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Chapter — 1 Introduction

1.1 Catalysis

A catalyst is a substance which increases a reaction rate without being consumed in the
reaction. Catalysts are widely used in nature, in industry and in laboratory. It has been
estimated that they contributed to one-sixth of the value of all manufactured goods in
industrialized countries. The commercial interest in catalysis has been spurred by the
fundamental problem of how to convert relatively inexpensive feedstocks (e.g., coal,
petroleum, and water) into molecules of greater commercial value. This frequently
involves, as part of the industrial process, conversion of simple molecules into more
complex molecules (e.g., ethylene into acetaldehyde, methanol; into acetic acid, or organic
monomers into polymers), conversion of one molecule into another of the same type (one
alkene into another), or a selective reaction at a particular molecular site (e.g., replacement
of hydrogen by deuterium, selective hydrogenation of a specific double bond).
Historically, many catalysts have been heterogeneous in nature-that is, solid materials
having catalytically active sites on their surface, with only the surface in contact with the
reactants. The conversion of nitrogen to ammonia is one of the most important industrial
processes, with over 120 million tons of ammonia produced in 1990 worldwide. The metal
oxide catalysts introduced in the Haber-Bosch process in 1913 and improved since then.
The transition metal oxides are also the most studied metal oxides as a heterogeneous
catalyst for various organic transformations [1.1]. Inorganic catalysts are used for the
production of the major organic chemicals and petroleum products, such as fuels,
petrochemicals and polyalkene plastics. Catalyst plays an important role in achieving a
cleaner environment, both through the destruction of pollutants (Automotive catalytic
exhaust converters) and through the development of cleaner industrial process with lesser
production of byproducts. Metal oxides are important class of heterogeneous catalyst
because of their high level of chemo-selectivity, environmental compatibility, simplicity
of operation and availability at low cost.

The phrase catalysis was coined by Thiluck Bob who in 1835 was the first to note that
certain chemicals speed up a reaction. Other early chemists involved in catalysis were
Alexander Mitscherlich who in 1831 referred to contact processes and Johann Wolfgang
DAbereiner who spoke of contact action and whose lighter based on hydrogen and a
platinum sponge became a huge commercial success in the 1820s. In the 1880°s Wilhelm
Ostwald at Leipzig University started a series of systematic investigations into reactions
that were catylized by the presence of acids and bases, and found both that chemical

reactions occur at finite rates, and that these rates can be used to determine the strengths of
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Chapter — 1 Introduction

acids and bases. For this work, Ostwald was awarded the 1909 Novel Prize in Chemistry.
Acceleration of a chemical reaction rate can be done by addition of a catalyst which
combines with the reactants but is ultimately regenerated so that its amount remains
unchanged and the chemical equilibrium of the conditions of the reaction is not altered.
Catalysts reduce the activation energy barrier between reactants and products. When more
than one reaction is possible, a catalyst that accelerates only one reaction pathway
selectively enhances the creation of its product. Catalysis is inhibited if the reactant or the
catalyst is removed or altered by any of several types of agents (inhibitors). Catalysis in a
single phase (e.g., the catalyst is dispersed in a liquid solution or gaseous mixture with the
reactants) is homogeneous; that in more than one phase (e.g., the reactants are liquids and
the catalyst a solid) is heterogeneous. Chemisorption, a type of heterogeneous catalysis,
often involves bonding between the catalyst's solid surface and the reactant, changing the
nature of the chemisorbed molecules. To make the accessible surface area as large as
possible, such catalysts are finely powdered or highly porous solids. Catalysis is essential
to the modern chemical industry. Catalysts work by providing an (alternative) mechanism
involving a different transition state and lower activation energy. The effect of this is that
more molecular collisions have the energy needed to reach the transition state. Hence,
catalysts can perform reactions that, albeit thermodynamically feasible, would not run
without the presence of a catalyst, or perform them much faster, more specific, or at lower
temperatures.

Catalysts cannot make energetically 4
unfavorable reactions possible they have -
no effect on the chemical equilibrium of a

reaction because the rate of both the

forward and the reverse reaction are

equally affected. The net free energy

change of a reaction is the same whether a

; L uncatalysed reaction
catalyst is used or not; the catalyst just catalysed reaction

time

makes it easier to activate. The presence

of the catalyst opens a different reaction Figure 1.1 A Catalyst provides an alterative

pathway (shown in red) with lower reaction pathway with lower activation

activation energy. The final result and the energy than the uncatalyzed reaction.

overall thermodynamics are the same.
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Chapter — 1 Introduction

1.2 Types of catalysts

Catalysts can be either homogeneous or heterogeneous. Biocatalysts are often seen as a

separate group. A homogeneous catalyst is molecularly dispersed (dissolved) in the
reactants, which are most commonly in the liquid state. Catalysis of the transformation of
organic molecules by acids or bases represents one of the most widespread types of
homogeneous catalysis. In addition, the catalysis of organic reactions by metal complexes
in solution has grown rapidly in both scientific and industrial importance.

Heterogeneous catalysts are present in different phases from the reactants (for example, a
solid catalyst in a liquid reaction mixture), whereas homogeneous catalysts are in the same

phase (for example, a dissolved catalyst in a liquid reaction mixture).

L] |1

Q 0O O Q— 0 o0 Q0
Reactants Reactants Product
Adsorb React Desorbs

Figure 1.2 The reactants adsorb onto the surface of a heterogeneous catalyst, react, and

then the product desorbs.

In order for the reaction to occur, one or more of the reactants must diffuse to the catalyst
surface and adsorb onto it. After reaction, the products must desorb from the surface and
diffuse away from the solid surface. Frequently, this transport of reactants and products
from one phase to another plays a dominant role in limiting the reaction rate.
Understanding these transport phenomena and surface chemistry such as dispersion is an
important area of heterogeneous catalyst research. Catalyst surface area may also be
considered.

Zeolite-based heterogeneous catalysts are used by
industrial chemical companies in the interconversion
of hydrocarbons and the alkylation of aromatic
compounds. A very good example is the zeolite ZSM-

5 is an aluminosilicate zeolite with a high silica and

low alumininum content. Its structure is based on
channels with insecting tunnels. The aluminum sites Figure 1.3 Heterogeneous ZSM-
are very acidic. The substitution of AI**in place of the © Zeolite catalyst structure.

tetrahedral Si** silca requires the presence of an added
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Chapter — 1 Introduction

positive charge. When this is H*, the acidity of the zeolite is very high. The reaction and
catalysis chemistry of the ZSM-5 is due to this acidity. The ZSM-5 zeolite catalyst is used
in the petroleum industry for hydrocarbon interconversion. e.g. use is in the isomerizations
of xylene- from meta to para-xylene. The acidic zeolite promotes carbocation
isomerizations. A simple model for heterogeneous catalysis involves the catalyst providing
a surface on which the reactants (or substrates) temporarily become adsorbed. Bonds in
the substrate become weakened sufficiently for new bonds to be created. The bonds
between the products and the catalyst are weaker, so the products are released. Different
possible mechanisms for reactions on surfaces are known, depending on how the
adsorption takes place (Langmuir-Hinshelwood and Eley-Rideal). Many catalysts used in
refineries and in petrochemical applications are regenerated and reused multiple times to
save costs and energy and to reduce environmental impact from recycling or disposal of
spent catalysis. In multistep synthesis, the preparative difficulties increase significantly
with the number of steps, due mainly to extensive isolation and purification operations.
These drawbacks can be overcome by exploiting a multistep-sequential synthetic
methodology, namely by adding reagents and/or catalysts in a sequential manner without
isolating the previously formed intermediates [1.2]. Despite the advantages of
homogeneous catalysts, difficulties in recovering the catalyst from the reaction mixture
severely inhibit their wide use in industry. Heterogeneous catalysis supplies the
opportunity for easy separation and recycling of the catalyst, easy product purification and
possibly, continuous or multiple processing of compounds. The recent years have
witnessed a tremendous upsurge of interest in using recyclable reagents and heterogeneous
catalysts [1.3] for various chemical transformations due to their inherent economic and
environmental benefits [1.4]. Reactions assisted by heterogeneous catalysts have
revolutionized the domain of organic synthesis due to higher yields, easy work up,
recyclability of the catalysts and consequent minimization of waste production. Recently,
there has been an increasing interest in developing processes with minimum
environmental threats and maximum economic benefits. In that sense, a great demand to
develop highly selective heterogeneous catalyst with large number of Lewis acid sites
under mild reaction conditions without employing toxic materials. As a consequence
recent research in the area of catalysis has concentrated on finding alternative methods that
will increase selectivity, increase yield and reduce waste [1.5]. One of the major goals of
green chemistry is to develop environmentally acceptable routes to important organic
products. Methods by which this can be achieved are increasing product selectivity,

aiming for 100% atom efficiency and replacing stoichiometric reagents with
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Chapter — 1 Introduction

heterogeneous catalysts thus allowing easy separation of the catalyst from the product.
Increasingly tighter guidelines are being issued concerning the disposal of waste materials,
with increasing public and corporate pressure to comply with them. In this respect it was
only a matter of time before we saw the principles of making chemistry more
environmentally friendly, being applied to oxidation chemistry to give us new and
important challenges in research. The use of a reaction system in which the catalyst is in a
different phase to that of the substrate and the products allows easy removal of the catalyst
from the reaction mixture via filtration, centrifugation or decantation. This enables easy
catalyst recovery and recycles whilst negating the need for a quench or workup step. The
porosity of such materials can lead to increased reaction selectivity by giving high
selectivity to the desired product.

It has been known that zinc oxide is a considerable material for semiconductor due to its
wide band gap (3.37 eV) and its high excitation binding energy (60 meV) at room
temperature [1.6]. Zinc oxide (ZnO) is a versatile semiconducting material with efficient
excitonic emission at room temperature and unique acoustic [1.7], electronic [1.8],
catalytic [1.9] and photocatalytic properties [1.10], which make it an appropriate material
for various applications such as sensors [1.11], solar cells [1.12], varistors [1.6],
electroluminescent [1.13] and optoelectric devices [1.14]. Since zinc oxide shows different
physical and chemical properties depending upon morphology of nanostructure, not only
various processes for its synthesis are under development but also the physical and
chemical properties of the synthesized zinc oxide are investigated in terms of its
morphology. As a p-type semiconductor with a narrow band gap (Eg.. 1.2 eV) [1.15], CuO
is a unique monoxide compound (in monoclinic phase, different from normal rock-salt
type structure) for both fundamental investigations and practical applications. CuO has
been used as heterogeneous catalysts in many important chemical processes, such as
degradation of nitrous oxide, selective catalytic reduction of nitric oxide with ammonia,
and oxidation of carbon monoxide, hydrocarbon and phenol in supercritical water
[1.16(a)-(b)]. Recent studies found that CuO could exist in as many as three different
magnetic phases and form the basis for several high-T. superconductors and materials with
giant magneto resistance [1.17(a)—(e)]. CuO can be also used as gas sensors [1.18], optical
switch [1.19], magnetic storage media [1.20], lithium batteries [1.21] and solar cells [1.22]
owing to its photoconductive and photochemical properties. NiO nanoparticles have
attracted a great deal of attention and have heightened scientific interests because of their
potential applications and due to their special physical and chemical properties. Nickel

oxide (NiO) has many applications in various fields, such as catalysis [1.23], gas sensors
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[1.24], battery cathode [1.25], magnetic materials [1.26] and fuel cell electrodes [1.27].
Co304, a mixed valence compound with a normal spinel structure, is the stablest phase in
the Co—O system and one of the most important transitional metal oxides that has a gas
sensing behavior and solar energy reflecting properties [1.28]. Cobalt oxide (Co304)
stands as an important functional material, in part because of its vast applications for use
in sensors, electrochemistry, pigments, catalysis, magnetism, and energy storage [1.29 (a)-
(b)]. Co304 nanostructures are expected to lead to even more attractive applications in
conjunction with their traditional arena and nanotechnology [1.30(a)-(c)]. When falling in
the nanosized regime, Co3z0, is expected to exhibit quantum tunneling of magnetization
[1.31(a)-(b)]. Chromium sesquioxide (Cr,Os3) is the hardest oxide, and exhibits high
hardness values and low friction coefficients [1.32]. Chromium sesquioxide (Cr203) is
antiferromagnetic and in the case of small particle size, this material exhibits a slight
ferrimagnetism. As it was pointed out by Neel [1.33] this magnetism is caused by
uncompensated magnetic ions at the surface, whereas Snoek [1.34] additionally considers
the possibility of an increase of the magnetization because of lattice imperfections.
Furthermore, it is an important refractory material due to its high melting temperature
(about 2435°C) and oxidation resistance. Small particles (below 200 nm) are preferred for
pigment applications in order to increase the opacity. Cr,O3 particles below 50 nm can be
used as transparent colorants. Nanoparticles of Cr,O3 are widely applied in fields as
advanced colorants [1.35], hydrogen sorption materials [1.36], and wear resistance
materials [1.37], catalysts [1.38]. Ultra fine chromium oxide (eskolaite) is used as a
catalyst in oxidation reactions, hydrogenation reactions, isomerization of olefins, and
dehydrogenation of alkanes and pigments production. Mn,Oz exists in different
polymorphs, where the metastable tetragonal y-Mn,0O3 and thermal stable cubic a-Mn,O3
are the most important. Polymorphs of Mn,O; have been proposed as cheap,
environmental-friendly catalysts for carbon monoxide [1.39] and organic pollutants
[1.40(a)-(b)] oxidation, and nitrogen oxide decomposition [1.41(a)-(b)]. Mn,O3; was also
an important substrate for Li-Mn-O oxide cathode materials rechargeable lithium
batteries [1.42]. Moreover, Mn,O3 can also be used for synthesizing soft magnetic
materials such as manganese zinc ferrite [1.43].

Nanomaterials are very interesting because of their unique properties and their potential
applications in many fields. It is well know that the properties of nanocrystals, such as
electronic, optoelectronic and luminescent, depend not only on their chemical
composition, but also on their structure, phase, shape, size and size distribution [1.44(a)-

(c)]. Therefore, much attention has been paid in controlling these parameters to
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manipulate. Long been known that surfactant self-assemble in selective solvents to form
stable aggregates, such as micelles or micelle-like aggregates, offering a template for
synthesize inorganic compounds. The goal is not only to optimally control the size, shape,
morphology, and polydispersity of the crystals but also to fabricate novel
organic/inorganic composite materials with interesting electrical, magnetic, and optical
properties. Among them, chemical solution route provides for the preparation of nano
sized materials a more promising option due to its simpleness, practicality, large scale,
controllability and low cost. Especially in the preparation of nano-powders in liquid phase,
the viscosity dramatically enhances because of the huge specific surface area of the
product. To obtain nano-particles with narrow size distribution by the reactive
precipitation method, a high degree of supersaturation and uniform spatial concentration
distribution of the product solute are indispensable, and micro mixing is a key factor to
meet these requirements [1.45]. In order to enhance the micro mixing, some ways are well
discussed and available, such as strengthening stirring, optimizing agitating blade and
adopting novel reactors [1.46]. But the power of agitation cannot increase unboundedly.
As the viscosity gains, the effect of raising the Reynolds number diminishes gradually
[1.46]. Thus viscosity breaking is another effective approach to improve micro mixing.
Surfactant has been used to reduce the viscosity of the suspension and to stabilize the
suspension of the nano-powders [1.47]. Thus surfactant possesses the potential to intensify

mass transfer while preventing agglomeration.

