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Introduction to Polyoxometalates and 1
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Bismuth Based Materials .

e

Abstract: The first part of my thesis work mainly deals with the synthesis and
structural characterization of inorganic-organic hybrid materials, based on
polyoxometalates (e.g., Anderson type heteropolyanion, decavanadate anion etc.)
and various organic amines, transition metals and alkali metals as cations. The
second part of my thesis includes mostly bismuth chloro derivatives with aromatic
amines and 1, 5-benzodiazapine. We also have described the application studies
(catalysis) of polyoxometalate compounds in the oxidation reaction of styrene.
Electronic absorption- and emission-spectral studies are performed mostly for
bismuth-chloroderivatives

J

1. Preface

The development of the useful technologies often hinge on the availability of solid
state materials with appropriate physical and chemical properties. Oxygen is not only the
most abundant terrestrial element but it is also highly reactive; consequently, oxides exist
for all of the elements with the exceptions of radon and the lighter noble gases. The
significant contemporary interest in solid state oxides reflects a structural and
compositional diversity that endows these materials with a range of physical properties
that yield applications in the area of magnetism, conducting polymers, microporous
inorganic crystalline zeolite materials, opto-electronics, sorption, catalysis, bio-
mineralization, and solar energy conversion. Catalytic applications of polyoxometalate-
based materials are extensively useful to develop a new methodology for organic
transformations (for example, to synthesize aromatic aldehydes and ketones). Cobalt salt
of silico tungstate {Co3[Si,W:12040]} is a good catalyst for organic oxidation." The thesis
work deals with the synthesis, characterization and application studies of ‘early-transition
metal-oxo-clusters which is termed as polyoxometalates (POMs) clusters’ and some
bismuth-chloro derivatives by using various aromatic amines. In this chapter, we have
discussed briefly about the properties and applications of POMs based solid state
materials, and bismuth-chloro derivatives starting from the history of relevance to the

present progress.




Chapter 1

1.2. General Concepts of the Polyoxometalate Chemistry

1.2.1. What is Polyoxometalates (POM)?

Polyoxometalate is a large family of metal-oxygen clusters, which are especially
formed by the inner transition metals Mo, W, V, Nb and Ta (“addenda atoms™), have
been viewed as ideal inorganic building blocks for the design and construction of multi-
functional materials.* A large number of potential coordination sites (both terminal and
bridging oxygen atoms) from the POM cluster-surfaces are the main source for the
multifunctional activity. In general, POM clusters are known in anionic form, and hence
appropriate cations are needed for their successful isolation.

The formation of POMs depends on (i) the appropriate relationship of coulombic
factors of ionic radius and charge (cationic radius should be within the range of 0.65 —
0.80 A; for addenda atoms V°* (0.68 A), Mo® (0.77 A), W®" (0.74 A) whereas for Cr®*
(0.58 A)). (i) on the accessibility of vacant d orbital for metal-oxygen bonding. That is
the reason why the formation of POMs clusters are limited to only above mentioned

inner- transition metals and not by other metals.

1.2.2. Classification and Types

In a general point of view, POM clusters are classified as (i) Isopolyanions
(“IPA”; generic formula: H,M,O,”) (ii) Heteropolyanions® (“HPA”; generic formula:
XxMmnOy%, x < m) where M are the addenda atoms and X is hetero element, namely, P, S,
Si, As, etc. At present, more than 70 different elements including most non-metals and
transition metals can function as hetero atom. POM anions can also be classified into
three types based on the presence of number of oxygen attached to the addenda atom. The
“mono-ox0” (Cay) class (or) type I, which have one terminal oxo group in which Lowest
Unoccupied Molecular Orbital (LUMO) is approximately non-bonding and metal
centered, hence type | class POMs clusters may be reduced reversibly to mixed valence
species. Whereas in type Il or “cis-dioxo” (C,,) class there are two terminal oxo groups'’,
LUMO for the octahedral is strongly anti-bonding with respect to the M = O bonds. Type
Il anions (which is observed very rarely) have both kinds of M atom sites. The above

entire discussion is offered in the Scheme 1.1.
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Isopolyanions Heteropolyanions

@ on unshared oxyD

Type Il Type 1

MOL; and
MO,L, MO,
[XM12040]" — Keggin [XMgO24]" — Anderson [XMgOs34]™ — Half — Dawson
[X2M15062]" — Dawson [X2M0s023]" — Strandberg  [HaWi2042]* — Strandberg
[MgO19]™ — Lindqvist [XMO3;]" — Waugh [XMO3;]" — Waugh
[M07024]6‘ — heptamolybdate [XM;,04,]" — Silverton
[C0,M010035H4]* —

Evans — Showell
Scheme 1.1. Classification of POM anions based on composition and unshared oxygens
attached to M atom.
The polyanion structures that contain three or more terminal oxo groups are not
observed. A restriction, which has been explained in terms of the strong trans influence of

the terminal M—O bonds, facilitates dissociation of the cluster. This restriction is named

as “Lipscomb principle”.*®

1.2.3. Historical Background of POMs Anion Chemistry

The first polyoxoanion was reported almost two centuries ago, but that could only
be characterized structurally more than 100 years later. Ammonium phosphomolybdate
[NH]3[PM012040]. xH2O can be prepared by adding ammonium molybdate and
phosphoric acid in aqueous medium, which is one of the earliest metal oxide clusters,

synthesized by Berzelius in 1826.2
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1.3. Basic Principles in POMSs Cluster Structure, Synthesis and

Properties

1.3.1 Structure

POM cluster anions are comprised of aggregates of metal-oxygen units where the
metal is adopted in the center of a polyhedron and the oxygen ligands define the vertices
of this polyhedron. The structure of a POM cluster can be considered to form via a self-
assembly process, which involves linking or aggregation of the polyhedra.” This involves
a series of condensation reactions. Consequently, the overall structure of a polyanion
cluster can be represented by a group of polyhedra that have corner- or edge-sharing

modes, see figure 1.1 (face sharing is also possible but very rarely seen).

(a)
Fig. 1.1. The linking modes of two adjacent
polyhedra (a) via edge sharing (b) via corner
sharing. Black circles represent the inner
transition metals Mo, W, and V etc., white
circles represent oxygen atoms.

(b)

Anderson anion®® ‘{AI(OH)sM0sO15}> " can be described as as the AI(OH)s,
placed in the centre of the cluster, around which six MoOs are arranged via Al-O-Mo
bridges, so that the total cluster is having negative charge of 3—. Generally, the POMs
clusters including Lindqvist®™ Anderson®, and Strandberg™ anions were well
characterized by X-ray crystallography. Some of the POMs structures, which are common

in the literature, are shown in Fig. 1.2.



Introduction

-o

Fig. 1.2 Some of the POMs structures which are common in literature:
(@) “{AI(OH)sM0s015}> (b) {V1002}° (€) [M07024]° (d) [M0gO»4]*". Color code: O,
red; V, red, Al, grey: Mo, yellow.

1.3.2. Synthesis and Properties

In practice, POMs are most frequently prepared by one-pot proton-induced
condensation-dehydration reactions in aqueous medium. The mechanism for the
formation of polyoxometalates is still not clear and usually described as self assembly.
Therefore it is not possible to design a multi-step sequence for the synthesis of a novel
POMs cluster anion. The successful isolation of POMs cluster anion depends on many
factors during the course of the reaction, such as, (i) concentration of the reactants (ii) pH
of the medium (iii) temperature (iv) solvent (v) sequence of adding reagents (vi) presence
of reducing agents/additional ligands etc.,

(a) Synthesis of plenary POMs from aqueous and non-aqueous medium:
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The acidification of aqueous solution contains simple oxoanions such as MoO4*
or WO, resulting in the formation of isopolyanion (IPA) and heteropolyanion (HPA)
with necessary added heteroatom. The formation of isopolyanion and heteropolyanion
can be described as
7MoO,* + 8H* » [M07024]° + 4H,0 and
6M00,* + [Al(H0)6]*" + 6H" ——— [AI(OH)§M0gO15]°>” + 6H,0 respectively.

In non-aqueous solutions, the hexa and decatungstate anions are well
characterized. The syntheses of isopolyanions from an organic solution were performed
by Jahr and Fuchs.® The synthesis was performed by the hydrolysis of the metal esters in
the presence of organic bases. The formation of hexatungstate in non-aqueous medium
can be described as
WO(OEt); + NR,OH + H,O0 ———» [NR4]2[WsO19].

