL) followed by THF (40 mL) to remove side
products (copper acetate, lithium salt) and unreacted S, and then
centrifuged. The residue was dried under vacuum for 6 h to get
catalyst as a black powder of sf-CuS micro flowers. The catalyst was
characterized by PXRD and SEM techniques.

2.1.2. Synthesis of 1, 2, 3-triazole from benzyl bromide derivatives,
sodium azide and alkyne

NaNj3 (65 mg, 1.0 mmol), the benzyl bromide (1 mmol), and the
alkyne (1 mmol) were added to a suspension of sf-CuS (5 mg) in
water. The reaction mixture was stirred at room temperature and
monitored by TLC until all the starting materials were converted to
products. The solid was obtained by filtration and washed by DCM
(3 x 10 mL). The ex-traction of aqueous phase with DCM was also
performed without loss of product, and collected organic phase
were dried with anhydrous Na;SO4, and concentrated in vacuum.
The product was purified through a silica gel column chromatog-
raphy as corresponding -hydroxy 1, 2, 3-triazoles. All the products
were confirmed by usual spectral methods ('"H NMR, 13C NMR) (see
Supporting Information S1—S9).

For example: 1-benzyl-4-phenyl-1H-1, 2, 3-triazole: white
solid, mp:128—129 °C; 'H NMR (500 MHz, CDCl3) 6 = 7.83—7.81 (m,
2H), 7.68 (s, 1H), 7.43—7.38 (m, 5H) 7.35—7.32 (m, 3H), 5.59 (s, 2H).
13C NMR (400 MHz, CDCl3) 6 = 148.2,134.6,130.5,129.1,128.8,128.1,
128.0,125.7,119.4 and 54.2., HRMS calculated for C1sH3N3 [M+H]™:
236.1182, found: 236.1184. (See Supporting Information S1).
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Table 2
Synthesis of 1, 2, 3 triazole derivatives by CusS.

r{ Br 4

Entry benzyl bromide (R1) alkyne (R2)

Br

Q Q

Br

:

e SR SR N« S G =

Br

g

o
=

o]
S

329 9
o

2.1.3. Synthesis of 3-hydroxy 1, 2, 3-triazole from benzyl bromide
derivatives, sodium azide and alkyne

NaN3 (65 mg, 1.0 mmol), the epoxide (1 mmol), and the alkyne
(1 mmol) were added to a suspension of sf-CuS (5 mg). The reaction
mixture was stirred at room temperature and monitored by TLC
until all the starting materials were converted to products. The
solid was obtained by filtration and washed by DCM (3 x 10 mL).
The extraction of aqueous phase with DCM was also performed
without loss of product, and collected organic phase were dried

R;—= + NaN,

cus /’N'\;l\

H,O rt B

time product yield%

6h N’V\\©
;—j 96%
1
N
5h i \7@ 95%
N
7h d \/b 92%
N
oh é \)\© 90%
N
12h \)\© 87%
(5)
N
8h g§ \)\©
92%
NN
N
6h =
95%
N=N
N
6h =
96%
(8) o~

N=n
N
5h =
97%
©) .

with anhydrous Na;SOj4, and concentrated in vacuum. The product
was isolated through a silica gel column chromatography as cor-
responding $-hydroxytriazoles. All the products were confirmed by
usual spectral methods ('H NMR, 13C NMR) (See Supporting Infor-
mation S10—S18).

For example: 3-Phenoxy-2-(4-phenyl-1H-1,2,3- triazol-1-yl)
propan-1- ol: pale yellow solid; mp:126—128°C; 'H NMR
(500 MHz, CDCl3) 6 = 7.89 (s, 1H), 7.78—7.75 (m, 2H), 7.43—7.39 (m,
2H), 7.34-735 (m, 1H), 7.32—7.30 (m, 1H) 7.03—6.99 (m, 1H),
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Table 3
Synthesis of B-hydroxy 1, 2, 3-triazole derivatives by CusS.

OH
O + NaN; + Rp—== - R14<— Noy
R/Q N
1 —
R
Entry epoxide (R1) alkyne (R2) time product Yield%
o OH NN
o o )
~< AN 92%
1 6h
(10)
OH N=N
2 PNy 89%
8h
2 (1
OH N=N
I
\/K/N Y%
86%
3 /\(é 8h o
(12)
N=N

q
222 % 3% 9

m

Q
(
SR

o @ﬁw

6.95—6.92 (m, 2H), 4.75 (dd, = 3 Hz, J = 11 Hz, 1H), 4.61—4.54 (m,
2H), 4.09—4.00 (m, 2H), 3.57 (s, 1H). 3C NMR (400 MHz, CDCl3)
0=158.0, 147.7,130.2, 129.6, 129.5, 128.8, 128.2, 125.6, 121.6, 121.3,
114.5, 68.9, 68.7 and 53.03 HRMS calculated for Ci7H17N30,
[M+H]: 296.1398, found: 296.1398. (See Supporting Information
S10).

3. Conclusions

Surfactant-free copper sulfide (sf-CuS) catalyst has been utilized

{N®
82%
10h HO °

OH y:N
0,
12h (j/“j‘@ 5

/N
sh Q\(N;(,]\() 91%
(15)
OH
N=N
o\/K/N' P 90%
7h
(16)
OH
N=N
o\&ﬁ P 02%
7h o
(17)
OH N=N
o AN_, 94%
6h F
(18)

successfully for one-pot synthesis of triazoles by cycloaddition of
both benzyl halide derivatives-alkyne and epoxide derivatives —
alkyne in the presence of sodium azide. The desired products were
obtained at ambient temperature while the reactions were per-
formed in water. Most of the reactions proceeded faster with the
exception of aliphatic epoxide in the case of epoxide derivatives.
While in benzyl halide derivatives, less electronegative substituted
benzyl halide derivative (Bromo and Iodo) were slower compared
with other (flouro and chloro). The catalyst can be recycled and
reused for five times without losing its activity.
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Table 4
Comparison table of numerous catalysts with various Synthesis of 1, 4-disubstituted
B-hydroxy-1, 2, 3-triazoles (for compound 15).

Catalyst Substrate Time Temperature Yield Ref.
CPSi Styrene Oxide 1h 60°C 94%  [50]
Cu/Cuy0 Styrene Oxide 2h RT 75% 48]
AQ,Cu(II)-APSiO, Styrene Oxide 4h 60°C 82%  [49]
CuFe,04 Styrene Oxide 6h 60°C 87% [47]
Cu Nano particles Styrene Oxide 8h 100°C 83%  [46]
Cu(I) in Ionic liquids ~Styrene Oxide 10h 80°C 95%  [54]
Sf-CuS mf Styrene Oxide 5h RT 91%  This work
92% 92%
89%
87%
84%
‘ ‘ vield (%)
Runs

Fig. 2. Recycling results of the sf-CuS mf catalyst in the syntheis of triazoles.
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