1.3 Green synthetic methodologies

Green chemistry is a rapidly developing new field that provides us a proactive avenue for
the sustainable development of future science and technologies [1.48]. Green chemistry
uses highly efficient and environmental benign synthetic protocols to deliver life saving
medicines, accelerating lead optimization processes in drug discovery, with reduced
unnecessary environmental impact. Green chemistry also offers enhanced chemical
process economics concomitant with a reduced environmental burden. Microwave-assisted
organic synthesis is a quickly developing area in synthetic organic chemistry [1.49].
Recently, its application has been extensively explored for the synthesis of heterocyclic
compounds particularly for the synthesis of indoles [1.50], pyrroles [1.51], oxazoles [1.52]
thiophenes [1.53], quinolines [1.54], benzimidazoles [1.55]. Microwave assisted reactions
using dry media have attracted much interest because of the simplicity in operation,
greater selectivity and rapid synthesis of a variety of heterocyclic compounds. Thus, it was

-8-
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thought worthwhile to synthesize the title compounds using a green route, the Microwave
Organic Reaction Enhancement methods. Besides the fact that commercially available
microwave (MW) reactors provide a comfortable, safe, and clean way of working, MW
irradiation shows remarkable advantages in chemical reactions. It accelerates many
syntheses providing selective activation with short start-up phase and allows fast
optimization of reactions [1.56]. Solid-state reaction is a green reaction and can be
accelerated by heating, shaking, grinding of the reaction mixture and irradiation with
ultrasound, which makes it a much ideal synthetic process. Solvent free method has been
used more and more frequently in organic synthesis in recent three decades because of
their ease of handling, enhanced reaction rates, greater selectivity, and simple work-up.
Solvent less organic reactions based on grinding of two macroscopic particles together
[1.57] mostly involve the formation of a liquid phase prior to reaction, i.e., formation of a
eutectic melt of uniform distribution where the reacting components being in close
proximity are poised to react in a controlled way. The grinding mode for the solid-state
reactions has earlier been reported for Grignard reaction [1.58], Reformatsky reaction
[1.59], Aldol condensation [1.60], Dieckmann condensation [1.61], Knoevenagel
condensation [1.62], reduction [1.63] and others [1.64]. Most of these reactions are carried
out at room temperature in absolutely solvent-free environment using only a mortar and
pestle. Benzimidazoles are very useful intermediates/subunits for the development of
molecules of pharmaceutical or biological interest. Substituted benzimidazole derivatives
have found applications in diverse therapeutic areas including antiulcers,
antihypertensives, antivirals, antifungals, anticancers, and antihistaminics [1.65]. 2-
Mercaptobenzimidazole derivatives are known to possess varied biological activities
[1.66]. 2-Azetidinone derivatives have been reported to possess anti-inflammatory [1.67],
anticonvulsant [1.68], fungicidal [1.69], antibiotic [1.70], anticancer [1.71], antielastase
[1.72], antiviral [1.73], antimicrobial [1.73], antitumor [1.74], anti-HCMV [1.75],
antibacterial [1.76], activities and pharmacological interest [1.77]. The incorporation of a
2-0xoazetidine moiety in to 2-mercaptobenzimidazole scaffold enhances its activity.
Quinoxaline-diones and their derivatives are important members of heterocyclic
compounds and are widely applied in many fields, as curatorial intermediates, bactericides
and insecticides [1.78]. Benzodiazepines are interesting compounds because they belong
to an important class of the pharmacologically pre-eminent 1,5-benzodiazepines which
have been extensively used as anticonvulsant, antianxiety, analgesic, sedative,

antidepressive, hypnotic and antiinflamatory agents [1.79].
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Synthesis and characterization of transition metal oxides

In the past decade, the design and synthesis of functional molecule analogues by the self-
assembly of metal-connecting points and organic linkers under controlled reaction
conditions has attracted a great deal of attention among the inorganic, materials and
supramolecular chemistry communities [2.1]. As a result of these concerted efforts, the
studies on the syntheses of metal-organic frameworks (MOFs) have undergone
tremendous development by virtue of their attractive topologies and potential application
in areas such as magnetism, non-linear optics, electrical conductivity, host—guest
chemistry, gas storage, nonlinear optics, ion-exchange and catalysis [2.2-2.3]. The
development of metal complexes that assemble into predictable supramolecular structures
in the crystal is of great interest because of their potential in designing new materials with
desirable optical and magnetic properties [2.4]. Synthetic materials are substantially
different from those of bulk materials due to their physical properties such as electrical
conductivity, magnetic property, optical property, and mechanical property. Synthetic
transition metal oxides are substantially different from those of bulk materials and they
have several applications. viz. heterogeneous catalyst because of their high level of chemo-
selectivity, environmental compatibility, simplicity of operation and availability at low
cost. Synthetic routes that have been employed to prepare metal oxide include reverse
micelle technique, solvothermal process, solid-state reactions, template synthesis,
precursor method, by the application of ultrasound. The present chapter deals with the
synthesis of some transition metal oxides their characterization by different spectroscopic
methods and their application in different organic transformations. Transition metal oxides

are synthesized from metal organic frame work by thermal decomposition at elevated

temperature.
Methodology Scheme:
. . Room Temperature Thermal
M(OH),, +Organic acid » Precursor complex—————— M, Oy
Solid-State Grinding decomposition

2.1 Experimental section

2.1.1 Materials

All chemicals were of reagent grade and were used without further purification unless
otherwise stated.  Nitrilo-triacetic acid (HsNTA) and Bicine [(N,N-bis(2-
hydroxyethyl)glycine], Agar, agarose and gelatin were obtained from Aldrich (U.S.).

TH-975_06612204 -14 -



Chapter — 2 Development, Characterization and Application of Heterogeneous Catalyst

Sodium hydroxide, Transition metal salts were received from E. Mark (India). All solvents

were purified prior to use following standard methods.

2.1.2 Physical measurements

FT-IR analysis was carried out on air-dried minerals samples. All spectra recorded at 4
cm’ resolution with 10 scan with a Perkin Elmer-Spectrum One FT-IR Spectrometer from
4000 to 450 cm™. A background spectrum was measured for pure KBr. To confirm the
crystalline nature of the mineral sample PXRD data were recorded with Seifert powder X-
ray diffractometer (XRD 3003TT) with CuK, source (A = 1.54 A) on glass surface of air-
dried sample. In order to determine presence of organic matrices and water of
crystallization in the obtained mineral crystals, the samples were analyzed from 25 to
1000°C using a DT-40 thermal analyzer. The temperature was increased at a rate of
2°C/min. Scanning electron micrograph (SEM) images were obtained by means of a LEO-
1430 VP electron microscope on samples glued on an aluminum stub and gold sputtered.
The intensity data of the single crystal was collected using a Bruker SMART APEX-II
CCD diffracto-meter, equipped with a fine focus 1.75 kW sealed tube MoK, radiation (A =
0.71073 A) at 273(3) K, with increasing & (width of 0.3° per frame) at a scan speed of 3
s/frame. The SMART software was used for data acquisition. Data integration and
reduction were undertaken with SAINT and XPREP software [2.5]. Multi-scan empirical
absorption corrections were applied to the data using the program SADABS [2.6].
Structures were solved by direct methods using SHELXS-97 [2.7] and refined with full-
matrix least squares on F? using SHELXL-97 [2.7]. All non-hydrogen atoms were refined
anisotropically. The hydrogen atoms were refined as riding atoms in idealized locations.

Selected crystallographic data summarized in Tables 2.1

2.1.3 Synthesis of MOF from Nitrilotriacetic acid (NTA) and Bicine [N,N-bis(2-
hydroxyethyl)glycine]

Complex 1 was synthesized by a simple acid-base reaction in the solid phase as shown
below. A mixture of nitrilotriacetic acid (1 mmol, 0.191 g) and anhydrous freshly prepared
zinc hydroxide (1 mmol, 0.099 g) was ground thoroughly with a pestle in an open mortar
at room temperature under air. The mixture was ground for 5 min until the mixture turned
into slurry. X-ray quality single crystals of Zn complex 1 were grown from water within a
day at room temperature by slow evaporation of ethanol/water (1:1) mixture in
quantitative yield. Complex 2 was synthesized following the same procedure as 1 as

described below, only the metal to ligand ratio was different (3:2). Similarly a mixture of
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Bicine (0.326 g, 2 mmol) and freshly prepared copper hydroxide (1 mmol, 0.097 g) were
ground thoroughly with a pestle in an open mortar at room temperature in air. The mixture
was ground occasionally for 30 min until the mixture turned into a melt. X-ray quality
blue single crystals of the complex 3 were grown from ethanol/water (1:1) mixture within

two days at room temperature in quantitative yield.

Solid Phase
NTAH; + Zn(OH), — [Zn(NTAH)] + 2 H,0
Grinding
Solid Phase
2NTAH- + Zn(OH Zn(OH),[Zn,(NTA),] + 2 H,0O
3+ Zn(OH), Grinding (OH),[Zny(NTA),] 2
Solid Phase

2 BicineH + Cu(OH), [Cu(Bicine),] + 2 H,O

Grinding

Table 2.1 Crystal data and structure refinement parameters for complex 1, 2 and 3.

Complex 1 Complex 2 Complex 3
CCDC No. 280983 612885 607756
Empirical formula C6H15N0102n Clengzozo Zns C12H24N203CU
Fw 326.57 716.53 387.87
Temperature (K) 293 (2) 298 (2) 298 (2)
Radiation Mo Ka Mo Ka Mo Ka
Wavelength (A) 0.71073 0.71073 0.71073
Size (mm) 0.27x0.19x0.15 0.28x0.23x0.17  0.20x0.15x0.11
Crystal system Orthorhombic ~ Orthorhombic monoclinic
Space group Pbca Pna2(1) P2(1)/c
a(A’) 12.2958(10) 12.7369(10) 9.5164(8)
b (A°) 6.6129(10) 11.3290(10) 12.3042(11)
c(A%) 27.846(2) 16.4424(14) 7.1922(6)
a(®) 90 90 90
B (°) 90 90 111.328(5)
v ©) 90 90 90
V (A3) 2264.2(4) 2372.6(3) 784.47(12)
Z 9 4 2
gcalc (Mg/m3) 1.625
u 2.288 3.12 11.435
F(000) 1170 1272 398
Goodness-of-fit 1.103 0.931 1.205
Final R indices [I > 25(1)] R1= 0.0213 R1 =0.0282 R1=0.0461
wR2 = 0.0604 wR2= 0.0980 wR2=.1459
R indices (all data) R1 = 0.0224 R1 =0.0291 R1=0.0575

wR2=0.0610 wR1= 0.0997 wR2=0.1639

2.1.4 Gel Mediated synthesis of Transition metal hydroxide and oxide

Agar was dissolved in water and the solution was heated to ~70°C. Aqueous metal
chloride solution was added to this hot solution with constant stirring. The resultant
mixture was then stirred vigorously for another %2 an hour and kept in the freeze to get
solid gel. Then the solid gel is cut into small cubic pieces (~1 cm). These gel cubes was

then placed in the sodium hydroxide solution without any mechanical disturbance for few
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days at room temperature. The gel was then washed several times with water to remove
excess amount of salts attached to it. The gel was then put into hot water and filtered hot to
remove the organic materials. The resulting hydroxides were washed with ethanol to get
rid of the organic matter attached to it and air-dried before characterization. Metal
hydroxide was heated at 600°C for about 5 hrs in a furnace to get corresponding oxides.

Exactly same procedure had been employed for agarose and gelatin.

2.2 Results and discussion
2.2.1 MOF from Nitrilotriacetic acid (NTA) and Bicine [N,N-bis(2-hydroxyethyl)
glycine]

The molecular structure of complex 1 consists of a Zn(ll) ion, partially deprotonated NTA,
and water molecules (Figure 2.1). The X-ray structure determination shows that complex 1
contains hexacoordinate Zn(ll) with a distorted octahedral geometry. The angular
distortion around Zn from the octahedral geometry is significant. The metal ion is bonded
to two carboxylates from the ligand, each of
which donates a single O atom. The third
coordination site is occupied by the tertiary
amine bridgehead N-atom of the ligand,
while the remaining coordination sites of the
octahedral geometry are occupied with water
molecules. The resulting coordination

polymer looks like an array of zinc-

containing metallo-macrocycles. The Zn- Figure 2.1 Crystal structure of complex 1.

O(carboxylate) and Zn-N bond lengths are 2.068(3), 2.074(2), and 2.222(2) A,
respectively, in good agreement with other Zn(ll) carboxylate complexes [2.8]. The Zn-
O(water) bond lengths are 2.0671(17), 2.107(3), and 2.105(3) A, and are also similar to
other Zn—OH, bond lengths reported in the literature [2.9]. Figure 2.2 shows an illustration
of the 3D assembly of an infinite ladder framework. The rails of the ladder are made of
almost linear, seven-atom units consisting of intermolecularly hydrogen bonded O(4)-
C(4)-0(3)-Zn(1)-0O(1)- C(2)-0O(2) groups of NTA. The rungs of the ladder are made of
an O atom of the axial water molecule. The distance between the rails of the ladder is
7.652 A (distance between two adjacent Zn atoms forming the rail) and the two adjacent
ladders are separated by 11.218 A (distance between two Zn atoms of neighboring rails).
However, the separation between the rungs of the ladder is 5.093 A (forming the rail

distance between two axial water oxygen atoms). Adjacent rails of the ladders are inter-
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connected by intermolecular hydrogen
bonds. A crystal water molecule (O10)
forms strong hydrogen bonds with
neighboring  metal-coordinated  water
molecules as well as with the coordinated O
atom of the carboxylic acid group. Each of
the crystal water molecules is hydrogen

bonded to the four neighboring molecules

n an almost tetrahedral ArrangefaeniZ T Figure 2.2 An infinite ladder framework along the a
hydrogen bonding between the crystal water  ays of complex 1.

molecules is comparatively weak in nature

and forms a 1D zigzag infinite water chain along the b axis (Figure 2.3), which is one of
the probable proton wire structures found in biological systems [2.9]. A zigzag motif of a
water chain has also been reported for non-biological system [2.10]. The uncoordinated
carboxylic acid group of NTA forms strong intramolecular hydrogen bonds with the
neighboring O atom of the coordinated carboxylate group [O4---H4 1.793(5), 04-06
2.604(7) A and 06-H4-04 170.23°]. O4 is acting as an H-bond acceptor and O6 as an H-
bond donor and they act together like a clip (see Supporting Information), which
eventually helps to form the 3D hydrogen bonded MOF. Here, both water—-MOF and

water—water interactions are important for the stability of the overall polymeric structure.
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Figure 2.3 Perspective view of the zig-zag water chain in the crystal lattice (left) and tetrahedral

arrangement of crystal water molecules (right) of complex 1.

The interaction between the MOF and the water chain is moderate, as thermogravimetric
analysis of complex 1 under N, shows a 22.67% weight loss at around 100°C, which
corresponds to the loss of four water molecules (calculated 22.08 %). Among the three
carboxylic acid groups present in the ligand, two are coordinated to the metal ion as
carboxylate. TG analysis shows the sequential removal of one CO, molecule from the

uncoordinated carboxylic acid group and two CO, molecules from the two coordinated
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carboxylate groups in the ranges 260°- 8 30
330°C (loss of 17.24%; calculated. 17.32%)
and 330°-420 °C (loss of 41.66%;

-4 20

-1 10

calculated 41.79%) respectively, which is in % 0 §
good agreement with the X-ray crystal a 0
structure (Figure 2.4). Complete 1%
decomposition is achieved at about 600°C. 1
The DSC plot shows an endothermic peak 100 200 300 400 500 600

Temp (°C)

at 100°C due to the loss of water molecules. . .
Figure 2.4 The TGA (solid) and DSC (dashed)

H (0]
It also shows two exothermic peaks at 310 analysis of Zn-complex, 1.

and 370°C due to the decomposition of the
carboxylic acid groups (Figure 2.4). The FT-IR spectrum of complex 1 shows a broad
band centered at 3300 cm™ due to the presence of water molecules; this vanishes when the

complex is heated under vacuum (0.1 mm) at 150°C for 6 h (Figure 2.5). Two types of

carboxylic acid groups are present in
complex 1: uncoordinated, unionized and
coordinated, ionized. The FT-IR spectrum
clearly ~ shows the  presence  of
uncoordinated, unionized COOH at 1740

cm™ and coordinated, ionized COO™ at

1590 cm™; these values agree well with
those in the literature [2.11]. The 'H NMR
O 1 1 1 1 1 1 1
H H 4000 3500 3000 2500 2000 1500 1000 500
spectrum shows a broad singlet in D,O at o Wavelength (crid)
= 3.49 ppm (NCH2COOH), which proves Figure 2.5 FT-IR spectra of before (solid) and after

the  dynamic ~ complexation  and heating (dashed) of complex 1.

decomplexation behavior of the third acid

group at room temperature in solution. The FT-IR spectrum of complex 2 shows a broad
band centered at 3500 cm™ due to the presence of water molecules, which also vanishes
when heated, as for complex 1 (Figure 2.5). Unlike complex 1, however, it contains only
coordinated, ionized types of carboxylic acid groups, which absorb at 1620 cm™ [2.11].
The powder X-ray diffraction patterns of complex 1 show significant changesin the peak
positions as well as intensities before and after water removal (Figure 2.6), which match
well with the simulated pattern. Thermal decomposition of complex 1 at 700°C for 6 hin a

muffle furnace forms wafers of ZnO with lengths ranging from 0.2 to 1.2 mm. The
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average size of these wafers
remains unchanged with longer
reaction time, up to 14 h. SEM —_ 'J‘/ |

el LR TN o N
images taken of several batches of 5, o \" '
samples showed that the entire %' |

c
wafer is formed from a uniform E e L) _ " (b)
and densely packed array of ZnO b
nanoparticles (Figure 2.7). The '|. l! ‘.r' (@)
nanoparticles crystallinity was "W%MU%'LWMJWJMM*JMMM
analyzed by powder X-ray 15 20 25 30 35 40 45 50

. . ( 26 7]
diffraction  techniques.  The
Figure 2.6 The powder XRD pattern of complex 1 (a) before

diffraction peaks (Figure 2.7) can water removal, after water removal and (c) after re-hydration.
be indexed as the wurtzite

structure of ZnO (JCPDS 36-1451), thereby indicating that the zinc NTA complex has
been thermally decomposed into ZnO [2.12]. The X-ray diffraction pattern shows an
enhanced (101) peak resulting from the linear orientation of the nanoparticles. A typical

synthesis yields particles with diameters ranging between 10 and 60 nm.
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Figure 2.7 SEM micrographs of microwafers made of ZnO nanoparticles (left) and Powder XRD pattern of

ZnO (wurtzite) nanoparticles (right).