(b) Derivative of POMs anions:
Functionalization of POMs anion can be achieved in three possible different ways.
(i) Substituting with transition metal:

The treatment of a base to the heteropoly species can produce defect POMs
structure, so-called “lacunary” heteropoly species, wherein one or more addenda atoms
have been eliminated from the structure along with the oxygen; those addenda were not
sharing with other atoms. Lacunary species are more readily react with a wide variety of
octahedral coordinating metal ions to refill the vacant sites. The unshared coordination
position of a substituted metal ion is available for coordination of other ligands, so that it
produces transition metal ion substituted POMs. For example,

[A—o SiWg05,]'% +3Cu** ———  [Cus(H20)3(A—a SiWeOs4]*"
(i) By the support of Transition Metal Complexes (TMCs) or organic moieties:

Attachment of a transition metal complex (TMC) on the surface of a POM anion
using covalent bonds can produce discrete POMs supported transition metal complexes.
The covalent attachment of organic groups to POM via linkages extends their potential
use as pharmaceuticals.”

(iif) Multi dimensional inorganic—organic hybrid materials:

The POMs anions (discrete clusters) are suitable building blocks to obtain
extended framework type materials. Two adjacent POMs clusters are connected by one or
more number of transition metal complexes, in which transition metal complex acts as a

linker. Added organic ligand may acts as either a coordinating ligand/template or both. A
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‘template’ can be defined as structure directing ligand during the course of reaction time
or acts as space filling agents. The organic ligands, especially the amine templates
including RNH,, R,NH, RsN Ry;N™ and diamines either may coordinate to the transition
metal or merely acts as counter cation by protonation. Coordination dimension mainly
depends on the number of possible coordination sites available in POMs cluster and
transition metal complexes. By taking the advantage of the ability of POMs to act as
ligands, variety of multidimensional structures including 1D, 2D, and 3D have been
synthesized hydrothermally and a significant contribution was made by Jon Zubieta et al®
in this particular field of research work, some of these structures are known with open
framework containing well defined cavity.®® The following Figure 1.3 illustrates the

incorporation of POMs in voids present in the multidimensional structure.

POM Hexagonal
void

Fig.1.3. The incorporation of POMs cluster in the hexagonal voids present in porous
multidimensional structure.

1.4 Higher Nuclear POM Clusters and Applications

1.4.1. Polyoxovanadate

Polyoxovanadate anions are structurally very flexible and the central vanadium
atom exists in tetrahedral, trigonal-bipyramidal, square pyramidal and octahedral
geometries. In tetrahedral/ trigonal-bipyramidal case, vanadium always found in +5
oxidation state, whereas in square pyramidal and octahedral cases, the central metal atom
is either in +4 (or) +5 oxidation state. Square pyramidal geometry is responsible for the
formation of cluster shells/ cages in which templates (generally anions, sometime neutral
molecules) are accommodated as guest molecules. Higher Nuclear cluster shells/ cages
are known from {Vi,} to {Vas} with various topologies;® among these, many exist in
mixed valence (V*/V°*) state. Cluster (Host) — templates (Guest) molecules are
stabilized by weak forces (in the case of anionic guest weak repulsive force). Fig. 1.4

describes the growth of cluster shells/cages by the effect of the templates. Many
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polyoxovanadate cluster shells / cages act as cryptands/clatharate host for neutral, cation

or anionic molecules.

Fig. 1.4. Simplified representation of the shape and
size (measurements in nm) of the several
polyoxovanadate cluster anions: (a)
[HVie0n(X)]* (X = CI, Br, 1), (b
[H2V1s04(Na)I>,  (€)  [HVis04(NO)I',  (d)
[HV2:054(CIOA)]*, (€) [VacO74({VaOs(Oern))]** -

el )
0.54 Q;_E 076

¥ 126 1 i

1.4.1.1. Molecular Magnetism

It is well known that, only two isopolyanions [V1002]®* ® and [V1,03,]* are
known in which all the vanadium centers are in +5 oxidation state. Several
polyoxovanadates are known in mixed valence (nearly all ratios of V** to V°* are known)
and some of them are known in which all the vanadium centers are in V**(d%)*.
Especially, the mixed valence (V°>*/V**) and reduced (only V**) vanadium clusters show
an interesting magnetic behavior. In such a way, fully reduced vanadium clusters
(containing only V**) can be viewed as fully magnetic cluster in which S = % spins for
each V** and V*" centers are anti-ferromagnetically coupled. Consequently, the
intermolecular magnetic interactions are expected to be a maximum which open up a new

gateway in molecular magnetism.
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(i) Single Molecule Magnets (SMMs)

In the context of above discussion, the best known single molecule magnets
(SMMs) are Mns™%, Mng.'™®, Mngs™, Mngs™, Mg, Mngo™™, Fe 9, Feg!™, Feyo',
Fero™, V4 Cos™t, Nig™, Nigo™™, Niz™°. A single molecule magnet can be defined as
“a class of molecules exhibiting magnetic properties similar to those observed in
conventional bulk magnets, but of molecular origin”. A molecule should have two basic
requirements to behave as a single molecule magnet. These are (a) high spin ground state
(b) high zero field splitting (due to high magnetic anisotropy). The combination of these
two properties can lead to an energy barrier and hence the molecular system can be
trapped in one of the high spin energy wells at low temperatures. SMMs show
applications on high data storage and quantum computation as quantum bits.*? Recently
heteropolyvanadate clusters Kg[Vi15sAs§042(H20)]. 8H,O and (NH4)6[V14ASs042(SO3)],
known as (V15) and (V14) respectively, have been shown to exhibit some of the
properties of SMM. “¢ A cartoon representation of the spin orientation of V15 molecule
is presented in Scheme 1.2. These types of molecules contain a finite number of
paramagnetic spin centers and provide an opportunity to study about the magnetic

interactions.

N

Scheme 1.2 Spin frustration in magnetic layers of Kg[V15AS042(H20)]
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1.4.2. Heteropoly Blues and Browns

As we discussed earlier, type I POMs, such as, Keggin, Well-Dawson, and
Lindqgvist type cluster anion can be reduced to mixed valence heteropoly blues and
browns. The reduction of a heteropolyanion to a heteropoly blue or brown involves the
reversible addition of one or more electrons. The added electron must be entered into the
non-bonding orbital. The availability of non-bonding orbital is possible in only type |
POMs, whereas in the type Il (two terminal oxygen atoms) metal’s d orbital are involved
in o and © bonding. Consequently type || POMs does not undergo reversible reduction to
heteropoly blue or brown. The extinction coefficients of reduced “molybdenum blue” or
“tungsten blue” are significantly comparable to those of organic dyes. Molybdenum blue
solution is instantaneously formed by the reduction of Mo®* to Mo®* in aqueous acidic
solution (pH < 3). Reducing agents, such as metals (Cu, Zn, Al etc.,) BoHs, NaBH,, N2Hy,
NH,0H, H;S, SO, SOs*", S:04”, S205°", SnCl,, MoCls, MoOCls*", HCOOH, C;Hs0H,
ascorbic acid can be used successfully to generate “molybdenum blue”.*** Strong
reducing conditions are needed to generate brown species. In the research area of
“molybdenum blue”, the pioneer contribution has been done by Muller et.al. This group
published variety of articles, in which molybdenum higher nuclear clusters are decorated
by diverse architectures. The molecular growth of high nuclear molybdenum cluster

evolution can be described as follows,

{Mozs}*—» {M0s7Me}'> —» {Mo0y3, — onion-type}'® —» {Mouss— big wheel }*/

l

{Mosgs— hedgehog}?®  <«— {Moas— capped cyclic}® «— {Moszs — cyclic}™®

1.4.3. POM in Catalysis

The mainstream of POMs applications is found in the area of catalysis. The redox
properties of these POMs make them important as catalyst for a number of oxidation and
dehydrogenation reactions of organic substrates. The main role of POMs cluster anion in
catalysis is in the activation of hydrogen peroxide, alkylhydroperoxide etc. As a result of
the activation of peroxides, an inorganic peroxo, hydroperoxo, alkyl peroxo, or acyl

peroxo intermediates are formed and those are very reactive species and hence lead to
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oxygenation of the organic substrate. Overall literature?® survey of the activation of

hydrogenperoxide by a catalyst is represented in Figure 1.5. The superiority of POMs as

Catalytic activation by
transition metal
complexes

Activation using organic species

Fig.1.5 Activation of hydrogen peroxide by a catalytst.

catalysts, when compare to other catalyst, is reflected by their stability towards strong
oxygen donors, such as molecular oxygen and hydrogen peroxide. Mostly transition metal
substituted POMs clusters or POMs supported transition metal complexes shows
applications in catalysis. The literature shows about 85% of the patents and applications
of POMs are related with catalysis.22 There are three different approaches that are
available for POM catalysis related literature® in which solid heteropolyoxometalates act
as catalyst. (Fig. 1.5.)

(a) Surface type: In this approach, heterogeneous catalyst is used and reaction takes place
on the solid surface. (Fig. 1.5(a))

(b) Pseudo — liquid Bulk type (1): When the diffusion rate of reactant molecules is faster
than the reaction (diffusion considered in the solid lattice rather than in the solid pores)

the solid bulk forms a pseudo liquid phase in which catalytic reactions can be performed.
(Fig. 1.5(b))

11



Chapter 1

mr&ant prodoct reactant  product reactant pTuﬂ

% g

in) Surface type (b} Pseudo-liguid (¢) Bulk type (II)
Bulk type (I)

Fig. 1.5 Depicts the catalytic approach of a solid heteropoly anion: (a) surface type (b)
Pseudo-liquid Bulk type (1) (c) Bulk type (I1).

(c) Bulk type (I1): When the gaseous/liquid phase reactants molecules penetrate in
between the solid POMs molecules, the distance between the polyanions increased and
reaction takes place inside the bulk solid. The products are released in the gas/liquid
phase to the surface of the bulk solid. (Fig. 1.5(c))

The design of the catalyst in oxidation reactions basically depends on three
important factors i) the function of the catalyst leads to the selective product (desired
product) ii) the usage of the oxidant also plays a key role, it should be green oxidant iii)
the catalyst should be stable when the reaction carried out. If the catalyst is in the limit of
above regulations, it can be called “The ideal oxidation catalyst” The whole requirements

are shown in the following picture.?*

CATALYST DESIGN

Selective

catalyst

Fig.1.6. Three intersecting range must be considered for ideal oxidation catalyst.
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1.4.4. POM in medicine

Research work on the application of POMs in medicinal field is mainly focused
on antitumor and antiviral (including anti HIV) properties. The mechanism for the
antitumoral activity of POMs is first proposed by Yamase and his group.”® They found
that revolving around a single electron reduction / oxidation cycle is a key point for
antitumoral activity. The reduced form of heptamolybdate, [M07023(OH)]®" is highly
toxic, whereas the oxidized form [Mo0;024]° is not toxic. This group also proposed that
some domains in tumor cells reduce [M07024]%" to [M07023(OH)]®” while other domains
deoxidize [M07023(OH)]®" to [M07024]%". The first antiviral activity of POMs was reportd
in 1971. The inhibition of viral adsorption / fusion as a function of POM structure in a
|.26

cell-based assay was first studied by Hill et a
[SiW12040]*, [BW12040]° and [NaSbeWa1Ogs]*® were able to completely inhibit cell

This study pointed out the POMs anions

fusion in HIV-infected lymphocytes.

The current attention of POMs has been focused on the applications in medicinal
chemistry. Particularly this area of interest would be requiring chiral POMSs. Since much
biological activity is expected to depend on the chiral configuration. Chiral POMs
structures are classified in three different classes in the literature. (i) The structure which
undergoes rapid racemization via water exchange, partial hydrolysis, or fluxinol
behaviour. Some of the relevant examples include [X,MO2;]" (X = OP, RP, S, Se; M =
Mo, W)?  [(MeAsO3)MosO18(H20)s]*", % [X'M0g031(H20)3]>",° [X2“M01062]°,* and
[MVYM0gOs3,]® [M = Mn, Ni] * (ii) The structure which are non—labile but it is so similar
with enantiomer that separation has not been achieved (e.g. [Bo—SiW11030]%,
[a—P2W1706:]'%) 32 and their metal substituents [WMs(H20)2(XWoO3s),]** [M = X =
Zn, Co] * and (iii) the structure which are non-labile but enantiomer can be separated
(e.g. [C02M01003sH4]%, ** and [P2W15076]*%)*

1.4.5. Research in Nuclear Waste

Much research work was carried out on the safe disposal of the long lived
radioisotopes, such as, Np—237 etc. The f-block elements are highly oxophilic and
always prefer higher coordination number. Besides this, POMs (generally in anionc
nature) are nucleophilic consisting of vast number of oxygen on the surface for

coordination and most of the time acts as multi-dentate ligand, combination of these two
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preferably shows application on nuclear waste treatment process. POMs readily form
complexes with tri and tetravalent lanthanides and actinides.** A large amount of research
has been carried out on AsW,®’ and P,W1706:* to use the POMs clusters as coordinating
ligand in radioactive waste treatment via sequestration of trans-uranium elements. The
outstanding similarity of coordination chemistry in POMs may have great significance in
the development of new waste treatment technologies.

1.4.6. Supramolecular Interactions in POMs

Supramolecular chemistry can be defined as the interaction between two or more number
of molecules which leads to the supramolecular assembly. Supramolecular chemistry
deals with non-covalent interactions which are broadly differed from the traditional
organic chemistry (where making and breaking of covalent bonds occur to construct
desired molecules). When a metal center is a part of the structure, a supramolecular
framework can be constructed in two different ways.
(i) Through coordinate covalent bonds by linking metal and organic ligands.®
(if) Through weak non-covalent intermolecular forces such as hydrogen bonding, Van der
waals forces, pi-pi interactions, hydrophobic/hydrophilic interactions, ionic forces, etc.,
Structures are held together by above mentioned weak intermolecular forces,
consequently that offers extra stability to the framework. Supramolecular chemistry often
used as a tool to develop new functions like high-tech sensors, pharmaceutical therapies
etc., that cannot appear from a single molecule. Since POMs are basically oxo-clusters
containing many number of oxygen atoms on the cluster surface and also crystallized
with significant number of lattice water molecules, the crystal structure often stabilized
by O—H:--:O hydrogen bonding interactions (in case of hybrid compounds C-H---O,
N-H:-O, C-H-+N etc. also included). Basically supramolecular chemistry has been
varied by changing the cation.

Recently several reports have come, in the context of supramolecular chemistry,
that are based on Anderson anion and decavanadate cluster. These materials can be
isolated by using the 1, 10-phenanthraline and 2, 2- bipyridine.*® A representative

supramolecular architecture is presented in the Fig.1.7.
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Figure 1.7 (Left) Coordination of an Anderson anion via terminal oxygen atoms on
molybdenum to [Cu(bipy)(H:0)2]* complex fragments in compound [Cu"(2,2'-
bipy)(H.0).ClI][Cu"(2,2"-bipy)(H,0),Al(OH)sM0s015]-4H,0. (Right) the structure of
[Cu"(2,2-bipy)(H20).Cl][Cu"(2,2"-bipy)(H,0),Al(OH)sMo0sO1s] showing a chainlike
array of {Al(OH)sMogO1s}* cluster anions interconnected through {Cu'(bipy)(H20),}**
bridging copper complex fragments. Two chloro-copper complexes are hydrogen bonded,
alternatively, to only one type of Anderson anion in the chain. The Anderson cluster

anion is shown in polyhedral representation.

Fig. 1.8 Thermal ellipsoidal plot of the compound [Al(OH)sM0sO1s{Cu(phen)(H20).}]
with 30% propabibility. The atoms with additional label #2 is related to by the following

symmetry operations: #2, —-x+3, -y-1, -z+1.
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Fig.1.9 Packing diagram of the [AI(OH)sM0O1s{Cu(phen)(H.0).}.] with wire frame in
4X4 cells.Colorcode: Al, cyan; Mo, yellow O, red; Cu, blue; N, purple; CI, green; C, dark
gray; H, white.