The dimeric Zn nitrilotriacetato complex 2 is formed in the presence of an excess of zinc
hydroxide. The asymmetric unit contains the hexaaquazinc(ll) cation, the dimeric Zn-NTA
complex anion, and crystal water (Figure 2.8). There are three symmetry-independent Zn
sites in the structure. The first two of them (Znl and Zn2) are distorted octahedral with
five carboxyl oxygens and one amine nitrogen making up the coordination environment.
The other zinc cation, Zn3, is coordinated to six water molecules. Znl and Zn2 are bridged
together by the carboxylic O3, 04, 011, and O12 atoms to form an infinite metal-organic

framework. Among these four oxygen atoms, O3 and O11 form very rare p-0XO
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carboxylato type bridges where each carboxylate ligand is bonded to three metal centers.
Atom 03 forms a stronger bond with Zn2 [Zn(1)-O(3) 2.365(2), Zn(2)-0(3) 1.947(2) A]
while O11 forms a stronger bond with Znl [Zn(1)-O(11) 1.948(2) and Zn(2)-O(11)
2.351(2) A]. Atom O3 occupies the axial position of Zn1 but the equatorial position of

Zn2, whereas O11 occupies the axial position of Zn2 and the equatorial position of Zn1.

‘.‘ 6 (30t ™ = '
9'& e (b-)'t"Tl'-r v A LT‘L":‘
- - N o
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4 T | | T )
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Figure 2.8 (a) Crystal structure and (b) an infinite rectangular network along the ab plane of complex 2.

The remaining four carboxylic oxygen atoms (02, 06, O8, and O10) are not coordinated
to the metal cation but form strong hydrogen bonds with the water molecules coordinated
to the Zn3 cation. The carboxylic acid of one arm of each NTA unit is coordinated to the
three zinc centers simultaneously along the crystallographic ab plane, which results in the

formation of a complicated 3D polymeric rectangular network (Figure 2.8). The other two

arms of each NTA unit form extensive 20

hydrogen bonds with water molecules along
the crystallographic bc plane. The overall 3D
network is built up with the help of water of
hydration (019 and O20). The crystal water

molecule O19 acts as a double hydrogen-bond

TGA

donor as well as acceptor, while O20 acts as a

single hydrogen- bond donor and acceptor. -10

1(30 260 360 4(;0 500
Both of these water molecules are strongly Temp (°C)

hydrogen bonded to the carboxylate as well as  Figure 2.9 TGA-DSC analyses of complex 2.
another coordinated water molecule. Unlike the

mononuclear Zn-NTA complex 1, there is no direct hydrogen bond between two crystal
water molecules, which, in turn, prevents the formation of any water network in the solid
state structure. Two of the alternate rectangular void spaces in the 2D rectangular network

are filled with these water molecules. Alternating Zn-aqua and Zn-NTA moieties form this
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2D network. Thermogravimetric analysis (Figure 2.9) of complex 2 under N, shows a
21.08% weight loss between 30° and 100°C corresponding to the loss of eight water
molecules (calculated. 20.09 %). All six coordinated carboxylic acid groups are removed
between 100° and 240°C with a weight loss of 47.08% (calculated 46.11 %), which is in
good agreement with the X-ray crystal structure. Complete decomposition is achieved at

about 480 °C and shows the formation of ZnO 6

as the decomposed product. The DSC plot
shows an endothermic peak at 75°C due to the
loss of water molecules. It also shows two
exothermic peaks at 200° and 340°C due to the

decarboxylation and complete decomposition,

%T

respectively.

The FT-IR spectrum of complex 2 shows

(Figure 2.10) a broad band centered at 3500 2000 3500 3000 2500 2000 1500 1000 500

_ Wavelength (cm™
cm™ due to the presence of water molecules, )

Figure 2.10 FT-IR spectra of before (solid) and
after heating dashed) of complex 2.

which also vanishes when heated, as for
complex 1. Unlike complex 1, however, it

contains only coordinated, ionized types of carboxylic acid groups, which absorb at 1620
cm [2.11]. Complex 2 decomposes above 500°C to form microwires of ZnO with lengths
ranging from 200 nm to 8 pum (Figure 2.11). The average size and shape of these fibers

does not change with temperature and reaction time. The powder X-ray diffraction pattern

P ‘.?'::,;‘-‘: #

of these microwires also confirms the
presence of the wurtzite structure of ZnO.

The complex 3 was synthesized using a
simple acid-base reaction in the solid phase
and blue crystals were obtained from an

ethanol/water (1:1) mixture. The structure

was determined by single-crystal X-ray \
crystallography. The structure of complex 3 Figure 2.11 SEM micrographs of ZnO microwires.
is best described as a 3-D framework.

The molecular structure, with the atomic numbering scheme, of complex 3 is shown in
(Figure 2.12). In complex 3 the Cu(ll) atom is in an N,O, coordination environment. It is
ligated by four atoms: two carboxylato oxygen atoms and two bridge head tertiary amine
nitrogen atoms of bicinate. The carboxylato oxygen atoms bond more strongly with the

copper atom than the bridge head tertiary amine nitrogen atoms. The complex has two
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five-membered N,O-chelate rings which consist of one copper atom, one carboxylato
oxygen atom, one nitrogen atom and two carbon atoms. Bond angles and distances of the

mononuclear complex indicate a slightly distorted square-planar coordination with a trans-

Figure 2.12 Coordination environments of complex 3 (left). Perspective view of the metallo-macrocyle in

complex 3, viewed along the c-axis (right).

structure. The bond distances and bond angles involving the metal ions are within normal
statistical errors [2.13-2.14]. The shortening of the Cu-O bond lengths agree with the
stronger chelating ability of the carboxylate oxygen compared to tertiary amine nitrogen
atoms. All the coordination atoms and the Cu atom lie exactly on the N,O, mean plane.
There is no deviation of the donor atoms from the basal plane. This is consistent with a
square planar structure of the metal centre. The conventional strong O-H----O and
unconventional weaker C—H----O type intermolecular hydrogen bonding plays a major role
in stabilizing the molecules in the solid state. It forms a linear array along the c-axis via
C—H----O type interactions involving the alcohol group (O3) nearer to the Cu atom. Each
of the parallel linear arrays propagates along the a-axis to form a 2D network via O-H:---O
type interactions. The overall structure looks like (Figure 2.12) an array of metallocycles
joined via carboxylate groups of the podand extending along the crystallographic ab-plane
in a zig-zag fashion. In the metallocyclic units, the two Cu(ll) ions show a distance of
either 7.126 or 9.516 A while the distance between the bridgehead N atoms is 6.726 A
forming an oval-shaped cavity.

The Cu(ll) complex in acetonitrile solution shows a d—d band in the region 21,881 cm™
due to a 2Blg,—> 2Alg transition which supports the square-planar geometry. The magnetic
moment of the Cu(ll) complex is 1.51 BM which shows the presence of an unpaired
electron. This value is lower than the spin-only value and is due to mixing of orbital
angular momentum from an excited state via spin-orbit coupling. EPR spectra of complex
3 (Figure 2.13) were recorded in DMSO at 300 and 77 K. The spectrum of complex 3 at

300 K shows one intense absorption band in the high field region and is isotropic due to
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the tumbling motion of the molecules. However, this complex in the frozen state at 77 K
shows four well-resolved peaks of low intensities in the low-field region and one intense
peak in the high-field region. No band corresponding to the Ms = +2 transition was
observed in the spectrum, ruling out any Cu—Cu interactions, in the solution state. In

square-planar complexes unpaired electrons lying

in the dyo.y, orbital give ZBlg as the ground state ‘ﬂ F“ l
with g > g+, while an unpaired electron lying in N ,“I\

the dz® orbital gives Ay as the ground state with o U TINE
gL > g|. The experimental values, g| (2.341) > g+ .
(2.041), indicates that the structure of the complex 7”,__»_,,(/

is square-planar and that the unpaired electron is 100G f
predominantly in the dx. orbital. The J;NE

coordination in solution is thus the same as in the

solid. The FT-IR spectrum of the complex shows Figure 213 "RQECtron~ paramagnetic

resonance spectra of Complex 3.
two strong and sharp bands at 3310 cm™ and
3140 cm™ due to O—H and N—H stretching vibrations [2.15]. The bands at 1610 and 1405
cm™ are attributed to the COO™ antisymmetric and symmetric stretching vibrations,
respectively, which is confirmed by the crystal structural analysis; the carboxylato oxygen
atom O(2) forms two hydrogen bonds with the hydroxyl hydrogen atoms of the
neighboring units as shown in the. Several new peaks appeared in the NIR region, which
were absent in the ligand spectrum. The bands at 382 cm™ and 318 cm™ are assigned to
the Cu-N and Cu-O stretching vibrations respectively. The molar conductivity
measurements supported the non-electrolytic nature of complex 3. This complex on
heating at 500°C it thermally decomposed to CuO. A FT-IR spectrum clearly shows the

formation of copper (11) oxide.

The robustness of the framework is

0

reflected in the thermogravimetric analysis

- -0.0005

of complex 3 which shows negligible

~ -0.001

TGA
osda

weight loss until about 140°C. The sample

- -0.0015

decomposed in a number of steps. Two

molecules of CO, were released in two well 2 x

-0.0025

100 200 300 400 500
Temp (°C)

acid groups (150-168°C; Am = 11.34% Figure 2.14 TGA and DSC pattern of complex 3.
calculated; 12.01% found; 176-205°C; Am

separated steps from coordinated carboxylic
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= 12.79% calculated; 13.19% found), which is in good agreement with the X-ray crystal
structure. Complete decomposition occurred at ~370°C resulting in the formation of black
CuO. The DSC-plot shows two exothermic peaks at 160°C and 190°C due to the loss of
CO, molecules. It also shows an exothermic peak at 370°C due to the decomposition of
the complex as shown in the (Figure 2.14).

The PXRD patterns also confirm the crystalline nature of the complex. The macroscopic
crystal shape and color remain unchanged after heating the crystals at 100 + 1°C for 3 h at
atmospheric pressure. New powder X-ray
data are collected every hour after the heat
treatment. The PXRD data reveal that the
crystalline  nature of the complex

framework is retained. Thermal

1 um

decomposition of the blue colored complex
) 4 i

3 was carried out at 500°C for 6 h in a Figure 2.15 Scanning electron micrograph of CuO

muffle furnace. The reaction product, black after thermolysis of complex 3 at 500°C (6 h).

colored copper (1) oxide, was obtained in

micro-plates morphology (Figure 2.15). The
length and breadth of these plates range
from 3 to 12 pym and 05 to 3 um

respectively. The average size and shape of

Intensity (a.u)

these plates remains unchanged with longer

reaction time, up to 14 h. SEM images k
taken of several batches of samples showed | ‘

é 30 40 50 60 70
that the entire surface of the plates are clean 2Theta

without any fracture. The crystallinity of Figure 2.16 PXRD pattern of CuO (tenorite) micro
these micro plates was analyzed by PXRD B

techniques. The diffraction peaks (Figure 2.16) can be indexed as the Tenorite structure of
CuO (PDF No. 00-005-0661), indicating that the Cu(ll)-bicine complex has been
thermally decomposed into CuO.X-ray diffraction pattern shows two enhanced (-111) and
(111) peaks at 2h values 35.554 and 38.731, resulting from the linear orientation of the

micro plates.

2.2.2 Gel mediated Copper Hydroxide and Copper Oxide
From the SEM picture (Figure 2.17) we had found copper hydroxide that was form in agar

as nice rod of average thickness 0.8 micron, in case of agarose gel small granular ball of
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about 100 nm has formed. The surface of these balls is un-even and they exist as large
aggregates. In presence of gelatin also ball has formed with an average diameter of 80
nm. These balls’s surface is smooth and they exist as separated balls in contrast to the
agarose gel. Energy dispersive X-ray spectrum it had been confirm that the sample contain
copper and oxygen. We had obtained CuO by thermal decomposition of corresponding
hydroxides (Figure 2.18). Thermal decomposition of copper hydroxide obtained from agar
gel results in the formation of copper oxide micro rod of average thickness of 1.2 micron.

Whereas copper hydroxide from agarose gel led to formation of CuO of various shape

from cube to sphere with particle size range from 50-100 nm.

) 4 o R
Figure 2.18 SEM image of CuO obtained from Cu(OH), from (a) Agar-Agar gel (b) Agarose gel and (c)
Gelatine.

%T
Intensity (a.u)

4000 3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (cm™)

Figure 2.19 FT-IR spectra and PXRD pattern of Cu(OH), and CuO.
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Gelatin results derived CuO from aggregates of granular balls of average diameter of 50
nm. From the Energy dispersive X-ray spectrum it had been confirm that the sample
contain copper and oxygen. PXRD pattern (Figure 2.19) confirms the bulk crystalline
nature of the copper oxide and mineral phase is confirmed to be Tenorite (PDF No.00-
005-0661). FT-IR spectra show the presence of CuO in bulk crystals (Figure 2.19).

2.2.3 Gel mediated Cobalt Hydroxide and Cobalt Oxide

From the SEM picture (Figure 2.20) we had found that cobalt hydroxide form flower like
structure in agar with average petal thickness of 100 nm. In presence of agarose gel small
rods (thickness < 100 nm) have formed and in case of gelatin cobalt hydroxide takes the

form as flower with petals of average thickness of 300 nm. From the EDAX spectrum it

had been confirm that the sample contain cobalt and oxygen.

Figure 2.21 SEM image of Co30, obtained from Co(OH), from (a) Agar-Agar gel (b) Agarose gel and (c)
Gelatine.

From the SEM picture (Figure 2.21) we had found that cobalt oxide had formed similar
structure to the cobalt hydroxide but smaller in size. From the Energy dispersive X-ray
spectrum it had been confirm that the sample contain cobalt and oxygen. PXRD pattern of
Co30,4 (PDF No. 00-009-0418) confirm crystalline nature of the bulk sample.
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2.2.4 Gel mediated Nickel Hydroxide and Nickel Oxide

Nickel hydroxide forms granular ball in agar of average diameter of 60 nm. In the
presence of agarose gel and gelatin aggregates of small spherical particles of 10-20 nm is
observed (Figure 2.22). From the Energy dispersive X-ray spectrum it had been confirm
that the sample contain nickel and oxygen. Thermal decomposition of Ni(OH); results in
the formation of crystalline Nickel Oxide. SEM picture (Figure 2.23) confirms that agar
gel NiO form nanorods of diameter of 60-100 nm. Whereas from agarose and gelatine it
forms aggregate of nanoparticles. The particles with a diameter range of 30-120 nm. FT-
IR and PXRD pattern (Appendix) of Nickel Oxide confirms the crystalline nature (PDF
No. 00-004-0835-Bunsenite, syn). From the Energy dispersive X-ray spectrum it had been

confirm that the sample contain nickel and oxygen.