1.4.7. Other Applications

Apart from the aforementioned discussion, an intense research work on the applications
of POMs is known in the literature such as conductivity,*® photochromism,** corrosion,*?

|,43

analytical,*® gas sensors,* fuel cells," wood pulp bleaching,*® protein precipitating

agents,”’ etc.,

1.5. Bismuth-chloro Derivatives:

Gabriella Bombieri suggested that halogenobismuthate(l1l) complex salts may
contain an array of variously organized halobismuthate anions since different polynuclear
species can be formed through oligomerization by halide bridging.*® In the majority of the
cases the coordination sphere of bismuth appears dominated by the tendency towards
hexa coordination with polybismuthate species arising from corner, edge or face sharing
BiXs distorted octahedra. The formation of the anionic sub lattice is clearly determined by
the counter cations but the effects of their most evident properties such as charge, size and

shape are not exactly predictable but it can be done to some extent.
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1.5.1. Number of nuclearity in bismuth-chloro derivatives:

From the survey of the literature, {BiCls}*" is the most common bismuth-chloro
derivative as a salt of many organic amines.” The nuclearity of bismuth in the
chlorobismuthate derivative has been tuned by changing the counter cation for example,
its size, charge and shape. Some literature suggested that formation of {Bi,Clo}*is
possible by using the higher size of the cation like [(CH3)sP]*".° Very few results are
reported for the formation of {Bi,Clio}* by using some organic ammonium salts.>
{BiClg}*", {Bi,Clo}* and {Bi,Clo}*" are represented in the Figs. 1.10-1.12

Fig.1.10 Ball and stick representations of bismuth monomer [BiClg]*".
cl4 cl2

cI5

) CI3

<

Fig. 1.11 Ball and stick representations of bismuth dimer {Bi,Clio}*".
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ot " CI

Fig. 1.12 Ball and stick representations of bismuth dimer {Bi,Clg}*"

Halogenobismuthates(l11) of general formula RaMpX(p+a) (R = alkyl ammonium
cations; M = Bi; X = Cl,) are examples of such systems exhibiting diverse properties like
ferroic (ferroelastic, ferroelectric) behaviour in commensurate modulated phases.*> Some
representative examples of such species that are characterized in various anionic forms,
belong to RyBi>X10 and R'3BiCls classes (where R is doubly protonated cation and R is
mono-protonated cation).

Compounds of general formula [NH4-,(CHz3)n]sM2Xg (where M = Sb, Bi; X = Cl,
Br, I, n = 1-4) have been the subject of many investigations due to their fascinating
properties. It was postulated that the unusual electric properties of the crystal were
governed by the dynamics of the alkylammonium cations.®*** Some of the crystals,
particularly those with small alkylammonium cations, reveal the ferroelectricity, e.g.
(CH3NH3)sM;Brg >, [(CH3)2NH2)]sSboXe > and  [(CH3)sNH]3SbCle **. It has
turned out that cationic dynamics of these compounds is affected by the type of
anionic structure. From the methylammonium subgroup, (CH3NH3)sM2Xs, the

chlorine derivatives form one-dimensional double chains of polyanions. **

1.5.2. Supramolecular chemistry of bismuth-chloro derivatives:

Basically the supramolecular chemistry has been varied by changing the counter
cation because it is noticed that C—H--Cl, N-H---Cl were observed in the reported
compounds. One of the compounds, [1,3,5-Tris(4-pyridinium)-2,4,6-triazine][BiCls]has
shown the C-H---Cl, N-H.--Cl interactions as shown in Fig. 1.13 leading to the

formation of the synthon motif.>
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Fig.1.13 Formation of synthon in the [1,3,5-Tris(3-pyridinium)-2,4,6-triazine][BiClg]

Thus the compound [1,3,5-tris(4-pyridinium)-2,4,6-triazine][BiClg] shows the C-H---Cl,

N—H---Cl interactions to all the directions, which results in the formation of fascinating
network leading to the another synthon motif as shown in the Fig.1.14. Hydrogen bonding

is observed around the cation with BiCls leading to the formation triangular nerwork.”®

Fig.1.14 [1,3,5-tris(4-pyridinium)-2,4,6-triazine][BiCI6] shows the C—H---Cl, N-H---Cl

interaction around the counter cation with BiCls®".
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Another important class of the material, [1,3,5-tris(2-pyridinium)-2,4,6-
triazine][BiClg]-3H,O has received much importance in the supramolecular chemistry
because of C—H:--Cl, N—H---Cl interactions leading to the formation of similar kind of

network as shown in Fig. 1.15.

Fig.1.15.1,3,5-tris(2-pyridinium)-2,4,6-triazine][BiClg]-3H,O  shows the C-H.-Cl,

N—H---Cl between counter cation and {BiClg}*"

1.5.3. Applications of the bismuth compounds and its chloro derivatives
Bismuth based materials are receiving considerable attention because of their
numerous potential applications including oxidation catalysis,*®® next generation memory

® high Tc superconductors,®® high temperature electrolytes,** and nonlinear

devices,*®
optical materials.”® Bismuth-chloro compounds have lot of applications in the area of
semiconductors due to their promising properties like low temperatures anti-ferro or

57 and ferro elastic properties.>”

antiferrielectric properties,®’® ferroelectric property

Moreover, bismuth coordination compounds are highly useful in drug industry.
Numerous compounds are reported as anti cancer agent and anti ulcer agent.
Bismuthcarboxylates, or their partially hydrolysed derivatives, have long been important
compounds for chemotherapy; bismuth subgallate, subcitrate, tartrate and subsalicylate

are used to treat syphilis, hypertension, infection as well as gastrointestinal disorders, and
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also used in cosmetics to control skin conditions.®® Bismuth sub salicylate (BSS),
colloidal bismuthsubcitrate(CBS) and ranitidine bismuth citrate have been used
worldwide as over-the-counter medications for the treatment of diarrhea, dyspepsia, and
peptic and duodenal ulcers.

1.6. Motivation of present Thesis

Above mentioned discussion presents a general over-view of POMs and their
related topics. Since the time, first POMs cluster was discovered, application of POMs as
a material is grown step by step. Currently we are in the position to seek out such
category of materials with some unique properties. Further work on developing reliable
and versatile functional materials with useful properties is essential. The studies on solid
state properties of POMs based crystalline materials in new perspectives open up
unexplored solid state aspects on their possible applications in the interdisciplinary areas.
In general, POMs are in anionic form which can be isolated as crystalline material with
appropriate cation and the properties of the same also can be tuned to a large extent. This
present work describes POMs based materials synthesis, crystal structures, and their
possible studies in application point of view. We have chosen transition metal supported
heptamolybdate system for the catalysis studies in the reaction of oxidation of styrene,
and particularly we reuse of the catalyst at least for three times. These catalytic studies are
extended to catalysis by decvanadate anionic cluster and Anderson anion. By using
aminopyridine derivatives as templates, a series of decavanadate and Anderson anionic
clusters were isolated and catalytic activity was also studied in the above reactions and
results are described in chapters 2, 3 and 4 respectively. In chapters 3 and 4, we have
studied the supramolecular interactions among the organic cation and cluster anion using
O-H:-0, C-H:--O and N-H---O interactions. Another important aspect of this thesis is to
explore small water clusters (cyclic tetramer and pentamer), that are formed by O—H---O
interactions, as described in chapter 3. In chapter 5, synthesis of monomeric bismuth
choro derivatives {BiCI6}3‘ and {Bi2C|10}4_ were described that are stabilized with
aminopyridine and bipyridine respectively. Interestingly, one of these compounds
exhibits emission property, which has been described by calculating the quantum yield
and its quenching property is also studied. Another dimeric bismuth cluster {Bi,Clo}*™ has
been isolated as 1, 5-benzodiazepinium salt, where 1, 5-benzodiazepine is generated

insitu in the solution starting from ethanon/propanol and opda. The resulting compounds
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were studied in terms of supramolecular relevance, as they show weak interactions, such

as C—H---Cl with surrounding cations.
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Oxidation of Styrene to Benzaldehyde Using
Transition Metal Complexes Supported by ’
Heptamolybdate anion %__m‘—w_[(,]

ﬂbstract: Oxidation of styrene is carried out by using heptamolybdate supporth
transition metal (Co**, Zn?* ) complexes, [2-ampH]4[Co(H20)sM07024]-9H20 (1),
[3—ampH]4[{Co(HgO)s}M07024]-9H20 (2), [2—ampH]4[{Zn(2—
ampy)(H20)4}M07024]-4H,0 (3), [3-ampH]4[{Zn(3-ampy)(H20)4}M07024]-4H.O
(4) as catalyst and H20; as an oxidant at 80 °C. The leaching study was carried
out to check the quality of catalyst and it was reused for three times with good
percentage of conversion. For the first two catalysts (compounds 1 and 2), the
major product obtained is benzaldehyde and benzoic acid is the major product for
next two catalysts (compounds 3 and 4). Quality of catalysts was analyzed by IR- ,

Qv-spectroscopy and powder X-ray crystallography.

2.1. Introduction

Since last few decades, mainstream of POMs applications is found in the area of
catalysis’ besides their applications in the field of materials science,? medicine,® and
magneto chemistry.* The redox properties of these POMs make them promising
materials as good catalysts for a number of oxidation and dehydrogenation reactions of
organic substrates. The main role of POM-cluster anion in catalysis is in the activation of
the oxidant, e.g., hydrogen peroxide, alkylhydroperoxide etc. As a result of the activation
of peroxides, an inorganic peroxo, hydroperoxo, alkyl peroxo, or acyl peroxo
intermediates are formed and those are very reactive species leading to oxygenation of the

organic substrate.

In the similar way, oxidation of olefins to aldehyde or ketone is currently
fascinating in industrial chemistry. This can be divided into three categories: 1) the
cleavage of the C=C bond by using the surface of the metal oxide like osmium or
molybdenum oxides with the stoichiometric amount.® 2) The ozonolysis of olefin leading
to the formation of keto functional group.”® 3) Olefin oxidation by using hydrogen
peroxide resulting in the formation of C=0 functional group.” At present era important
problems in the oxidation reactions are mainly wastage of the materials and usage of the

highly expensive materials. In order to overcome all these problems, we have chosen
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hydrogen peroxide as a green oxidizing agent because, in this case, water is a side
product, which is benign to our environment. And it is a very attractive oxidant for liquid
phase reactions.? It can oxidize the organic compounds with an efficiency of 47 % (active
oxidant= 47%) and it is very cheap (< 0.7 US $ Kg™). It is essential to mention that H,O,
is an ideal and waste free oxidant if it is used without organic substrates and toxic
materials. Safety reasons are not required very much for its storage.® Moreover H,0, is
used in the large scale reactions to synthesize the caprolactame (Sumitomo Chemical

Co.)'%and propylene oxidation (BASF and Dow Chemical Co.)."*

0 o)

\ 25 mg Catalyst

H,0,

Styrene Benzaldehyde Benzoic acid

Scheme 2.1 Oxidation of styrene leads to benzaldehyde and benzoic acid by using the

transition metal complexes supported by heptamolybdate as catalyst.

In this regard, polyoxometalates are well known to act as catalyst for oxidation of
olefins and alcohols'?. Due to availability of duel oxidation states of metal ion, it offers
the catalytic behavior in the oxidation of alcohols and olefins to simple functional groups
like aldehyde or ketone. Such properties are tuned by changing the counter cation of the
polyoxoanions for example, Cos[Si;W1204] is a good catalyst in oxidation of alcohols,
whereas, other salts of Keggin [Si;W12040]% is not that much efficient catalyst for
alcohol oxidation.*® In the present study, we have examined the catalytic applications of
conversion of styrene to benzaldehyde / benzoic acid by four transition metal complexes
supported by polyoxometalates (1-4). We have reported here that catalysts are efficient to

reuse for three times with similar percentage of conversion.
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2.2. Experimental Section:

2.2.1 Materials:

[2-ampH]4[Co(H20)sM070,4]-9H,0 (1), [3-ampH]4[{Co(H20)5}M070,4]-9H,O (2), [3-
ampH]4[{Zn(3-ampy)(H,0)4}M070,4]-4H,0 (3), [3-ampH]4[{Co(3-
ampy)(H20)4}Mo070,4]-4H,0 (4) are synthesized according literature procedure®. Styrene
and H,O, (30%) are purchased from Hi-Chem.

2.2.2 Physical Measurements:

Micro analytical (C, H, N) data were obtained with a FLASH EA 1112 Series CHNS
Analyzer. Infrared (IR) spectra were recorded on KBr pellets with a JASCO FT/IR-5300
spectrometer in the region of 400-4000 cm™. Electronic absorption spectra were recorded
on a Cary 100 Bio UV-Vis spectrophotometer. G.C. analysis was performed on GCMS
equipped with ZB-1column (30 m x 0.25mm, pressure= 20.0 k Pa, detector= El, 300 °C)

with helium gas as carrier.
2.3. Results and Discussions:
2.3.1 Catalysis:

The oxidation of styrene with 30% of H,O,, catalyzed by four synthesized
materials (1-4), produces benzaldehyde/ benzoic acid as the major products and the
minor products are styrene oxide and acetophenone. The advantages of these catalysts lie
in the fact that they are recycled in the same oxidation for at least three times with similar
percentage of conversion. The complete results of the styrene oxidation by using four
catalysts are shown in Table 2.1. As shown in the table, all the four compounds are good
catalysts in the oxidation of styrene. When the same oxidation is performed with
ammonium heptamolybdate as a catalyst (instead of compounds 1-4), we found only 5%
conversion. On the other hand, the title compounds results in a good percentage (>99) of

conversion under similar condition.

Comparing the IR spectra of pure catalyst 1 and regenerated catalyst 1 suggests
that there is no structural change in the catalyst even after several cycles. Infra red spectra
of both parent 1 and regenerated 1 are shown in the Fig. 2.1 and Fig 2.2 respectively.

Solid state UV spectroscopy of the pure catalyst and regenerated catalyst also suggest that
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catalyst does not leach after completion of the reaction as shown in Fig. 2.3 and Fig 2.4
respectively. Powder-XRD studies of parent 1 and regenerated 1 also suggest that catalyst
is not destroyed after the catalysis as shown in Fig 2.3 and Fig 2.4 respectively. We have
carried out the same reaction by varying the amount of the catalyst and amount of
hydrogen peroxide (oxidant), the observations have been shown in the Table 2.2.

Conversion
Catalyst | (%)
Selectivity( % )

Benzaldehy | Epoxide Benzyl | Benzoic | Acetophenone
de alcohol | acid
1* 99.3 76 j j 24 j
2* 96 76 3 5 15 1
3t 100 16 0 6 58 20
4% 100 15 33 1.2 69 11

Table 2.1 Oxidation of styrene by using the four catalysts (1-4)

Nate: 25 mg of the catalyst at 80 °C and time is 24 h; *1:2 ratio andt 1:3 ratio of styrene
and H202
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Fig.2.2 Infra Red spectroscopy of regenerated catalyst 1
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Fig. 2.3 Diffuse reflectance spectra of catalyst 1.
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— catalyst 1
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10 20 30
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Fig. 2.5 Powder XRD pattern of catalyst 1 and regenerated catalyst 1

As shown in Table 2.2, increasing the conc. H,O; increases the percentage of conversion
increases but the conversion of benzaldehyde is decreased. This is because the additional
hydrogen peroxide oxidizes the generated benzaldehyde further to benzoic acid. So the
conversion of benzoic acid increases with increase in conc. of H,O,. In all the cases,
benzaldehyde is the product with major selectivity especially under the condition of 1:2
ratio of styrene and hydrogenperoxide; other products are epoxide, and benzophenone
with minor selectivity. We have run several reactions for styrene oxidation with catalyst 1
under various conditions and finally one condition was optimized with 1:2 ratio of styrene

and hydrogen peroxide at 80 °C for 24 h for the maximum selectivity of benzaldehyde.
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Table 2.2 The results for the reaction of oxidation of styrene by varying the conc. of

H,O, (Condition : Time = 24 h; Temperature = 80 °C)

Reaction Percentage of
Condition Conversion Selectivity (%)
Bty:H,0,)

Benzaldehyde KEpoxide Benzyl Benzoic | Acetoph
alcoheol acid enone

11 36 88 2 - 10 -
12 96 76 - - 24 -
1:3 99.3 53 35 - 31 12.5

Important observation is that after 2 h reaction, the color of the reaction mixture
became yellow; subsequently this color disappears (after 10 h) and finally the reaction
mixture became bluish in color. This may be due to the change in oxidation state of
molybdenum while going the reaction. In fact the catalyst is not soluble in any solvent,
either in the starting substrates or hydrogen peroxide but it is completely soluble in
reaction mixture (after addition of substrates and hydrogen peroxide). As already
mentioned, the percentage of conversion increases with increasing the amount of the
catalyst 1 (Fig. 2.6). In the similar way, selectivity of benzaldehyde as we increase the
amount of catalyst as shown in Fig. 2.7. The observation with second catalyst follows

identical fashion for the same conversion.
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Table 2.3 Results of percentage of conversion by varying the amount of catalyst 1 for
oxidation of styrene.*

Amount | Percentage
of of o
Catalyst | Conversion Selectivity (%)
1
Benzaldehyde Epoxide Benzyl Benzoic | Acetophenone
alcohol acid
5mg 74 56.6 3 4.4 28 8
10mg 91 61.6 1 2 27 8.4
15mg 98 65.4 4.6 3.8 18 8.2
20mg 99 71 1.6 3.4 18 6
25mg 99.6 76 0 0 24 0
*Condition: 1 mmol of styrene and 2 mmol of H,O- at 80 °C for 24 h.
100
3 e B 8 . 78
70
c % / s 615 654
% w - % 8
g 2
8 g 5
3 i
& 8 204
75 B
L R 104
7w T T G
5 ) 1 % % 10 e % 5
Amount of the catalyst Amount of Calalystimg)

Fig.2.6 (Left) Graphical view of percentage of conversion in the reaction of oxidation of

styrene with amount of catalyst. (Right) Selectivity (%) of benzaldehyde by changing the

amount of catalyst
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Catalysis of [3-ampH]4[{Co(H20)5}M07024]‘9H,0 (2) : Optimized condition has been
preferred a reaction with 1:2 ratio of styrene and hydrogen peroxide because the
benzaldehyde is formed as a major product. We are able to reuse this catalyst for three
times without destroying the catalyst and percentage of conversion is similar in all the
cases. From the IR spectroscopy, diffused UV-spectroscopy and powder XRD pattern it is
confirmed that catalyst is not leaching after completion of the reaction at least for three
times (See Fig. 2.7 to Fig.2.11).