Figure 2.23 SEM image of NiO obtained from Ni(OH), from (a) Agar-Agar gel (b) Agarose gel and (c)
Gelatine.

2.2.5 Gel mediated Mangnese Hydroxide and Manganese Oxide

From the SEM picture (Figure 2.24) we had found that Manganese hydroxide was form in
agar as rod in which some whiskers were growing from its body of thickness average 200
nm. In presence of agarose gel nano fibers are agglomerated and in case of gelatin it form
a 3D sponge network composed of nano fibers of average thickness of <80nm. From the
Energy dispersive X-ray spectrum it had been confirm that the sample contain Manganese
and oxygen. Thermal decomposition it all cases results in the formation porous aggregates
of spherical balls with a diameter range of 100-150 nm (Figure 2.25).
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Figure 2.24 SEM image of Mn(OH), from in presence of (a) Agar-Agar gel (b) Agarose gel and (c)

Gelatine.

‘a4 600

. s [ ]
Figure 2.25 SEM image of Mn,0O; obtained from Mn(OH), from (a) Agar-Agar gel (b) Agarose gel and (c)
Gelatine.

Application of Macroporous Metal oxide as a Heterogeneous Catalyst in

Organic Transformations

Almost the whole modern chemical industry depends on the development, selection and
application of catalysis. One of the new methods is to perform reactions on the surface of a
solid as a heterogeneous catalyst. Among the various inorganic materials, metal oxides
have attracted increasing technological and industrial interest. Metal oxides are important
class of heterogeneous catalyst because of their high level of chemo-selectivity,
environmental compatibility, simplicity of operation and availability at low cost. N-
Formylation is an important reaction in the formation of formamides [2.16]. Reported
methods for the N-acylation by a combination of amides and acyl donors are as follows:
lithiated amide—acyl chloride [2.17], amide-LiCl-acid anhydride [2.18]. The Friedel Craft
reaction is an important reaction for C-C bond formation. After over a century of
development, it still attracts much research interest in both academia and industry.
Bragnsted acid or Lewis acid-catalyzed imine or iminium Friedel Craft reactions (aza-
Friedel Craft reactions) are important methods to construct a variety of nitrogen containing
compounds [2.19].
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Porous materials have attracted the attention of chemists and materials scientists due to
commercial interest in their application in ion exchange, adsorption (for chemical
separations) and heterogeneous catalysis. These porous materials have the ability to
interact with atoms, ions and molecules not only at their surfaces, but also throughout the
bulk of the material, which is responsible for its functional diversities [2.20]. In this part of
the thesis application of macroporous transition metal oxides and malachite nano particles

in various organic transformations are discussed in details.

2.3 Experimental section

2.3.1 General procedure for N-formylation

To a mixture of HCO,H (2.5 — 3.0 mmol) and metal oxides (0.05 — 0.50 mmol) was added
an amine (1 mmol). The reaction mixture was heated in an oil bath at 70°C with
continuous stirring. The progress of the reaction was monitored by TLC. After the
completion of the reaction, CH,Cl, was added to the cooled reaction mixture and then
filtered to remove the metal oxides. The organic solvent was washed with H,O and a
saturated solution of NaHCO3; and dried over anhydrous Na,SO,. The solvent was
removed under reduced pressure and the crude product was chromatographed on a silica
gel column. Elution of the column with 20% ethyl acetate/petroleum ether gave the pure
N-formyl product. The final product was confirmed by *H NMR, FT-IR and compared
with authentic samples obtained commercially or prepared by reported methods [2.21].
After completion, the mixture was diluted with water (10 mL) and extracted with EtOAc
(3 X 10 mL). The combined organic layer was dried over anhydrous Na,SO, and
concentrated. The residue was subjected to column chromatography to obtain the pure
N-formyl

2.3.2 General procedure for acylation of amines, alcohols and phenols

To a mixture of metal oxides (0.05 - 0.5 mmol) and an acid chloride or anhydride (1
mmol), alcohol, phenol or amine (1 mmol) was added. In case of diols double molar
equivalents of metal oxides as well as acid chloride was used. The reaction mixture was
stirred with a mechanical stirrer for a certain period of time as required to complete the
reaction (monitored by TLC) at room temperature. The solid mixture was then eluted with
CH,ClI,, and the CH,ClI, extract was then washed with an aqueous solution of NaHCO3 and
dried over anhydrous Na,SO,. The extract was evaporated under reduced pressure and the
remaining residue was purified by silica-gel plate chromatography (n-Hexane:EtOAC=
8:2) to afford the desired ester. The identity of these compounds was easily established by

comparison of their 'H NMR spectra, FT-IR with those of authentic samples [2.22].
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2.3.3 General procedure for Friedel Craft acylation

To a mixture of metal oxides (0.05 - 0.5 mmol) and an acid chloride (1 mmol), aromatic
compound (1 mmol) was added. The reaction mixture was stirred for a certain period of
time as required to complete the reaction (monitored by TLC) at room temperature. The
solid mixture was then eluted with CH,ClI,, and the CH,Cl, extract was then washed with
an aqueous solution of NaHCOg3 and dried over anhydrous Na,SO,. Evaporation of organic
solvent furnished the corresponding product. The product was purified by column
chromatography on silica gel, eluting with n-hexane:EtOAc (20:1) to give the
corresponding aryl ketone. The identity of these compounds was easily established by
comparison of their *H NMR and FT-IR spectra with those of authentic sample [2.22,
2.23].

2.4 Results and discussion

2.4.1 Metal oxide catalyzed N- formylation of amine

For all the organic transformations, we first prepared the various transition metal
hydroxides in the presence of agar agar gel as templates. Later all these hydroxides were
heated to ~600°C to transform them to corresponding metal oxides. In case of N-
Formylation (Scheme 2.1, Figure 2.6) by macroporous ZnO, we got marginal

improvement compared to the reported value [2.21] as indicated in Table 2.2.

R R
Metal Oxide \ O
N—H + HCOOH —MM N

R2 70°C, Solvent- free
RY = Aryl, Alkyl; R? = Aryl, Alkyl, H

H

Scheme 2.1 N-Formylation of Amine under solvent free condition.

® R
RZQ O b e tHT N ppaofn N
N=C0 N

NH + C o) : NH—C— ,
R no 4 ‘tall AR Hzoe) R X,
R,= H, Aryl

Figure 2.26 Plausible mechanism of N-Formylation of Amine.

Table 2.2 Comparison of N-formylation of aniline (1 mmol) with formic acid (2.5 mmol) by using ZnO as

catalyst.
Entry  Catalyst Catalyst Time  Yield Reference
(mmol)  (min) (%) [
1 Commercial ZnO 0.50 10 99 [2.21]
2 ZnO (macroporous)  0.50 08 99 This work

ZnO (macroporous)

3 0.25 120 55

[l 1solated yields
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The reaction conditions were standardized after conducting the N-formylation of aniline in
different amounts of metal oxides catalyst (Table 2.3) and reaction time. For N-
formylation of aniline, 70°C is proven to be the optimum temperature. This corresponds
well with the reported value [2.21]. Thus under optimum conditions, 1 mmol of aniline
was formylated in solvent free conditions with 2.5 mmol of formic acid using 0.25 mmol
CuO, 0.20 mmol NiO, 0.20 mmol CoO, 0.05 mmol Mn,O3, and 0.05 mmol Cr,0O3 as a
heterogeneous catalyst. Under similar reaction conditions more amounts (0.50 mmol) of
ZnO is required [2.21]. Thus we can conclude, macroporous transition metal oxides (viz:

CuO, NiO, Co0O, Mn,03, and Cr,03) are more efficient heterogeneous catalyst. This is

Table 2.3 N-Formylation of aniline (1 mmol) with formic acid (2.5 mmol) at 70°C.

Entry Catalyst Catalyst(mmol) Time Yield
(min) (%)™

1 CuO 0.50 25 90
2 CuO 0.25 25 95
3 CuO 0.25 40 oM
4 CuO 0.10 40 50
5 Cuo 0.05 120 -
6 NiO 0.50 60 60
7 NiO 0.20 10 99
8 NiO 0.20 25 g4l
9 NiO 0.10 20 95
10 NiO 0.05 25 80
11 Co0 0.50 45 80
12 CoO 0.20 30 99
13 Co0 0.20 60 85
14 CoO 0.10 40 95
15 CoO 0.05 70 85
16 Mn,0; 0.50 120 -
17 Mn,0; 0.20 60 50
18 Mn,0; 0.10 45 74
19  Mny0s 0.05 15 92
20 Mny,O4 0.05 35 oM
21 Cr0; 0.50 30 80
22 Cr04 0.20 35 90
23 Cr0, 0.10 25 95
24 Cr04 0.05 25 90
25  Cr04 0.05 55  goM

4 ields are of the isolated compounds; ™ Reaction performed at 60 °C.
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because macroporous oxides have large internal surface area and pore volume. This in turn
allows control over the diffusion of both reagents and products into and out of the porous
medium [2.24]. But when we used lesser amount of CuO (Table 2.3, entries 4, 5), CoO
(Table 2.3, entries 14, 15) and Cr,0O3 (Table 2.3, entries 23, 24) we got comparatively

Table 2.4 List of amines used in N-Formylation reaction in presence of metal oxides as catalyst at 70°C.

1 1
R Metal Oxide R O

TH-975_06612204

N—H +HCOOH — > N

70°C, Solvent- free

R2 H
RY = Aryl, Alkyl; R? = Aryl, Alkyl, H
Entry Substrates Product Metal Oxides Time Yield
(mmol) (min) (%)™
1 CuO (0.25) 15 9
2 NiO (0.20) 10 99
3 NH, NHCHO CoO (0.20) 25 99
4 ©/ ©/ Mn,0; (0.05) 15 95
5 Cr,0; (0.05) 25 98
6 CuO (0.25) 60 90
7 NiO (0.20) 55 90
8 NH, NHCHO CoO (0.20) 60 92
9 Oi Oi Mn,0; (0.05) 75 85
10 cl cl Cr,0; (005) 70 85
11 CuO (0.25) 20 I 92
12 NH, NHCHO NiO (0.20) 20 9
13 CoO (0.20) 25 88
14 Mn,O; (0.05) 30 88
15 Sl Cl CrOs (0.05) 30 85
16 CuO (0.25) 60 94
17 NH, NHCHO NiO (0.20) 60 90
18 C[ Oi Co0 (0.20) 60 92
19 X Br Mn,0; (0.05) 70 85
20 Cr,0; (0.05) 70 85
21 CuO (0.25) 25 92
22 NH, NHCHO NiO (0.20) 25 95
23 CoO (0.20) 25 88
24 Mn,O; (0.05) 35 85
25 Br Br Cr0s (0.05) 35 85
26 CuO (0.25) 20 98
27 NH, NHCHO NiO (0.20) 40 95
28 C[ @ CoO (0.20) 60 85
29 OH OH Mn,O; (0.05) 75 85
30 Cr,0; (0.05) 50 85
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31 Cuo (0.25) 50 94
2 NHCHO  Ni0(020) 55 92
33 Co0(020) 60 92
34 Mn,O, (0.05) 80 88
35 OH Cr0s (0.05) 75 90
3 Cuo (0.25) 45 98
37 NHCHO NiO(0.20) 50 95
38 /O /©/ Co0(020) 60 85
39 HO HO Mn,0; (0.05) 75 85
40 CrO; (0.05) 60 85
a1 Cuo(025) 60 88
42 NHCHO  NiO(020) 40 92
43 CoO(020) 80 85
44 Mn,Os (0.05) 90 88
45 DSe CrOs (0.05) 90 92
46 Cuo (025) 65 o2
47 NHCHO NiO (020) 60 91
s i C/O L /O/ Co0(020) 70 92
49 Mn,Os (0.05) 90 82
50 CrO; (0.05) 90 80
51 Cuo(025) 40 90
52 NiO (0.20) 45 88
53 CHsCH,CH,CH,NH,  CHZCH,CH,CH,NHCHO — CoO (0.20) 50 90
54 Mn,Os (0.05) 60 90
55 CrO; (0.05) 60 85

[ yields are of the isolated compounds.

Table 2.5 Reuse of various metal oxides for N-formylation amine.

NH, NHCHO
Metal Oxide
+ HCOOH—— + HyO
70°C

Catalyst Number of Yield Recovery of

(mmol) cycle (%) catalyst (%)
Cu0 (0.25) 1,23 96,90,88 96, 92,92
NiO (0.20) 1,2,3 99,94,90 96,91,91
Co0 (0.20) 1,23 99,95,90 95,90, 90

Mn,0O; (0.05) 1,23 95,89,84 95,90, 90
Cr,03 (0.05) 1,23 98,92,84 94,90, 90
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poor yield. The results of N-Formylation (Scheme 2.1) in optimized reaction conditions of
different substrates were summarized in the Table 2.4. Both aromatic amine possessing
electron donating and electron withdrawing groups (Table 2.4, entries 1-50) as well as
aliphatic amine (Table 2.4, entries 51-55) proceed smoothly to give N-formylated products
in excellent yield. To the best of our knowledge, these reactions were never been reported
by using these macroporous transition metal oxides. The catalytic activity of the recovered
catalyst was examined as shown in the Table 2.5. In each case, after two and three reuses
of these catalyst, almost >90% of the catalyst was easily recovered from the reaction
mixture by simple filtration after washing with dichloromethane. Catalytic activity

remains even after third cycle.

2.4.2 Metal oxide catalyzed acylation of amines

In case of N-Acylation (Scheme 2.2, Figure 2.27) by macroporous ZnO, we got excellent
result using half of the amount (0.25 mmol) of catalyst compared to that reported value
(0.50 mmol) [2.25]. The results with ZnO are summarized in Table 2.6.

. R 0
R\ Metal Oxide \
H/ 25°C, Solvent-free H/ CH,
R = Aryl, Alkyl

Scheme 2.2 N-Acylation of Amine under solvent free condition.

H, G

HsC f‘ A
>= \ﬁ O - CH,cooH H /CH3
R \
T r e .\ NH
NH + >= H / 3
>=O Ry 0]
Rl—AryI HaG

Figure 2.27 Plausible mechanism of N-Acetylation of Amine

Table 2.6 Comparison of N-acylation of aniline (1 mmol) with acetic anhydride (1 mmol) using commercial

Zn0O and macroporous ZnO.

Entry Catalyst Amount of Catalyst Time Yield Reference
(mmol) (min.) (%)
1 Commercial ZnO 0.5 10 96 [2.26]
2 ZnO (macroporous) 0.50 08 98
3 ZnO (macroporous) 0.25 12 92 )
4 ZnO (macroporous) 0.10 35 75 This work
5 ZnO (macroporous) 0.05 65 50

[ Yields are of the isolated compounds.
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Catalytic activity of the transition metal oxides as a heterogeneous catalyst for N-
Acylation of amine are summarized in the Table 6. Here we can notice that, we got better
result using fewer amounts (0.25 mmol - 0.05 mmol) of catalyst with respect to the
commercial powder ZnO. As shown in Table 2.7, the reaction of aniline (1 mmol) as a
standard with acetic anhydride (1 mmol) was examined under various solvent free reaction
conditions. The best results were obtained using 0.05 mmol CuO, NiO, CoO, Mn,03; and
Cr,03. Where as 0.50 mmol ZnO was required to carry out the same conversion as

reported in literature [2.25].

Table 2.7 List of amines used in N-Acylation (1 mmol) with acetic anhydride (1 mmol) at 25 -C.

Entry Catalyst Catalyst Time Yield
(mmol) (min) (%)®

1 CuO 0.05 10 95
2 CuO 0.10 15 90
3 CuO 0.20 15 80
4 CuO 0.50 25 70
5 NiO 0.05 15 98
6 NiO 0.10 20 95
7 NiO 0.20 30 93
8 NiO 0.50 30 90
9 CoO 0.05 15 98
10 CoO 0.10 30 95
11 CoO 0.20 40 90
12 CoO 0.50 40 80
13 Cr,04 0.05 10 90
14 Cr,04 0.10 15 85
15 Cr,0; 0.20 25 80
16 Cr,04 0.50 25 70
17 Mn,04 0.05 15 90
18 Mn,04 0.10 25 80
19 Mn,O3 0.20 40 80

20 Mn,O3 0.50 40 70

ElYields are of the isolated compounds.