As increasing the amount of hydrogen peroxide from 1 mmol to 3 mmol with
respect to styrene, 99 % of conversion was found in the reaction corresponding to 1:3
ratio of styrene and H,O, but the formation of benzaldehyde is reduced because the
excess of hydrogen peroxide oxidizes some amount of benzaldehyde leading the
formation of benzoic acid. So the selectivity (%) for benzoic acid is increased from first
condition to third condition. Increasing the amount of catalyst leads to increment in the

percentage of conversion and selectivity of benzaldehyde, as observed for catalyst 1.

Table 2.4 Results of percentage of conversion by varying the amount of catalyst 2 for
oxidation of styrene. ( 25 mg of catalyst at 80 °C for 24 h time)

Ratio of
styrene Percentage
and H,0, of Selectivity
Conversion
Benzaldehyde | Epoxide | Benzyl | Benzoic | Acetoph
alcehel acid enone

11 40 50 L] 6 15 29
12 26 76 3 5 15 1
1: 9 62.3 13 24 25 9
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Fig. 2.8 IR spectroscopy of regenerated catalyst 2 (compound 2)
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Fig 2.9 Diffuse reflectance spectra of pure catalyst 2.
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Fig 2.10 Diffuse reflectance spectra of regenerated catalyst 2.
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Fig 2.11 P-XRD of pure catalyst 2 and regenerated catalyst 2 .
Catalysis of [2-ampH]s[{Zn(2-ampy)(H20)4}M0;0,,4]-4H;0 (3):

Compound 3 also shows the good catalytic activity in the reaction of oxidation of
styrene with various products like benzaldehyde, benzoic acid, acetophenone. In this case
benzoic acid is formed with major selectivity (%). Increasing the amount of hydrogen
peroxide, percentage of conversion also increases and finally the reaction with 1:3 mole
ratio of styrene and hydrogen peroxide is taken as the optimized condition. The results are
tabulated in Table 2.5.

By changing the concentration of hydrogen peroxide from 1 mmol to 3 mmol with
respect to styrene, the formation of benzoic acid increases because H,O, oxidizes the
generated benzaldehyde to benzoic acid. At the moment of condition of 1:3 ratio of
styrene and H,O, both percentage of conversion and formation of benzoic acid reached
the maximum. Thus this condition is taken as optimized condition to oxidize the styrene.
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Table 2.5 The results for the variation of amount of H.O; in the reaction of styrene

oxidation with catalyst 3

Catalyst 3
Ratio of Pexcentage of Selectivity(%)
styrene and Conversion
B0,
Benzaldehyde Epoxide Benzyl Benzoic Acetoph
alcohol acid enene

1:1 70 328 42 6 25 32
25

1:2 99.7 145 G 4.5 58

13 999 | [ 0 6 58 20

In the similar fashion, catalyst 3 was reused for three times. This remains intact
(not destroyed) even after three cycles, as confirmed by IR spectroscopy and powder x-

ray diffractormeter patterns. (Figs 2.12 and 2.14 respectively).
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Fig. 2.12 IR spectra of neat catalyst 3 (compound 3)
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Fig. 2.13 IR spectra of regenerated catalyst 3 (compound 3)
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Fig 2.14 Powder XRD pattern of pure catalyst 3 and regenerated catalyst 3 .
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Catalysis of [3-ampH]s[{Zn(3-ampy)(H20)1}M07;0.4]-4H,0 (4):

The catalytic activity of the compound [3-ampH]4[{Zn(3-ampy)(H20)4}M07024]-4H,0
(4) towards the oxidation of styrene by using the hydrogen peroxide as an oxidizing agent
leads to again the formation of benzaldehyde, acetophenone and benzoic acid. But major
selective (%) product is benzoic acid at 1:3 mole ratio of styrene and hydrogen peroxide
besides 99% of conversion. So this condition is being considered as optimized condition
for this conversion at 80 °C. In this condition, benzaldehyde is generated with 72 %
selectivity; the reason might be the case that reaction has been quenched by the formation
of benzyl alcohol. In the case of second condition (1:2 of styrene and H,O,), the
generated benzyl alcohol completely oxidizes to benzoic acid. The third condition (1:3 of
styrene and H,O;) reveals that the percentage of selectivity of benzoic acid has reached
maximum value because H,O, completely oxidizes to benzoic acid. As usual, the effect
of the amount of catalyst is same as shown in the case of compound 3 under the similar
condition. More over, the catalyst can be recycled three times for the reaction; the purity
of catalyst was analyzed by IR spectroscopy and powder x-ray diffraction as shown in
Figs. 2.16 to 2.18.
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Fig.2.16 IR spectra of fresh catalyst 4 (compound 4)

44



Chapter 2

42 .66
]
%T
4
| a5
...23.27 . = A D . RIS 1 , .
4000.0 3000.0 2000.0 1000.0 _400.0
. Wavenumber
Condition e »
____upper .42.66..__Jlower 23.27 ._.depth _ 2.00
Peak table :
..A:._13398.88( 24.9) 2. #8315.93( 25.6) ___3: _3200.49( 26.3) __. 4 .3059.38( 26.8).
_5:.__B0PB.51( 26.6) . B: 471B.73( 33.5) . 7: _A62B.14(.30.7) B _AB56.70.( 30.5).

Q. 1485.32( 31

13 956.78( .28.

LA7: L BBS8.38.(.31

.2)..__40:

LAY .. A8

2) 14

4396.59.(.34.1). . 44: 4342 58( 34.7) - 42: 42B2.78( 34.7).
_B839.41.(.30.0) ___.45:._ 800.53(.30.4) __416:._.738.80(.29.4).
- 520.83(29.8) __ .
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2.3.2 Leaching property of the catalyst:

All the catalysts (1-4) are regenerated and reused for minimum of three
times with similar percentage of conversion. It reveals that catalyst is not losing its
catalytic activity even after three cycles in the above said reaction, which is explained
based on infrared spectroscopy, solid state UV-visible spectroscopy and powder X-ray
crystallography as shown in the Figs 2.1 to 2.11 for catalyst 1, 2, 3 and 4.

2.3.3 GC-MS calculations:

The oxidation of styrene'® is analyzed by Gas Chromatography-Mass Spectral
studies. After completion of the reaction, DCM is added to the reaction mixture and then
extracted the organic layer with DCM solvent. And then 0.8 uLt. of the reaction mixture
was injected into the column, and then it entered the programmed oven (injector

temperature: 200 “C and detector temperature: 250 °C, ramping temperature: 2.5 °C).

The percentage-conversion of the substrate and the percentage-selectivity of the

products in the reaction are calculated as shown below.™
Percentage of conversion = {[Initial mol % —final mol %] / initial mol %}X 100.

Percentage of selectivity = [Product mol % / Substrate mol %] X 100.

2.4 Conclusion:

In conclusion, we have demonstrated the catalytic activity of transition metal
complexes supported by heptamolybdate anion in the oxidation of styrene by using H,O,
as an oxidant. All the catalysts are reused for three times with similar percentage of
conversion. And the leaching of the catalyst has been checked and studied by infrared
spectroscopy, solid state UV-visible spectroscopy and powder X-ray diffraction studies.
We have demonstrated the variation of benzaldehyde formation with varying
concentration of H,O, and varied amount of the catalyst. The percentage of conversion
was determined by GC-MS.
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For standard optimized catalytic reaction for catalyst 1or 2: 1 mmol of styrene and
2 mmol of H,O, are taken into the 25 ml of round bottom flask, which was
already added 25 mg of catalyst 1 or 2 and stirred for 24 h at 80 °C, the reaction
was quenched with DCM after time period. When the mixture came to room
temperature organic layer was extracted in DCM and catalyst was completely
came to water layer. Few amount of the organic layer is used for GC-MS analysis.
For catalyst 3 or 4, 1:3 ratio of styrene and H,O, were taken as the similar

procedure for catalyst 1 or 2.
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Polyoxovanadate Based Materials: Synthesis,

Structural Characterization and Catalysis ,
lw.w._,..,w""/'

ABSTRACT:- In this chapter we have described the synthesis, characterization ah
supramolecular  chemistry of [Co(H20)s][Nas(H20)23]{V1002s}-4H,O (1),
[Zn(HQO)e][Nag(H20)14]{HV10028}'1OH20 (2), [HMATAH]Q{H4V10028}'8HQO (3),
[HMTAH]Q{(HQO)4ZH2V10028}'2H20 (4), [Co(3—amp)(H20)5]2[3—
ampH]g{V10028}-4H20 (5), [4—ampH]5[Na(H20)e]{V10028}-4HgO (6), [4-
ampH]lo[CO(HQO)@]{VmOzg}z'10H20 (7), [4-ampH]lo[Zn(HQO)e]{Vloozg}z'10H20
(8) and [3-ampH]e[V10028]-2H20 (9). In some of their crystal structures, non-
covalent interactions among the lattice water molecules led to the formation of
cyclic water tetramer and pentamer. All the compounds (1-9) are synthesized at an
ambient temperature and are characterized by single crystal X-ray crystallography.
They are additionally characterized by elemental analyses and infra-red spectral
studies. Catalytic applications of all these materials (1-9) are studied in the

Qdation of styrene to benzaldehyde successfully. Percentages of conversions are
a

nalyzed by GC-MS.

3.1 Introduction

The modern chemical research on polyoxometalates (POMs) based solid state
materials fascinates synthetic chemists because of their potential applications in diverse
research areas, such as, catalysis,l electrical conductivity, medicinal chemistry, and
materials science.? Among these, the area of polyoxovanadates (henceforth, POVs) based
materials has received special attention due to not only their diverse topologies, structural
and electronic properties but also their fascinating versatile industrial applications, e.g.,
catalysis and materials applications.’Among POVs, decavanadate cluster anion is a
versatile POM cluster anion, which is constructed by ten edge-shared VOg octahedra with
D2n symmetry operation as shown in Scheme 3.1. Eight terminals, fourteen doubly bridged
(1?), four triply bridged (1) and two hexa bridged (u°) oxygen atoms exist within this
cluster. Thus it has six negative charges (6-). Formation of the decavanadate anionic
cluster can be recognized by IR spectroscopy, in which its characteristic peaks are 990 cm’
! and 1000 cm™. This cluster can be isolated by using various cations e.g., transition metal

cations, alkali metal cations, lanthanide ions and protonated organic amine cations for
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charge compensation. Several heptamolybdates and decavanadate based compounds are
reported by using various organic cations including transition metals, alkali metals and
their supramolecular architectures are also described clearly.*> Choosing of a cation plays
a vital role for tuning the property of the decavanadate cluster. The relevant reports are
described with several kinds of polyoxometalates other than decavanadates, such as,
[M07024]% and [Si;Wi12040]%; their properties are tuned by changing the cations. For
example, ammonium salt of heptamolybdate [Mo0-0,,]®" shows the antitumor activity and
cobalt salt of silicotungstate {Co3[Si,W:12040]} is a good catalyst in oxidation reactions.
Even though, there are copious reports on the crystal structures of POM supported metal
complexes and hybrid materials® their catalytic applications remain largely unexplored.’
Pioneering works on catalytic activities of POMs, substituted POMs and POM supported

Scheme 3.1 Decavanadate {V100s> } anionic cluster

transition metal complexes and alkali metal complexes towards organic transformations of
industrial importance, has been well-established by Neumann and his group.® Cronin
group has also made contribution in this area.® In this context, it is important to mention
that the selective oxidation of olefines to respective ketone or epoxide is a central
conversion in organic synthesis.' In the earlier years, the selective oxidation was carried
out by several oxidizing agents, such as, hypervalent iodines.*! Since then numerous
methods have been developed for this important oxidation, that are, however, associated
with several disadvantages. These include severe environmental problems due to the
wastage of solvents, reagents and generation of unwanted side products. In recent years,
seeking environmentally benign (green chemistry) methods for the same oxidation have
been realized and numerous publications have appeared in this direction. The molecular
oxygen (Oy) is a green, universal oxidant and several catalytic systems (for example,
CuCl.phen,*® HsPV,M010040 2% PdLn,**?¢ M-TEMPO,"®™ bimetallic systems: Os-Cu

and Mo-Cu,™" ruthenium based catalysts: Ru-biomimetic-coupled systems, Ru-
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hydroxyapatite, RuCl,(p-cymene),/Cs,CO3;, RuO, and perruthenate,[lzm'q] Pt and Pt/Bi
catalyst,[lzr't] Manganese oxide molecular sieves,'? and V20512"), that use molecular
oxygen as an oxidant for the conversion of olefins to their corresponding ketones, have
successfully been developed. The various aspects of the usage of molecular oxygen (as an
oxidant) have been reviewed by Sheldon et.al in their recent article.”®> Some demerits of
the usage of molecular oxygen (O,) are also to be considered seriously, for example, (i) in
many cases only one of the two oxygen atoms from the molecular oxygen (O) is used for
the oxidation and hence stoichiometric amount of co-reductant also to be needed, (ii) it is
difficult to control the reaction and sometime it leads to the combustion/blast. By taking
into account all these, we found another green oxidant ‘hydrogen peroxide’ as oxygen
source. It contains 47.1% of active oxygen (wt %) which is significantly higher than the
other common oxidizing agents such as HNO3 (25.0%), tBuOOH (17.8%), and NalO4
(29.9%) etc. and furthermore, it is prominently easy to handle and gives only water as the
by-product. The catalysis, mediated by vanadium clusters, have drawn much attention
because vanadium compounds are in general very active and thus room temperature or low
temperature (0 °C) is sufficient to get the successful reaction. We are interested to study
the catalytic activities of decavanadate based compounds, that are obtained by altering
several cations, e.g., organic cations or transition metal ions or alkali metal ions, toward
the oxidation reaction of styrene. In the present chapter, we describe syntheses and
structural characterizations of [Co(H20)s][Nas(H20)23]{V10028}-4H.0 (1), [Zn(H20)e]
[Nag(H20)14]{HV10025}-10H,0 ), [HMATAH]{HsV10026}-4H20 3),
[HMTAH]2{(H20)4Zn;V10028}-2H,0 (4), [Co(3-amp)(H20)s]2[3-ampH]2{V10028}-4H,0
(5), [4-ampH]s[Na(H20)6]{V10028}-4H,0 (6), [4-ampH]10[C0o(H20)6]{V1002s}.:10H,0
(7), [4-ampH]10[Zn(H20)6]{V10028}2-10H,0 (8) and [3-ampH]e[V1002s]:2H,O (9) and
their supramolecular chemistry emphasizing C-H:--O, O-H--O and O--O weak
interactions. Finally the catalysis of styrene oxidation, mediated by these nine compounds,

is described.

3.2 Experimental Section
3.2.1 Materials

Sodium metavanadate is received from SISCO Laboratory. The distilled water was
used throughout the experiments. 2-Aminopyridine, 3-aminopyridine, 4-aminopyridine
and hexamine (hexamethylenetetramine) are received from CHEMLABS. Zn(NO3)-6H,0
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and Co(NO3)-6H,0 are used as received from S.D Fine and FINAR respectively. Styrene

and 30% H,0O, were received from Hi Chem and used without further purification.
3.2.2 Physical Measurements.

Micro analytical (C, H, N) data were obtained with a FLASH EA 1112 Series
CHNS Analyzer. Infrared (IR) spectra were recorded on KBr pellets with a JASCO FT/IR-
5300 spectrometer in the region of 400-4000 cm™. G.C. analysis was performed on
GCMS equipped with ZB-1column (30 m x 0.25mm, pressure= 20.0 k Pa, detector= El,
300 °C) with helium gas as carrier.

3.2.3 Experimental section.
Synthesis of [Co(H20)s][Nas(H20)23]{V10028}-4H,0 (1):

Sodium metavanadate (1 g, 4.13 mmol) was dissolved in 100 mL of water and its
pH was adjusted to 10.0 by dil. HCI. In a separate beaker, the metal salt, Co(NO3),-6H,0O
(0.5 g, 1.7 mmol) was dissolved in 20 mL of water. This reaction mixture of metal salt was
added drop wise to the sodium vanadate solution with stirring. The resulting reaction
mixture was stirred for 5 h (during stirring, the formation of precipitate / turbidity was
dissolved by heating the reaction mixture at 70-80 °C in three to four slots). The reaction
mixture was then filtered and kept in open beaker for crystallization without any
disturbance at room temperature. After one week, orange colored crystals formed, were
filtered, washed with plenty of water and finally dried at room temperature. One of the
single crystals, suitable for X-ray diffraction study, was selected and characterized
structurally. The product obtained with Yield: 1.23 g. Anal. Calcd. (%) for
CoNasV10061He6:.C, 0.00; H, 3.90; N, 0.00. Found: C, 0.07; H, 3.79; N, 0.00. IR (KBr
pellet): (viem™) 3329, 3171, 1658, 1622, 1541, 1475, 1383, 1327, 1244, 1168, 991, 889,
829, 765, 617.