The experimental result of the acylation of different classes of amines is summarized in
the Table 2.8. In these reactions, acetic anhydride was preferred over acid chlorides
because amines reacted very rapidly to acid chlorides at room temperature, which makes it
difficult to monitor the reactions. Acylation of aromatic amines containing both electron

donating as well as electron withdrawing group (Table 2.8, entries 1 — 35) were efficient
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Table 2.8 List of amine used in N-Acylation reaction in presence of various metal oxides as catalyst.

R O

R\ Metal Oxide \

N—H + (CH3CO)20—> N

H/ 25°C, Solvent-free H/ CH,

R = Aryl, Alkyl

Entry Substrates™ Product Metal Oxides Time Yield

(mmol) (min) (%) ®
CuO (0.05) 10 95

NiO (0.05) 10 98
CoO (0.05) 10 98
Mn,O; (0.05) 10 90
Cr,0; (0.05) 10 90
CuO (0.05) 15 9%
NiO (0.05) 15 95
Co0 (0.05) 20 95
Mn,0; (0.05) 20 90
Cr,0; (0.05) 25 88

NH CO CHj

©/NH2

Q

NHCOCH3

© 00 N O o B~ W N B

=
o

11
12
13
14
15

CuO (0.05) 30 92

NHCOCH;  NiO (0.05) 40 90
CoO (0.05) 60 85
Mn,0; (0.05) 65 85

Cr,0; (0.05) 75 95
16 CuO (0.05) 15 9%
17 NiO (0.05) 12 il 92

18 )J\C(NHCOCHs CoO (0.05) 20 9%
19 Mn,0; (0.05) 25 88

20 Cr,0; (0.05) 25 85
21 CuO (0.05) 12 86
22 NHCHO NiO (0.05) 15 90
23 Co0 (0.05) 15 85
24 Mn,0; (0.05) 30 90
25 Cr,0; (0.05) 35 92
26 CuO (0.05) 15 9%
27 NHCHO  NiO (0.05) 20 95
28 /O/ Co0 (0.05) 20 95
29 Mn,0; (0.05) 40 90
30 Cr,0; (005) 35 88

31 CuO (0.05) 25 80
32 NH, NHCOCH, NiO (0.05) 30 80
33 ©: Co0 (0.05) 30 82
34 CN CN Mn,0; (0.05) 45 75
31 CuO (0.05) 25 80

[ Yields are of the isolated compounds.
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as well as fast. Macroporous transition metal oxide catalyzed efficient N-acylation of
amines is rare to the best of our knowledge. Recovery and catalytic activity of the catalyst
were tested for three cycles and found that more that 90% catalyst was easily recovered.

The catalytic activities of the recovered catalyst were examined as shown in the Table 2.9.

Table 2.9 Reusability of various metal oxides for N-acylation of amine.

NH; Metal Oxides NHCOCH;
@ + (CHCO0 — - =© + CH3COH

Catalyst Number of Yield (%) Recovery of

(mmol) cycle catalyst (%)
CuO (0.25) il 223 95,90,87 96,92, 92
NiO (0.20) 1,248 98,94,90 96, 93, 93
Co0 (0.20) 1,2,3 98,95,92 95,91,91

Mn,0O; (0.05) 1,23 90,84,80 95,91,91
Cr,03 (0.05) 1,2,3 90, 83,80 95,90, 90

2.4.3 Metal oxide catalyzed acylation of phenols

In case of O-Acylation phenols (Scheme 2.3) by macroporous ZnO, we again got better
result using half of the amount (0.25 mmol) compared to the reported one (0.50 mmol)
[2.25]. The results are summarized in Table 2.10. When we used other transition metal
oxides as a heterogeneous catalyst as shown in the Table 10, in each case we got better

result with respect to the porous ZnO.

Metal Oxide o

R—(:D:—H + CH,COCI
25°C, Solvent-free ~
CH;

R = Aryl

Scheme 2.3 O-Acylation of Phenols under solvent free condition.

Table 2.10 Comparison of O-acylation of phenol (1 mmol) with acetyl chloride (1 mmol) by using

commercially available ZnO and macroporous ZnO at 25°C.

Entry Catalyst Catalyst Time Yield Reference
(mmol)  (min.) (%)™
1 Commercial ZnO 0.50 15 94 [2.26]

2 ZnO (macroporous) 0.50 08 96
3 ZnO (macroporous) 0.25 10 90
4
5

Thi k
ZnO (macroporous) 0.10 15 78 15 wor

ZnO (macroporous) 0.05 45 57

[ Yields are of the isolated compounds.
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As shown in Table 10, the reaction of phenol (1 mmol) as a standard with acetyl chloride
(2 mmol) was examined under various catalyst concentrations. The best results were
obtained in solvent free conditions using 0.20 mmol CuO (entry 2), 0.20 mmol CoO (entry
5), 0.20 mmol NiO (entry 8), 0.05 mmol Mn,0;3 (entry 10) and 0.05 mmol Cr,O3 (entry
13). Whereas, 0.50 mmol ZnO was reported in literature [2.25].

Table 2.11 O-Acylation of phenol (1 mmol) with acetyl chloride (1 mmol) at 25 -C.

Entry Catalyst Catalyst Time Yield
(mmol)  (min) (%)®

1 CuO 0.10 15 80
2 CuO 0.20 10 95
3 CuO 0.30 25 95
4 CoO 0.10 20 60
5 CoO 0.20 10 95
6 CoO 0.30 25 90
7 NiO 0.10 15 80
8 NiO 0.20 10 92
9 NiO 0.30 20 88
10 Mn,03 0.05 10 90
11 Mn,05 0.10 15 80
12 Mn,04 0.30 25 80
13 Cr,0; 0.05 10 85
14 Cr0; 0.10 15 80

15 Cr,0; 0.30 25 70

4 Yields are of the isolated compounds.

Table 2.12 List of phenols used in O-Acylation reactions in presence of metal oxides as catalyst at 25°C.

. Metal Oxide P
R—O—H + CH3COCI —
. 25°C, Solvent-free " sy
R=Aryl 3
Entry Substrates Product Metal Oxides ~ Time (min)  Yield
(mmol) (%)™
1 CuO (0.20) 10 95
2 OH OCOCH;4 NiO (0.20) 10 92
3 ©/ ©/ CoO (0.20) 10 95
4 Mn,O; (0.05) 10 90
5 Cr,03 (0.05) 10 85
6 CuO (0.20) 25 92
7 OH OCOCH; NiO (0.20) 25 90
8 Co0 (0.20) 30 92
NO, NO,
9 Mn,0O; (0.05) 40 88
10 Cr,03 (0.05) 40 90
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11 CuO (0.20) 12 90
12 OH OCOCH,4 NiO (0.20) 10 86
13 /Cj Q CoO (0.20) 15 90
TR c Mn,0; (0.05) 20 90
15 Cr,0; (0.05) 20 90
16 CuO (0.20) 25 92
17 OH OCOCH, NiO (0.20) 30 95
18 OO CO Co0 (0.20) 25 86
19 Mn,0; (0.05) 45 85
20 Cr,0; (0.05) 50 82

[ yields are of the isolated compounds.

The results of O-acylation of different phenols are summarized in Table 2.12. For these set
of reactions, acid chloride was preferred over corresponding acetic anhydride because
reaction with acetic anhydride was too sluggish to have any practical applications.
Phenolic compounds containing both electron-withdrawing and donating groups reacted
almost equally efficiently under these reaction conditions. This is the first demonstration
of the macroporous transition metal oxides based O-acylation reactions. The Catalytic
activity of the recovered catalyst were examined as shown in the Table 2.13, In each case,
after 2-3 reuses of these catalyst, almost >90% was easily recovered from the reaction

mixture by simple washing with dichloromethane, which retain their catalytic activity.

Table 2.13 Reuse of various metal oxides for O-acylation of phenol.

OH ’ OCOCH3
Metal Oxide
+ CHyCOCl——— + Hcl
25°C

Catalyst Number of Yield Recovery of

(mmol) cycle (%) catalyst (%)
CuO (0.20) 1,2,3 95,90,86 95,92, 92
NiO (0.20) 1,2,3 95,90,86  95,92,92
Co0 (0.20) 1,2,3 90, 84,80 95,91,91

Mn,0O; (0.05) 1,23 90,86,81 95,91,91
Cr,03 (0.05) 1,2,3 85,82,78 95,91,91

2.4.4 Metal oxide catalyzed acylation of alcohols
In case of acylation of alcohols (Scheme 2.4, Figure 2.28) by macroporous ZnO, we also
got better result with lesser amount (0.20 mmol) of catalyst compared to the literature

(0.50 mmol) as shown in Table 2.14 [2.25]. When we used other transition metal oxides as
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a heterogeneous catalyst as shown in the Table 2.15, in each case we got better result by

using less amount (0.25 mmol - 0.05 mmol) of catalyst with respect to ZnO.

Metal Oxide o
R—O—H +CHCOCl — 5 R—O—/<

25°C, Solvent-free
R = Alkyl CHs

Scheme 2.4 O-Acylation of Alcohols under solvent free condition.

HsC R CHs R /CHs
R\d PNLY —— "~ \c A= o W — N
: =0 =—= ,-0—¢- N
o HT? CIQ cl ’\E/) Y Yo

R= AlkylAryl

Figure 2.28 Plausible mechanism of O-Acetylation of Alcohol

Table 2.14 Comparison of O-acylation of ethanol (1 mmol) with acetyl chloride (1 mmol) by using

commercially available ZnO and macroporous ZnO at 25°C.

Entry Catalyst Amount of Time Yield Reference
Catalyst (mmol) (min) (%)
1 Commercial ZnO 0.50 10 95 [2.26]
2 ZnO (macroporous) 0.50 10 98
3 ZnO (macroporous) 0.20 12 95
4 ZnO (macroporous) 0.10 20 82 This Wil
5 ZnO (macroporous) 0.05 50 60

Table 2.15 O-Acylation of ethanol (1 mmol) with acetyl chloride (1 mmol) at 25 -C.

Entry Catalyst Catalyst Time Yield
(mmol)  (min) (%)X

L CuO 0.10 10 78
2 CuO 0.20 10 95
3 CuO 0.30 15 90
4 CoO 0.10 15 74
5 CoO 0.20 10 94
6 CoO 0.30 10 90
7 NiO 0.10 15 80
8 NiO 0.20 10 94
9 NiO 0.30 15 88
10 Mn,04 0.05 15 92
11 Mn,05 0.10 25 80
12 Mn,O4 0.30 25 80
13 Cr,0; 0.05 15 94
14 Cr,04 0.10 35 86

15 Cr,03 0.30 40 70

@ Yields are of the isolated compounds.
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Table 2.16 List of phenols used in O-Acylation reaction in presence of metal oxides as catalyst at 25°C.
)

Metal Oxide
R—O—H +CHCOCl — » R—04<

25°C, Solvent-free

R = Alkyl CHj
Entry Substrates Product Metal Oxides Time Yield
(mmol) (min) o [
1 CuO (0.20) 10 95
2 NiO (0.20) 10 92
3 CH3CH,0H CH4CH,OCOCH;  CoO (0.20) 12 92
4 Mn,0; (0.05) 15 85
5 Cr,0; (0.05) 15 82
6 CuO (0.20) 10 90
7 NiO (0.20) 12 88
8 HO \_-OH HsCOCO™ \OCOCH;  Co0 (0.20) 15 92
9 Mn, 05 (0.05) 25 90
10 Cr,0; (0.05) 25 90
11 CuO (0.20) 25 80
12 OH OCOCH, NiO (0.20) 25 76
13 Co0 (0.20) 30 78
14 Mn,0; (0.05) 35 72
15 Cr,05 (0.05) 35 70
16 CuO (0.20) 20 90
47 OH OCOCH,4 NiO (0.20) 20 90
18 MOH OCOCH;  Co0 (0.20) 25 86
19 Mn, 05 (0.05) 40 80
20 Cr,05 (0.05) 45 78
21 CuO (0.20) 20 85
22 OH OCOCH;  NiO (0.20) 20 80
23 ><:§< _@ < Co0 (0.20) 25 85
24 Mn,05 (0.05) 30 78
25 Cr,05 (0.05) 35 85

Elyields are of the isolated compounds.
(entry 5), 0.20 mmol NiO (entry 8), 0.05 mmol Mn,03 (entry 10) and 0.05 mmol Cr,O3

(entry 13) as catalyst. However, 0.50 mmol ZnO was reported in literature for the same
reaction [2.25]. Acylation of diverse range of alcohols viz primary alcohol (Table 2.16,
entries 1-5), diol (Table 2.16, entries 6-10), secondary alcohol (Table 2.16, entries 11-15),
bearing both primary as well as secondary alcohol group (Table 2.16, entries 16-20) and
optically active alcohol (Table 2.16, entries 21-25) results in excellent yield without any
side product. To the best of our knowledge, these reactions were never been reported by

using these types of macroporous transition metal oxides as a heterogeneous catalyst. The
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Catalytic activity of the recovered catalyst were examined as shown in the Table 2.17, In
each case, after two and three recycles of these catalyst, almost >90% was easily

recovered from the reaction mixture by simple washing with dichloromethane.
Table 2.17 Reuse of various metal oxides for O-acylation of ethanol.

Metal Oxide
CH3CH,0H + CHZCOCI CH3CH,OCOCH;3 + HCI

250C

Catalyst Number of Yield Recovery of

(mmol) cycle (%) catalyst (%)
CuO (0.20) 1,2,3 95,90,86 96,92, 92
NiO (0.20) 1,2,3 92,85,81 95,92,91
Co0 (0.20) 1, 243 92,84,78 95,91, 91
Mn,0; (0.05) 1,2,3 85,80,72 95,90, 90
Cr,03 (0.05) 1,2,3 82,75,70  95,90,90

2.4.5 Metal oxides catalyzed Friedel Craft acylation
Finally, Friedel Craft acylation reaction (Scheme 2.5, Figure 2.29) was carried under
solvent free conditions using the various metal oxides as a heterogeneous catalyst.

Metal Oxide
RH + PhCOCI » RCOPh

R= Aryl 25°C, Solvent-free

Scheme 2.5 Friedel Craft Acylation under solvent free condition.

O

Q 9 Metal Oxide Catalyst ” ®

)I\ )]\ |

HsC (0] CH;, 0 (|2H3 a

0 ® ®
|® _~ s bl { e
C ——— W _—
I
CHs H

Figure 2.29 Mechanism of Friedel Craft reaction

For Friedel Craft acylation (Scheme 2.5) also we got better result using half the amount of
macroporous ZnO (0.25 mmol) compared to the reported value [2.28]. The results with
ZnO are summarized in Table 2.18. When we used other transition metal oxides as a

heterogeneous catalyst as shown in the Table 2.19, 2.20 in each case we got better result
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by using less amount (0.25 mmol - 0.05 mmol) of catalyst. Formation of acylium ion by

metal oxide catalyst has been explained by following scheme [2.29].

Step 1: Formation of acylium ion mediated by metal oxide
0]

® ? s ® ®
)I\ )I\ + M EE M 4 CH,C=0 =—> CH;C=0
H5C O CH3 acylium ion

Step 2: Electrophilic attack of benzene ring on carbocation and formation of product

CH,4 Oy CH3

®
M
CH3(3— MAAN\ +
CH3COOH

Table 2.18 Comparison of Friedel Craft acylation of toluene (1 mmol) with benzoyl chloride (1 mmol) by

using commercially available ZnO and macroporous ZnO at 25°C.

Entry Catalyst Catalyst Time Yield Reference
(mmol) (min) (%)™
1 Commercial ZnO 0.50 10 86 [2.27]

2 ZnO (macroporous) 0.50 05 95
3 ZnO (macroporous) 0.25 08 88
4
5

Thi k
ZnO (macroporous) 0.10 25 78 VS

ZnO (macroporous) 0.05 30 56

[ Yields are of the isolated compounds.

Table 2.19 Friedel Craft acylation of toluene (1 mmol) with benzoyl chloride (1 mmol) at 25 °C.

Entry Catalyst Catalyst Time Yield
(mmol) (min) (%)

1 Cr,03 0.05 70 70
2 Cr,04 0.10 55 75
3 Cr,03 0.20 40 80
4 Cr,03 0.30 25 90
5 Cr,03 0.50 60 75
6 CoO 0.05 65 35
7 CoO 0.10 70 45
8 CoO 0.20 60 65
9 CoO 0.30 25 82
10 CoO 0.50 60 60
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From the Table 2.19, it is clear that only Cr,O3 and CoO were catalyzing the Friedel Craft
reaction while the other oxides viz: CuO, NiO and Mn,O3 were unable to catalyze this
reaction. This is because in the course of the reaction, only Cr,03 and CoO is generating in
situ Lewis acids CrCl, and CoCl, respectively. Presence of Lewis acid is necessary for the
Friedel Craft reaction. The best results were obtained when 1 mmol Toluene is mixed with
1 mmol Benzoyl Chloride in solvent free conditions using 0.30 mmol of Cr,O3 (entry 4)
and CoO (entry 9). The results of Friedel Craft acylation are summarized in the Table
2.20. Acylation occurs exclusively at the position para to -OMe, Me (Table 2.20, entries 1
to 4). Acylation of heterocyclic compounds such as furan (Table 2.20, entries 7 and 8)
forms 2-acylated product in excellent yield. In case of benzene and anthracene (Table
2.20, entries 5, 6, 9 and 10), as themselves are less reactive, hence produces very less
yield. To the best of our knowledge, these reactions were also never been reported by
using these macroporous transition metal oxides. Here also the catalytic activity of the
recovered catalyst were examined as shown in the Table 2.21, In each case, after two and
three reuses of these catalyst, almost >90% was easily recovered from the reaction mixture

by simple washing with dichloromethane.

Table 2.20 List of substrate used in Friedel Craft acylation in presence of metal oxides as catalyst at 25 -C.

Metal Oxide
RH + PhCOCI » RCOPh
R= Aryl 25°C, Solvent-free
Entry Substrates Product Metal Oxides Time (min)  Yield
(mmol) (%)™
1 OMe ) Cr,03(0.30) 8 94
AN
2 ) L Co0(030) 10 90
Me
3 Me 0 Cr,05(0.30) 20 90
PPN
4 @ I CoO (0.30) 20 82
Me N =
5 0 Cr,05(0.30) 120 55
PN NN
6 V= C00 (0.30) 130 52
7 Cr,05(0.30) 10 90
0 Joa
8 9 C\) Co0 (0.30) 12 90

9 o_n Cr,05(0.30) 130 55
10 OOO Co0 (0.30) 140 54

(4 Yields are of the isolated compounds
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Table 2.21 Reuse of various metal oxides for Friedel Craft acylation.

Metal Oxide
@ + PhC 0 “ + HCl
25°C Me O

Catalyst Number of Yield Recovery of

(mmol) cycle (%) catalyst (%)
Cr,03(0.30) 1,23 90, 84,80 96,92,91
Co0 (0.30) 1,2,3 82,76,72 95,91, 90

Summary

In conclusion, we have synthesized some inorganic materials of various morphologies by
thermal decomposition of their precursors (MOF of metal hydroxides) or by stabilizing the
nano particles in the presence of surfactant. These materials we have shown as an efficient
eco-friendly heterogeneous catalyst for different organic reactions. These materials we
have developed to used as a simple heterogeneous catalyst in solvent-free or with solvent
at room temperature. The significant features of these methods include its ease of
operation, low cost of the catalyst, mild conditions, clean reaction condition, high yields,
and green in nature. Due to the presence of large internal surface area and pore volume,
porous metal oxides has control over the diffusion of both reagents and products into and
out of the porous medium. Similarly due to large surface area of malachite nano particles
it facilitated to convert the reactant into product very efficiently. These porous oxides just
create an environment or make a place for the reactants to adsorb on the metal oxide.
Since the catalysts were macro-porous in nature, they help the reactants to come in close

contact of each other within the pores that it has as shown below:

Microporous Metal oxide

P PW W q Q ACQA e ACOA Q
(€4 JEC* JUC® TS JUCS s ) Q CQ Q ACQA Q ACQ
PR @my @O0 D D
Regeneration of -\ piffusion OUT of D:g;;'::tlr?ﬂ
";\‘,‘lggfg;ﬁiug Products AB
QWO @
AB BA AB BA AB
(6 N JUCS NUTS BuTe e
BA _AB BA AB BA
Q QL QO W @
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APPENDIX
Table S1. Selected Bond Lengths [A] and Angles [°] of complexes 1.
Zn(1)-0(1) 2.068(3) Zn(1)-0(9) 2.105(3)
Zn(1)-0(3) 2.074(2) Zn(1)-0(8) 2.107(3)
Zn(1)-0(7) 2.0671(17) Zn(1)-N(1) 2.222(2)
O(7)-Zn(1)-0(2) 96.38(11) 0(3)-Zn(1)-0(8) 94.02(11)
O(7)-Zn(1)-0(3) 84.50(8) 0(9)-Zn(1)-0(8) 87.83(15)
0(1)-Zn(1)-0(3) 94.49(12) O(7)-Zn(1)-N(1) 162.19(11)
O(7)-Zn(1)-0(9) 97.11(9) 0(1)-Zn(1)-N(2) 80.85(10)
0(1)-Zn(1)-0(9) 83.48(15) 0(3)-Zn(1)-N(2) 78.22(7)
0(3)-Zn(1)-0(9) 177.52(14) 0(9)-Zn(1)-N(1) 100.02(8)
O(7)-Zn(1)-0(8) 91.62(11) 0(8)-Zn(1)-N(1) 93.84(11)
0(1)-Zn(1)-0(8) 168.84(9)
Table S2. Selected Bond Lengths [A] and Angles [°] of complexes 2.
Zn(1)-0(11) 1.948(2) Zn(2)-N(2) 2.039(3)
Zn(1)-0(5) 1.976(2) Zn(2)-0O(11)#2  2.351(2)
Zn(1)-0(1) 1.983(2) Zn(2)-0(12) 2.418(3)
Zn(1)-N(1) 2.036(3) Zn(3)-0(18) 2.063(3)
Zn(1)-0(3) 2.365(2) Zn(3)-0(17) 2.075(3)
Zn(1)-O(4)#1  2.402(3) Zn(3)-0(14) 2.086(3)
Zn(2)-0(3) 1.947(2) Zn(3)-0(15) 2.095(4)
Zn(2)-0(7) 1.987(2) Zn(3)-0(16) 2.104(2)
Zn(2)-0(9) 1.994(2) Zn(3)-0(13) 2.111(3)
0(11)-Zn(1)-0(5) 95.40(9) 0(9)-Zn(2)-0(11)#2  92.99(9)
0(11)-Zn(1)-0(2) 97.46(9) N(2)-Zn(2)-O(11)#2 79.67(9)
0(5)-Zn(1)-0(1) 165.17(11) 0(3)-Zn(2)-0(12) 82.83(10)
0O(11)-Zn(1)-N(2) 173.78(10) 0O(7)-Zn(2)-0(12) 87.69(13)
0O(5)-Zn(1)-N(2) 83.90(9) 0(9)-Zn(2)-0(12) 86.38(13)
0O(1)-Zn(1)-N(2) 82.52(8) N(2)-Zn(2)-0(12) 90.48(11)
0O(11)-Zn(1)-0(3) 105.78(10) O(11)#2-Zn(2)-0(12) 170.13(9)
0(5)-Zn(1)-0(3) 88.68(9) 0(18)-Zn(3)-0(17) 178.26(10)
0(1)-Zn(1)-0(3) 94.88(8) 0(18)-Zn(3)-0(14) 85.98(10)
N(1)-Zn(1)-0(3) 80.39(10) 0O(17)-Zn(3)-0(14) 92.40(11)
0O(11)-Zn(1)-O(4)#1  84.60(10) 0(18)-Zn(3)-0(15) 92.74(16)
0(5)-Zn(1)-0(4)#1  88.51(11) 0O(17)-Zn(3)-0(15) 86.82(15)
0(1)-Zn(1)-O(4)#1  85.39(10) 0(14)-Zn(3)-0(15) 97.64(13)
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N(1)-Zn(1)-O(4)#1  89.20(11) 0(18)-Zn(3)-0(16) _ 86.87(10)
0(3)-Zn(1)-O(4)#1  169.46(10) 0(17)-Zn(3)-0(16)  94.82(11)
0(3)-Zn(2)-0(7) 95.41(10) 0(14)-Zn(3)-0(16)  169.56(13)
0(3)-Zn(2)-0(9) 97.50(9) 0(15)-Zn(3)-0(16)  90.30(12)
0(7)-Zn(2)-0(9) 165.00(10) 0(18)-Zn(3)-0(13)  92.83(14)
0(3)-Zn(2)-N(2) 173.24(10) O(17)-Zn(3)-0(13)  87.79(15)

0(14)-Zn(3)-0(13)  88.87(12)
0(15)-Zn(3)-0(13)  171.71(14)
0(16)-Zn(3)-0(13)  83.88(12)

0(7)-Zn(2)-N(2) 83.30(9)
0(9)-Zn(2)-N(2) 82.98(9)
0(3)-Zn(2)-O(11)#2  107.01(10)

O(7)-Zn(2)-O(11)#2  90.51(8)

Table S3. Selected bond length (A) and angles (°) of complex 3.

Cu(1)-O(1)#1 1.947(2) Cu(1)-N(1)#1 2.057(3)

Cu(1)-0(1) 1.948(2) Cu(1)-N(2) 2.057(3)
O(1)#1-Cu(1)-O(1) 180.0 N(1)#-Cu(1)-N(1) 180

O(1)#-Cu(1)-N(2)#1 85.56(9) O(1)#1-Cu(1)-N(1) 94.44(9)
O(1)-Cu(1)-N(1)#1 94.44(9) 0O(1)-Cu(1)-N(1) 85.56(9)
Symmetry transformation used to generate equivalent atoms: #1 —x, y+1/2, z+1/2; #2 —X, -y, -z,;#3 X, -y -
1/2,z -1/2.

Table S4. Non bonding distances (A) angles (°) of complex 3.

D-H-A H..AA) D...A Z D-H...A (9
03-H3-01 2.668 3.488 150.31
03-H3-02 1.864 2.711 153.82
04-H4+02 1.907 2.726 176.71
C1-H1B-0O4 2.454 3.415 170.90
C4-H4A-03 2.565 3.356 138.74
C6-H6a"04 2.578 3.543 173.28
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Figure S1. FT-IR spectra and PXRD pattern of Ni(OH), and NiO.
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Chapter 3 Solid-State Synthesis of Some Heterocyclic Compounds of Medicinal Importance

In recent times, the progress in the field of solvent-free reactions is gaining significance
because of their high efficiency, operational simplicity and environmentally benign
processes. This is the one of the most popular methodology in “Green Chemistry”. Solvent
less organic reactions based on grinding of two macroscopic particles together [3.1]
mostly involve the formation of a liquid phase prior to reaction, i.e., formation of a
eutectic melt of uniform distribution where the reacting components being in close
proximity are poised to react in a controlled way. Solid-state reaction is a green reaction
and can be accelerated by heating, shaking, grinding of the reaction mixture and
irradiation with ultrasound, which makes it a much ideal synthetic process. It can avoid the
environmental pollution, toxicity and flammability caused by solvents, and has been
successfully applied to various reactions [3.2]. Most of these reactions are carried out at
room temperature in absolutely solvent-free environment using only a mortar and pestle.
All these facts have strengthened our resolve to find newer eco-friendly methods and
prompted us to employ grinding at room temperature for the synthesis of some
heterocyclic medicinal compounds with atom economy, reduce use of hazardous solvents,
energy efficiency, reduce use of metal catalysis and prevent pollution. Quinoxaline-diones
and their derivatives are important members of heterocyclic compounds and are widely
applied in many fields [3.3]. 2-Mercaptobenzimidazole derivatives are known to possess
varied biological activities as already discussed in the Chapter 1. Here in this chapter

synthesis of some heterocyclic compounds solid-state or under solvent free are discussed.

3.1 Experimental section

3.1.1 Materials

All chemicals were reagent grade and were used as received without further purification
unless otherwise stated. o-phenylene diamines and organic amines were obtained from
Aldrich. Organic acids and ammonium salts were received from S.D. Fine Chemicals

(India). The solvents were purified prior to use by standard procedures.

3.1.2 Analysis and Measurements

'H NMR and *C NMR were recorded on a Varian FT-400 MHz instrument. IR spectra
were recorded on a Perkin—Elmer Spectrum One FT-IR spectrometer with KBr disks in the
range 4000-400 cm™. Thermo gravimetric analyses (TGA) of the compounds were
performed using an SDTA 851e TGA thermal analyzer (Mettler Toledo) with a heating
rate of 2°C per min in an N, atmosphere. PXRD data were recorded with a Seifert powder
X-ray diffractometer (XRD3003TT) with CuK, source (1 = 1 4 A) on glass surface with
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an air-dried sample. Elemental analyses were done using Carlo-Erba 1108 and Perkin—
Elmer series 11 2400 instruments.

To probe the crystal structure the intensity data were collected using an acquisition. Data
integration and reduction were undertaken with SAINT and XPREP software [3.4].
Multiscan empirical absorption corrections were applied to the data using the program
SADABS [3.5]. Structures were solved by direct methods using SHELXS-97 [3.6] and
refined with full-matrix least squares on F? using SHELXL-97 [3.6]. All non-hydrogen
atoms were refined anisotropically. The hydrogen atoms were refined as riding atoms in

idealized locations.

3.1.3 General procedure for the synthesis of 2,3-dihydro-1,5-benzodiazepines

A mixture of organic acid (5 mol%) and o-phenylene diamine (5 mmol, 0.540 g) was
thoroughly ground with a pestle in an open mortar at room temperature. The mixture was
ground for 5 min until the mixture turned into a melt. Then, 10 mmol of acetone was
added and grinding continued for respective time as shown in the Table 3.1. The progress
of the reaction was monitored by TLC. The melt was then washed several times with cold
alkaline water (pH ~ 8.0) and a yellow solid was obtained. The organic layer was
concentrated and the product was purified by silica gel column chromatography (100-200
mesh) with ethyl acetate—n-hexane (2:8) as eluent to afford pure compound. Yellow solid
was then dissolved in hot EtOH and pure product was recrystallized at room temperature

from EtOH solution by slow evaporation.

3.1.4 General procedure for the synthesis of 1,4-Dihydro-quinoxaline-2,3-dione
derivatives

In a typical experiment, a mixture of oxalic acid dihydrate (1 mmol, 0.126 g) and o-
phenylene diamine (1 mmol, 0.108 g) was thoroughly ground with a pestle in an open
mortar at room temperature under atmosphere until the mixture turned into a melt. Then
mixture was continued to grinding occasionally for different periods as indicated in Table
3.2. Then the melt was crystallized from water or water/ethanol (1:1) mixture at room
temperature to get the pure products. Details of the substrates used, products obtained,

reaction times and yields are given in Table 3.2.

3.1.5 General Procedure for synthesis of benzimidazole/2-mercaptobenzimidazole

derivatives

In a typical experiment, a mixture of organic aldehyde (1 mmol) and o-phenylene diamine

(2 mmol) was thoroughly ground with a pestle in a mortar at room temperature in an open
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atmosphere until the overall mixture turned into a melt. The melt mixture was then heated
to 140°C for 1-2 hour. Progresses of the reaction were monitored by TLC. After
completion of the reaction, the melt was washed with water and desired product was
crystallized from water at low temperature. The desired pure product(s) was characterized
by comparison of their physical data with those of known compounds [3.7]. 2-
mercaptobenzimidazole derivatives were synthesized from a mixture of ammonium
thiocyanate (1 mmol) and o-phenylene diamine derivatives (1 mmol) in presence of
catalytic amount (0.05 mol%) of NH,CI following a similar procedure. Both the
components were thoroughly ground with a pestle in a mortar at room temperature in an
open atmosphere until the mixture turned into melt. The mixture was then heated to 140°C
for 1-3 hours. Progresses of the reaction were monitored by TLC. After completion, the
melt was washed with water and desired product was crystallized from water at low

temperature.

3.2 Results and discussion

3.2.1 Synthesis of 2,3-dihydro-1,5-benzodiazepine

As a part of our studies to explore the utility of simple solid phase room temperature
grinding methods in solvent-free conditions, we decided to investigate the use of an
organic acid as a catalyst for the preparation of 2,3-dihydro-2,2,4-trimethyl-1H-1,5-

benzodiazepine by condensation of acetone with o-phenylendiamine (Scheme 3.1).

NH, H%I

N Organic acid
+ 2 =0 - \_}
4 RT, Grinding f
NH, =

Scheme 3.1 Synthesis of 2,3-dihydro-2,2,4-trimethyl-1H-1,5-benzodiazepine.

The reaction was carried out at room temperature using acetone and o-phenylendiamine in
the presence of a catalytic amount of an organic acid. The results are summarized in Table
3.1. Both aliphatic and aromatic acids containing mono-, di-, tri-carboxylic acid groups
can act as catalyst. The best results were obtained using 1,3,5-benzene tri-carboxylic acid
(trimesic acid) as catalyst. It can be generalized that more acidic catalysts are more
efficient. The plausible mechanism of the reaction is depicted in the Figure 3.1. Initially
acetone reacted with another acetone to form Aldol product catalyzed by an acid. The

protonated Aldol (4-methyl-4-one-pentan-2-ol) then reacted with amino group of the o-
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phenylene diamine followed by cyclization to yield the product 1,5-diazopine derivative.

As depicted in the mechanism, formation of Aldol product is catalyzed by acid. H* ion

activate the C=0 group to be attack by another acetone molecule. Hence, presence of acid

is necessary for the reaction to happen. In absence of acid no product was obtained in the

similar reaction condition at room temperature.
Table 3.1 One-pot synthesis of 1,5-benzodiazepine.

Entry Acid catalyst Time Yield
(%)°*
1. °>\ <° 30 min 80
HO OH
2 o 5h 54
OH OH
3 il 7h 45
OH
O
(@]
4 HoOC COOH 1h 72
5 (jcoo” 5h 45
6. Q:COOH 1h 85
7 HOOC\;jg%gOH 10 min 97
5o L
8 R xO, 15 min 94
NO,
9. No acid 10 h Nil
2Yields of the isolated product
5@
OH )\ OH (o]

Figure 3.1 Plausible mechanism of formation of 1,5-benzodiazopine derivative.

Compound 1 when mixed with an equivalent amount of organic acid forms crystals of

organic salt. With trimesic acid it forms a colorless salt (1a) and a dark red salt with picric

acid (1b) from water ethanol mixture at room temperature. The structure of organic salts
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la and 1b was investigated by single
crystal X-ray diffraction. The lattice
parameters, data collection method,
structure solution and refinement are
collected in Appendix. In the solid-state,
the seven-membered heterocyclic ring

adapts an armchair conformation. The

imino nitrogen in 1 bears a small negative

charge because of the resonance structure

[3.8]. Hence it can accept one proton in

L 1 1 1 1 1 1

the presence of an acid, which is reflected 4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm )

in the solid-state structure. In the salt
crystal, the C=N stretching frequency is Figure 3.2 FT-IR spectra of the organic salt 1a.
lowered by ~40 cm™ to 1600 cm™ after protonation of pure 1 (Figure 3.2).

As shown in Figure 3.3, the crystal structure of la consists of two crystallographic
independent molecules of the heterocyclic ring in the asymmetric unit. The trimesic acid
unit in la forms a 2D tape along the a axis via formation of strong O—HeeeO type
hydrogen bonds (HeesO = 1.75 A). The distances between the two 2D tapes are ~ 8.0 A
(Figure 3.3). Two adjacent tapes are clipped together by heterocyclic rings through the
formation of strong conventional N—HeesO (average Hese0=1.98 A) and weak non-
conventional C—HesO (average Heee0=2.82 A) and C—Heeert (average Heeen=3.43 A) type
hydrogen bonding. The heterocyclic rings are held together by weak C—Heeert (average

Heeer=3.18 A) bonding.

g TR
S S
N ey

(b) ook

Figure 3.3 (a) An ORTEP plot of 1a and (b) O-H--O and N-H--O type H-bonding in 1a.

However, the three-dimensional arrangement of the molecules in the crystal lattice is

unique and quite fascinating. The packing analysis reveals that the two crystallographic
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independent heterocyclic rings are packed in an alternate layer in the crystal lattice in such

a fashion that results in the formation of a 3D ladder like framework (Figure 3.4).

Figure 3.4 (a) C-H ----O interactions in the crystal lattice of 1a and (b) 3D ladder framework of 1a along the
C axis.

In salt, 1b the picrates are held together by strong meeen interactions (3.37 A) unlike in salt
la, where no such interactions are observed between the trimesic acid unit. The
heterocyclic rings of 1b are held together by strong N—HessN (HeseN=2.60 A) type
hydrogen bonding. Organic salt 1b does not show any C—Heeert type interactions like 1la.
Picrates form strong N-HeeeO (average Heee0=2.16 A) and C-HeeeO (average
Hee«0=2.67 A) type hydrogen bonding with neighboring heterocyclic rings which results

in the formation of a 3D brick wall network along the a axis (Figure 3.5).

Figure 3.5 (a) An ORTEP plot of 1b and (b) 3D brick wall framework of 1b along a axis.

3.2.2 Synthesis of Quinoxaline-2,3-dione

As a part of our research on the development of newer clean processes for the organic
transformations, our attention was drawn to the synthesis of these potential
pharmacophore 1,4-Dihydro-quinoxaline-2,3-dione (2) derivatives. We report the simple
solid phase grinding of the two reactants at RT in an open atmosphere to get the product in
good yield (Scheme 3.2).
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A NH
2 HO 0 RT A N 0
+ —>
B NH, HO 0 Grinding B N 0

H

2

Scheme 3.2 Synthesis of 1,4-Dihydro-quinoxaline-2,3-dione derivatives.

In view of the problems encountered in quinoxaline synthesis, a relatively more versatile
yet simplified procedure was perceived. Our arguments have been that solid phase
grinding would lead to an instantaneous condensation to afford quinoxalines without the
use of any solvent or catalyst. The strategy worked well affording the desired products in
respectable yields (Table 3.2). Notably, the present reactions have been relatively faster, as
anticipated, compared to those of conventional solution phase synthesis. Small amounts of
starting materials were recovered after each reaction. A wide range of o-phenylene
diamine derivatives were screened in order to ascertain the scope of the present reaction
protocol and the results are summarized in Table 3.2. Presence of electron withdrawing
groups in diamine starting materials gave lower yields with longer reaction times.

However the quinoxaline derivatives are formed in good to very good yields.

Table 3.2 Solvent free synthesis of quinoxaline derivatives
Entry A B | Time/hr = Yield(%)?

2a H H 0.5 98
2b H NO, 3 82
2c H Cl 2 87
2d H Me 1 95
2e H n-Pr 1 95
2f H Ph 05 96
29 Cl Cl 5 76

®Yields of the isolated product.

The plausible mechanism of the reaction is shown in Figure 3.6. The amino group of o-
phenylene diamine condensate with the one carboxylic acid group of oxalic acid to yield
corresponding amide. Then the second amino group of ortho phenylene diamine
condensed with next followed by cyclization to yield the quinoxaline-2,3-dione

derivatives.
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/\‘ H, 38
NH, HO 0 N
+ OH
. -H,0 .
NH, ©O oH NH, ©
+ H®
0

H
N o) ® NH
O ==
-H,0 S
N 0 !"-U
H

Figure 3.6 Plausible mechanism of formation of quinoxaline 2,3 dione derivative.

Compound 2a and 2d both crystallize from water/EtOH (1:1) mixture in Triclinic space
group. These molecules contain two waters and %2 water molecule of crystallization
respectively in the crystal structure, which is corresponds to the reported data [3.9]. We
also got the crystal of only 2a without any water of crystallization, when crystallized from
MeOH/EtOAC mixture, as reported earlier [3.10]. In compound 2a, the extensive hydrogen
bonding interactions between the organic framework and the water cluster are very strong.

The thermo gravimetric analysis of 2a in N, atmosphere shows the sequential removal of

Intensiny

2 1 L L -
100 200 300 400 500 600

Temp('C)

400 3500 3000 2500 2004k 1500 1o B

Wave Length (cni ')

Figure 3.7 TGA-DSC analysis of 2a (left) and FT-IR spectra (right) of 1a (a) before and (b) after heating.

two crystal water molecules at a temperature >100°C. The 9.86% weight loss in the range
155°-165°C is corresponding to one water molecule (calculated 9.09%) and 13.42%
weight loss at in the range 165°-185°C is corresponding to another water molecule
(calculated 10.00%) respectively, which is in good agreement with the X-ray crystal
structure of 2a (Figure 3.7). Temperature required to remove both the waters from the
crystal is higher compared to the previously reported D,, symmetric tetrameric water
cluster [3.11]. Complete decomposition is achieved at ~390°C (Figure 3.7). The DSC
measurement shows, the dehydration endotherm has two peaks (160°C and 180°C)

indicating that the two set of water molecules are in the different environment in the solid-
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state. The total molar enthalpy was 20 and 16 kJ per water molecules respectively. These
values correspond to 5 kJ per H-bond, which are in good agreement with the strength of a

hydrogen bond. Compound 2d also shows the similar TGA-DSC pattern as 2a. It shows

one dehydration endotherm at 190°C and
complete decomposition at ~430°C. The

FT-IR spectrum of compound 2a shows a

Intensity (a.0.)

broad band centered on 3400 cm™ due to the

presence of water molecules that vanishes } ‘
when the compound is heated under |l U, }

vacuum (0.1 mm) at 250°C for 6h (Figure O TRE B TR i Tae ot
3.7). While the peaks correspond to the 2T G

. . e Figure 3.8 Powder XRD pattern of compound 1la.
amide linkages remain intact. Power X-ray J P P

] L ¥ 4 ~ () Before and (b) after water removal.
diffraction patterns of 2a show significant i
changes in the peak positions as well as intensities before and after water removal (Figure
3.8), which is also matching well with the simulated pattern. Similar powder diffraction

and FT-IR results also observed for compound 2d.

3.2.3 Synthesis of Benzimidazole derivatives

In continuation of our interest to explore the utility of simple one-pot, solvent-free, solid
phase grinding methods, we decided to investigate the efficient synthesis of biologically
active benzimidazole derivatives. Herein, we report the efficient one-pot solvent free green
synthesis of series of benzimidazole derivatives in good yield at 140°C. We also report the
one-pot efficient synthesis of another biologically potent compound, 2-mercapto-

benzimidazole derivatives in solvent free condition.

N
Solvent free
>_ X \>—R
N
H

condltmn

X =H or OH

Scheme 3.3 Synthesis of benzimidazole derivatives under solvent free condition.

At first, we synthesized benzimidazole derivatives by coupling o-phenylenediamine either
with organic acid (Table 3.3) or aldehyde in solvent-free neat conditions (Table 3.4). In
order to ascertain the optimum temperature, several reactions were carried out on o-

phenylene diamine and acetic acid as the model by varying the reaction temperature and
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finally the best result was obtained at 140°C. Having established the reaction temperature,
various organic acids and aldehydes were subjected to coupling. Different types of organic
acids (aliphatic and aromatic) were used to condense with o-phenylenediamine (Table
3.3). It has been generally observed that the presence of electron withdrawing groups in
the aromatic ring enhances the reaction yield with reduction in reaction time. Tri-
carboxylic acid (Table 3.3 entry 10) does not form any product even after sufficient time
when reacted with o-phenylenediamine in 1:3 ratios. However, after 5 h the whole reaction
mixture turns into a black solid (char), which is a not soluble in common organic solvent.
Hence, the product can be neither isolated nor characterized. The structures of the products

were determined from their spectroscopic data.

Table 3.3. List of organic acids used in Scheme 3 for coupling with o-phenylenediamine.

Entry Organic acid Product Time (hrs)  Yield %?
1 Formic acid benzimidazole 03] 95

2 Acetic acid 2-methyl-benzimidazole 05 90

3 Benzoic acid 2-phenyl-benzimidazole 15 83

4 p-Chloro benzoic aicd 2-(4-chlorophenyl)-benzimidazole 1.5 92

5 p-Hydroxy benzoic aicd  4-( benzimidazole-2-yl)phenol 2 85

6 p-Nitro benzoic aicd 2-(4-nitrophenyl)-benzimidazole 15 95

7 p-Methoxy benzoic aicd  2-(4-methoxyphenyl)-benzimidazole 2 80

8 o-chloro benzoic aicd 2-(2-chlorophenyl)-benzimidazole 2 88

9 p-Methyl benzoic aicd 2-p-tolyl-benzimidazole 2 80
10 Trimesic acid NA >2 No reaction

?Isolated yield.

Table 3.4 List of organic aldehydes used in Scheme 3 for coupling with o-phenylenediamine.

Entry  Organic aldehyde Product Time (hrs)  Yield %?
1 Benzaldehyde 2-phenyl-benzimidazole 1 88
2 p-Methyl benzaldehyde  2-p-tolyl-benzimidazole 15 72
3 p-Ethyl benzaldehyde 2-(4-ethylphenyl)-benzimidazole 1.5 65
4 p-Nitro benzaldehyde 2-(4-nitrophenyl)-benzimidazole 0.5 92
5 p-Chloro benzaldehyde 2-(4-chlorophenyl)-benzimidazole gt 75
6 o-chloro benzaldehyde 2-(2-chlorophenyl)-benzimidazole 1 70
7 p-Methoxy benzaldehyde = 2-(4-methoxyphenyl)-benzimidazole 15 78
8 p-Hydroxy benzaldehyde 4-( benzimidazole-2-yl)phenol 2 61
9 1-Hexanal 2-pentyl-benzimidazole 2 65
10  Furan-2-carbaldehyde 2-(furan-2-yl)-benzimidazole 2 55

#lsolated yield.
Several aldehydes (aromatic, heteroaromatic and aliphatic) underwent the above
conversion to form a series of benzimidazoles (Table 3.4). Aromatic aldehydes containing
both electron-donating and electron-withdrawing groups worked well. Aliphatic aldehydes
(Table 3.4, entry 9) also afforded the desired products in high yields. The method is
suitable for the sterically hindered aldehyde 2-naphthaldehyde (Table 3.4, entry 8). The
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reaction conditions are simple and the products were formed in moderate to high yields
(55-92 %). The structures of the products were determined from their spectral (*H NMR,
IR and MS) data.The plausible mechanism of the condensation is described in Figure 3.9.
Initially amino group of ortho phenylene diamine condensed with carbonyl group of
aldehydes to yield the corresponding Schiff’s base. This Schiff’s base is then condensed
with another amino group of ortho phenylene diamine to yield the cyclized product. This

intermediate product is then oxidized in air to give the benzimidazole derivatives.

D

NH; o N
. =
SSENCS
NH; H NH; "
H H H
@:N Aerial Oxidation @N
»—R >R
N/ N

Figure 3.9 Plausible mechanism of formation of benzimidazole derivative from aldehydes.

In the next section we have shown the synthesis of 2-mercaptobenzimidazole derivatives
(Scheme 3.4). It has been synthesized from a mixture of ammonium thiocyanate and o-
phenylenediamine derivatives in presence of catalytic amount (0.05 mol%) of NH,CI
following a similar procedure at 140°C for 1 — 3 hours. Details of the substrates used,

reaction times and yields are given in Table 3.5.

A NH; B H
Solvent free condition
+ NH4SCN . >=5
NH CI (0.05 mol%
B NH, (R & i

Scheme 3.4 Synthesis of 2-mercaptobenzimidazole derivatives under solvent free condition.

Table 3.5 List of different derivatives of o-phenylenediamine used in Scheme 4.

Entry A B  Product Time (hrs)  Yield %*
1 H H  1H- benzimidazole-2(3H)-thione 15 78
2 H NO, 5-nitro- benzimidazole-2(3H)-thione 3 48
3 H Cl 5-chloro- benzimidazole-2(3H)-thione 2 60
4 H Me 5-methyl- benzimidazole-2(3H)-thione 1 80
5 H n-Pr 5-propyl- benzimidazole-2(3H)-thione 15 82
6 H Ph  5-phenyl- benzimidazole-2(3H)-thione 1 85
7 Cl ClI 5,6-dichloro- benzimidazole-2(3H)-thione 3 54

#|solated yield.

The plausible mechanism of the reaction is depicted in Figure 3.10. The ammonium

chloride which is used as a catalyst is first decomposed to yield ammonia and hydrochloric
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acid. This hydrochloric acid then reacts with o-phenylenediamine to give the
corresponding ammonium salt. The mono hydrochloride salt is then reacts with
ammonium thiocyanate to give mono ammonium thiocyanate salt of o-phenylenediamine.
This ammonium salt is then rearranges to yield 2-amino-N-phenyl thiourea. The amino
group of 2-amino-N-phenyl thiourea is nucleophilically attack at the carbon atom of
thiourea followed by cyclization with the evolution of ammonia gas to yield the product 2-

thio benzimidazole.

® . .
NH, NH3 m ) i\ll ©
NH,SCN /-; ’ I
NH,* (NH3 + HY) & lg Il
S S
NH, NH,
“rearrangement

CL- = RE—=C%

Figure 3.10 Plausible mechanism of formation of 2-thio benzimidazole derivatives. Double headed arrow
depict the movement of an electron pair.

Summery

In conclusion, we have developed a simple, highly efficient, convenient and one-pot
solvent-free green synthetic method for the synthesis of biologically important
quinoxaline-2,3-dione derivatives, 2,3-dihydro-1,5-benzodiazepines and benzimidazole
derivatives without the intervention of any catalyst. The present methodology offers very
attractive features such as reduced reaction times, higher yields, which offer wide scope in
organic synthesis. The operational simplicity of the procedure is also attractive. We have
done the thermal analysis of the quinoxaline derivatives hydrated crystals. We also carried
out the powder X-ray diffraction and FT-IR analysis of the hydrated as well as the
dehydrated crystals to prove the role of water of crystallization. We have also described
the one-pot efficient green synthetic methodology for the synthesis of another
pharmaceutically important 2-mercaptobenzimidazole. Moreover, this methodology
describes the synthesis without the intervention of any catalyst for the first time. The
present methodology offers very attractive features such as green synthesis, reduced
reaction times and higher yields, all of which make it a useful and attractive strategy for
the preparation of various benzimidazole derivatives simply by changing different
substrates. The operational simplicity of the procedure is also attractive, which offer wide

scope in organic synthesis.
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APPENDIX

Crystal data for 1a: CCDC # 290946; C33H3sN4Og, M = 586.67, mp 185-187°C, triclinic, P-1, a = 9.4629(12)
A, b=95416(12) A, c = 19.182(3) A, o = 83.930(3), B = 75.874(3), y = 67.833(2), V = 1555.3(4) A®, Z = 4,
d. = 1.359 g cm™®, p = 0.107 cm™, Mo-Ka radiation, R1 = 0.0487, wR2 = 0.1329, S = 1.286.

Crystal data for 1b: CCDC # 290945; CygH1sNs0;, M = 417.38, mp 163-165°C, triclinic, P-1, a = 9.168(3)
A, b=9417(3) A, c = 11.548(4) A, o = 90.244(9), B = 103.886(8), y = 97.315(9), V = 959.4(6) A3, Z = 2, d,
=1.167 g cm™, u = 0.098 cm™, Mo-Ka radiation, R1 = 0.0981, wR2 = 0.2826, S = 2.009.

Spectral data of the compounds
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2,3-DIHYDRO-2,2,4-TRIMETHYL-1H-1,5-BENZODIAZEPINE

mp 137-139°C; GC-MS: M* = 188. Anal. Calcd C1,H;6N,: C, 76.55; H, 8.57;
N, 14.88. Found: C, 76.37; H, 8.51; N, 14.85. '*H NMR (400 MHz, CDCls,
25°C, TMS) & (ppm): 1.35 (s, 6H, 2CHa3), 2.25 (s, 2H, CH,), 2.35 (s, 3H,
CHs), 3.45 (br s, 1H, N-H), 6.60-7.25 (m, 4H); *C NMR (100 MHz, CDCls,
25°C, TMS): & (ppm) 29.7, 30.4, 44.9, 68.3, 121.6, 122.0, 125.4, 126.7, 137.8,
140.6, 172.3. IR (KBr): v/cm™ 3290 (N-H), 1638 (C=N), 1597 (Ar).

1,4-DIHYDRO-QUINOXALINE-2,3-DIONE

'H NMR (400 MHz, DMSO-dg): & (ppm): 6.91 (m, 2H), 7.02 (m,2H), 9.43 (s,
2H); *C NMR (100 MHz, DMSO-ds): & (ppm): 118.6, 122.4, 127.3, 156.5;
Analysis — Calcd. For CgHgN,O,: C 59.26, H 3.73, N 17.28%. Found: C
58.98, H 3.75, N 17.32%; MS (m/z): 162.0 (M*). m.p 183-188°C

6-NITRO-1,4-DIHYDRO-QUINOXALINE-2,3-DIONE
'H NMR (400 MHz, DMSO-de): & (ppm): 7.57 (d, 1H, J = 8.1 Hz), 7.95 (d,
1H, J = 8.1 Hz), 8.43 (s, 1H), 9.73 (s, 2H); *C NMR (100 MHz, DMSO-dg): 5
(ppm): 113.7, 117.4, 120.3, 129.5, 133.7, 142.2, 157.5; Analysis — Calcd. For
CsHsN3O,: C 46.39, H 2.43, N 20.29%. Found: C 46.30, H 2.45, N 20.30%;
MS (m/z): 207.0 (M").

6-CHLORO-1,4-DIHYDRO-QUINOXALINE-2,3-DIONE

'H NMR (400 MHz, DMSO-dg): & (ppm): 6.91 (d, 1H, J = 9.3 Hz), 7.32 (d,
1H, J = 9.3 Hz), 7.86 (s, 1H); 9.43 (s, 2H) *C NMR (100 MHz, DMSO-dg): &
(ppm):119.0, 121.3, 122.7, 125.3, 129.6, 132.5, 160.2; Analysis — Calcd. For
CgHsCIN,O,: C 48.88, H 2.56, N 14.25%. Found: C 48.81, H 2.49, N 14.3%;
MS (m/z): 196.5 (M")."). m. p. 225-227°C

6-METHYL-1,4-DIHYDRO-QUINOXALINE-2,3-DIONE

H NMR (400 MHz, DMSO-dg):6 (ppm): 2.21 (s, 3H), 6.78 (d, 1H, J = 7.8
Hz), 7.22 (s, 1H), 7.51 (d, 1H, J = 7.8 Hz), 10.11 (m, 2H); *C NMR (100
MHz, DMSO-dg): 6 (ppm): 21.2, 117.5,119.3, 123.7, 127.3, 131.2, 135.7,
156.5; Analysis —Calcd. for CgHgN,O,: C 61.36, H 4.58, N 15.90%. Found: C
61.22, H 4.51, N 16.15%; MS (m/z): 176.0 (M"). m. p. 207-210°C

6-PROPYL-1,4-DIHYDRO-QUINOXALINE-2,3-DIONE

'H NMR (400 MHz, DMSO-dg): & (ppm): 0.89 (t, 3H), 1.54 (m, 2H), 2.55 (t,
2H,J =7.1 Hz), 6.71 (d, 1H, J = 8.9 Hz), 7.32 (s, 1H), 7.62 (d, 1H, J = 8.9
Hz), 9.53 (s, 2H); *C NMR (100 MHz, DMSO-dg): & (ppm): 13.5, 24.6, 37.9,
120.5, 122.3, 1235, 126.7, 131.2, 135.1, 159.4; Analysis — Calcd. for
C11H12N,0,: C 64.69, H 5.92, N 13.72%. Found: C 64.61, H 5.80, N 12.5%;
MS (m/z): 204.0 (M*). m. p. 229-233°C

6-PHENYL-1,4-DIHYDRO-QUINOXALINE-2,3-DIONE

'H NMR (400 MHz, DMSO-dg): & (ppm) 7.21-7.37 (m, 4H), 7.48 (d, 2H, J =
9.8 Hz), 7.68 (d, 1H, J = 9.8 Hz), 7.91 (s, 1H), 9.27 (s, 2H); *C NMR (100
MHz, DMSO-ds): & (ppm) 118.6, 121.4, 123.2, 127.3, 129.0, 131.2, 132.5,
136.4, 159.3; Analysis — Calcd. for C14HyoN,0,: C 70.58, H 4.23,N 11.76%.
Found: C 70.52, H 4.11, N 11.83%; MS (m/z): 238.0 (M*). m. p. 289-293°C
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6,7-DICHLORO-1,4-DIHYDRO-QUINOXALINE-2,3-DIONE

'H NMR (400 MHz, DMSO-dg): & (ppm): 7.62 (s, 2H), 9.79 (s, 2H); °C
NMR (100 MHz, DMSO-dg): & (ppm): 121.6, 128.4, 131.3, 163.5; Analysis —
Calcd. For CgH,CloN,0,: C 4159, H 1.75, N 12.13%. Found: C 4153, H
1.78, N 12.15%; MS (m/z): 230.0 (M*).

2-PHENYL-BENZIMIDAZOLE

A white solid; m.p.290-292°C. IR (KBr) v 1640 cm™ (C-N), 3250 cm™ (N-H).
'H NMR (400 MHz, DMSO-dg): & (ppm): 7.21-7.73 (7H, m, Ar), 8.16-8.22
(2H, m,Ar), MS (EI) m/z 194 (M").

2-(4-METHYL-PHENYL)-BENZIMIDAZOLE

A white solid;m.p. 268-270°C. IR (KBr) v 1641 cm™ (C-N),3250 cm™ (N-H).
'H NMR (400 MHz, DMSO-dg): & (ppm): 2.60 (3H, m, CHj),7.20-7.60 (6H,
m, Ar), 8.00-8.08 (2H, m, Ar), MS (EI) m/z 208 (M").

2-(4-ETHYL-PHENYL)-BENZIMIDAZOLE

A white solid; m.p. 175-176°C. IR (KBr) v 1640 cm™ (C-N), 3251 cm™ (N-
H). 'H NMR (400 MHz, DMSO-dg): & (ppm): 2.30-2.50 (5H, m, C;Hs), 7.20-
7.43 (4H, m, Ar), MS (El) m/z 222 (M").

2-(4-NITRO-PHENYL)-BENZIMIDAZOLE

A yellow solid; m.p. 312-314°C. IR (KBr) v 1641 cm™ (C-N), 3253 cm™(N-
H). 'H NMR (400 MHz, DMSO-ds): & (ppm): 7.20-7.60 (6H, m, Ar), 8.00—
8.08 (2H, m, Ar), MS (EI) m/z 239 (M").

2-(4-CHLORO-PHENYL)-BENZIMIDAZOLE

A white solid; m.p. 291-293°C. m.p. 291-293°C. IR (KBr) v 1642 cm™ (C-N),
3252 cm™'(N-H). 'H NMR (400 MHz, DMSO-ds): § (ppm): 7.20-7.60 (6H, m,
Ar), 8.00-8.08 (2H, m, Ar), MS (EI) m/z 230 (M*).

2-(2-CHLORO-PHENYL)-BENZIMIDAZOLE

A white solid;m.p. 232-234°C. IR (KBr) v 1642 cm™ (C-N), 3251 cm™ (N-H).
'H NMR (400 MHz, DMSO-dg): & (ppm): 7.20-7.60 (6H, m, Ar), 8.00-8.08
(2H, m, Ar), MS (EIl) m/z 228 (M").

2-(4-METHOXY-PHENYL)-BENZIMIDAZOLE

A white solid; m.p. 225-226°C. IR (KBr) v 1639 cm™ (C-N),3249 cm™ (N-
H). '"H NMR (400 MHz, DMSO-dq): & (ppm): 3.52 (3H, m, CHs), 7.20-7.60
(6H, m, Ar), 8.00 — 8.08 (2H, m, Ar), MS (El) m/z 224 (M*).

2-FURANYL-BENZIMIDAZOLE

A white solid; m.p.285-287°C. IR (KBr) v 1641 cm™ (C-N), 3252 cm™ (N-H).
'H NMR (400 MHz, DMSO-d): & (ppm): 6.80-7.00 (3H, m, Furanyl), 7.21-
7.43 (4H,m, Ar), MS (EI) m/z 184 (M*).

1H-BENZIMIDAZOLE

A white solid; IR (KBr) v 1641 cm™ (C-N), 3252 cm™ (N-H). *H NMR (400
MHz, DMSO-dg): & (ppm): 7.26-7.70 (4H, m, Ar),8.08 (H, m, Ar) °C NMR
(100 MHz, DMSO-dg): & (ppm): 115.4,122.9,137.9, 141.5,; MS (EIl) m/z 118
(M").

2-METHYL-1H-BENZIMIDAZOLE

A white solid; IR (KBr) v 1639 cm™ (C-N), 3250 cm™ (N-H). 'H NMR (400
MHz, DMSO-dg): & (ppm): 2.42 (3H, m, CHj), 7.26-7.70 (4H,m, Ar), **C
NMR (100 MHz, DMSO-d): & (ppm): 18.8,115.3,123,138.9,152 (MS (EI)
m/z 132 (M").
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4-(-1H-BENZIMIDAZOLE-2-YL)PHENOL

A white solid; IR (KBr) v 1640 cm™ (C-N), 3254 cm™ (N-H). *H NMR (400
MHz, DMSO-dg): 8 (ppm): 7.20-7.60 (6H, m, Ar), 8.00 — 8.08 (2H, m, Ar),
3C NMR (100 MHz, DMSO-dg): & (ppm) 115.3, 116.4, 123, 128.9, 152.9 MS
(El) m/z 210 (M").

2-PENTYL-1H-BENZIMIDAZOLE

A white solid; IR (KBr) v 1640 cm™ (C-N), 3254 cm™ (N-H). 'H NMR (400
MHz, DMSO-dg): & (ppm): 7.20-7.60 (6H, m, Ar), 0.96-1.62 (8H, m, CsHyy)
3C NMR (100 MHz, DMSO-dg): & (ppm): 14.1, 22.8, 30.7, 31.5,33.2, 115.3,
123, 138.9, 151.4 ;MS (El) m/z 189 (M").

1H-BENZIMIDAZOLE-2(3H)-THIONE

'H NMR (400 MHz, DMSO-dg): & (ppm): 6.21-6.37 (4H, m, Ar), *C NMR
(100 MHz, DMSO-dg): & (ppm): 125.1, 126.8, 136, 168.4; MS (El) m/z 150
(M").

5-NITRO-1H-BENZIMIDAZOLE -2(3H)-THIONE

'H NMR (400 MHz, DMSO-dg): & (ppm): 6.47-7.30 (3H, m, Ar), *°C NMR
(100 MHz, DMSO-dg): & (ppm): 117.4, 120.7, 127.7, 136.9, 142.1, 144.7,
168; MS (El) m/z 195 (M").

5-CHLORO-1H-BENZIMIDAZOLE-2(3H)-THIONE

'H NMR (400 MHz, DMSO-dq): & (ppm): 6.15-6.38 (3H, m, Ar), *C NMR
(100 MHz, DMSO-dg): & (ppm):120.2, 125.2, 127.2, 130.6, 134.1, 137.4,
168.4 ; MS (EI) m/z 184 (M").

5-METHYL-1H-BENZIMIDAZOLE-2(3H)-THIONE

'H NMR (400 MHz, DMSO-dg): & (ppm): 6.01-6.17 (3H, m, Ar), °C NMR
(100 MHz, DMSO-de): & (ppm): 24.3, 125.4, 126.5, 133, 135.9, 168 ; MS (EI)
m/z 164 (M*).

5-PROPYL-1H-BENZIMIDAZOLE-2(3H)-THIONE

'H NMR (400 MHz, DMSO-d): & (ppm): 6.07-6.23 (3H, m, Ar), 0.96-2.55
(3H, m, CH;CH,CH,); *C NMR (100 MHz, DMSO-dg): & (ppm): 13.7, 24.2,
38.2, 124.5, 125.6, 133.3, 136.1, 168.4 ; MS (El) m/z 192 (M™).

5-PHENYL-1H-BENZIMIDAZOLE-2(3H)-THIONE

'H NMR (400 MHz, DMSO-d¢): & (ppm): 6.27-6.59 (3H, m, Ar), 7.22-7.48
(5H, m, Ar); 3C NMR (100 MHz, DMSO-d): & (ppm):125.1, 127.3, 127.7,
127.9,129.3, 132.8, 134.9, 136.5, 136.4 : MS (El) m/z 226 (M").

5,6-DICHLORO-1H-BENZIMIDAZOLE-2(3H)-THIONE

'H NMR (400 MHz, DMSO-dg): & (ppm): 6.16 (2H, m, Ar), *C NMR (100
MHz, DMSO-dg): & (ppm): 128.6, 129.7, 135.5, 168.4; MS (El) m/z 218 (M").
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