Synthesis of [Zn(H20)s][Nas(H20)16]{HV10025}-10H,0(2):

Sodium metavanadate (1 g, 4.13 mmol) was dissolved in 100 mL of water and its
pH was adjusted to 10.0 by dil. HCI. In a separate beaker, the metal salt Zn(NOs3),-6H,O
(0.5 g, 1.68 mmol) was dissolved in 20 mL of water. This reaction mixture of metal salt
was added drop wise to the sodium vanadate solution with stirring. The resulting reaction
mixture was stirred for 5 h (during stirring, the formation of precipitate / turbidity was
dissolved by heating the reaction mixture at 70-80 °C in three to four slots). The reaction
mixture was then filtered and kept in open beaker for crystallization without any

disturbance at room temperature. After one week, orange colored crystals formed, were
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filtered, washed with plenty of water and finally dried at room temperature. One of the
single crystals, suitable for X-ray diffraction study, was selected and characterized
structurally. The product obtained with Yield: 0.35 g. Anal. Calcd. (%) for HssOgs0ZnNas:
C, 0.00; H, 5.65; N, 0.00. Found: C, 0.09; H, 5.71; N 0.10. IR (KBr pellet): (v/cm'l) 3337,
3229, 3057, 2085, 1614, 1560, 1485, 1398, 1327, 1332, 1280, 1072,922, 885, 829, 679,
584.

Synthesis of [HMATAH]{H;V10025}-8H,0 (3)

Sodium metavanadate (1 g, 4.13 mmol) was dissolved in 100 mL of water and its
pH was adjusted to 3.0 by dil. HCI. In a separate beaker, hexamine (0.25 g, 1.7 mmol) is
dissolved in 20 mL of water. This reaction mixture of hexamine was added drop wise to
the sodium vanadate solution with stirring. The resulting reaction mixture was stirred for
5hrs (during stirring, the formation of precipitate / turbidity was dissolved by heating the
reaction mixture at 70-80 °C in three to four slots). The reaction mixture was then filtered
and kept in open beaker for crystallization without any disturbance at room temperature.
After one week, orange colored crystals formed, were filtered, washed with plenty of
water and finally dried at room temperature. One of the single crystals, suitable for X-ray
diffraction study, was selected and characterized structurally. The product obtained with
yield, 0.65 g. Anal. Calcd. (%) for V10035C12NgH46: C, 10.385; H, 3.34; N, 8.07. Found, C,
10.885; H, 3.94; N, 8.87. IR (KBr pellet): (v/em™): 3440, 3356, 3056, 2045, 1657, 1567,
1456, 1387, 1338, 1178, 1078, 967, 884, 856, 629, 581.

Synthesis of [HMTAH]2{(H20)4ZNn;V1002g}-2H,0 (4)

Sodium metavanadate (1 g, 4.13 mmol) was dissolved in 100 mL of water and its
pH was adjusted to 3.0 by dil. HCI. In a separate beaker, the Zn(NOs3),-6H,O and
hexamine ( 0.25 g, 1.68 mmol) were dissolved in 20 mL of water. This reaction mixture
was added drop wise to the sodium vanadate solution with stirring. The resulting reaction
mixture was stirred for 5 h (during stirring, the formation of precipitate / turbidity was
dissolved by heating the reaction mixture at 70-80 °C in three to four slots). The reaction
mixture was then filtered and kept in open beaker for crystallization without any
disturbance at room temperature. After one week, orange colored crystals formed, were
filtered, washed with plenty of water and finally dried at room temperature. One of the
single crystals, suitable for X-ray diffraction study, was selected and characterized
structurally. The product obtained with Yield: 0.27 g. Anal. Calcd. (%) for
ZnV10034C12NgHsg: C, 9.74; H, 2.59; N, 7.57. Found: C, 10.01; H, 278; N, 7.89. IR (KBr
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pellet): (v/em™) 3420, 3310, 3190, 3078, 2918, 1647, 1614, 1570, 1464, 1386, 1313, 1230,
1182, 1086, 920, 883, 605.

Synthesis of [Co(3-amp)(H20)s][3-ampH]2{V1002s}-4H,0 (5):

Sodium metavanadate (1 g, 4.13 mmol) was dissolved in 100 mL of water and its
pH was adjusted to 3.0 by dil. HCI. In a separate beaker, the Co(NO3),-6H,0 (0.5 g, 1.7
mmol) and 3-aminopyridine (0.25 g, 1.68 mmol) were dissolved in 20 mL of water. This
reaction mixture was added drop wise to the sodium vanadate solution with stirring. The
resulting reaction mixture was stirred for 5 h (during stirring, the formation of precipitate /
turbidity was dissolved by heating the reaction mixture at 70-80 °C in three to four slots).
The reaction mixture was then filtered and kept in open beaker for crystallization without
any disturbance at room temperature. After one week, orange colored crystals formed,
were filtered, washed with plenty of water and finally dried at room temperature. One of
the single crystals, suitable for X-ray diffraction study, was selected and characterized
structurally. The product obtained with vyield: 0.27 g. Anal. Calcd. (%) for
Co,V10042C20NgHs4: C, 14.081; H, 3.19; N, 6.56. Found: C, 14.21; H, 3.23; N, 6.89. IR
(KBr Pellet): (v/em™): 3456, 3322, 3170, 2998, 2978, 1654, 1625, 1567, 1469, 1398, 1267,
1156, 1076, 937, 896, 608.
Synthesis of [4-ampH]s[Na(H20)s]{V1002s}-4H20 (6):

Sodium metavanadate (1 g, 4.13 mmol) was dissolved in 100 mL of water and its
pH was adjusted to 6.0 by dil. HCI. In a separate beaker, the 4-aminopyridine (0.25 g, 1.70
mmol) were dissolved in 20 mL of water. This reaction mixture was added drop wise to
the sodium vanadate solution with stirring. The resulting reaction mixture was stirred for 5
h (during stirring, the formation of precipitate / turbidity was dissolved by heating the
reaction mixture at 70-80 °C in three to four slots). The reaction mixture was then filtered
and kept in open beaker for crystallization without any disturbance at room temperature.
After one week, orange colored crystals formed, were filtered, washed with plenty of
water and finally dried at room temperature. One of the single crystals, suitable for X-ray
diffraction study, was selected and characterized structurally. The product obtained with
Yield: 0.47 g. Anal. Calcd (%) for V1oNaO3sC2sN1oHss: C, 18.35; H, 3.88; N, 8.56.Found:
C, 18.15; H 3.99; N, 8.55. IR (KBr Pellet): (v/em™): 3467, 3335, 3178, 2929, 1684, 1629,
1547, 1498, 1339, 1235, 1178, 1007, 967, 849, 619.
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Synthesis of [4-ampH]1[Co(H20)6]{V1002s}2:10H,0 (7):

Sodium metavanadate (1 g, 4.13 mmol) was dissolved in 100 mL of water and its
pH was adjusted to 3.0 by dil. HCI. In a separate beaker, the Co(NOs3),:6H,0 (0.5 g, 1.7
mmol) and 4-aminopyridine ( 0.25 g, 1.68 mmol) were dissolved in 20 mL of water. This
reaction mixture was added drop wise to the sodium vanadate solution with stirring. The
resulting reaction mixture was stirred for 5 h (during stirring, the formation of precipitate /
turbidity was dissolved by heating the reaction mixture at 70-80 °C in three to four slots).
The reaction mixture was then filtered and kept in open beaker for crystallization without
any disturbance at room temperature. After one week, orange colored crystals formed,
were filtered, washed with plenty of water and finally dried at room temperature. One of
the single crystals, suitable for X-ray diffraction study, was selected and characterized
structurally. The product obtained with Yield: 1.87 g. Anal. Calcd. (%) for
V20C007,C50NooH102: C,18.69; H, 3.19; N, 8.72. Found: C, 18.55; H, 3.79; N, 8.43. IR
(KBr pellet) (viem™): 3427, 3345, 3196, 2822, 1690, 1645, 1556, 1489, 1338, 1268, 1189,
1039, 979, 890, 650.
Synthesis of [4-ampH]10[ZNn(H20)6]{V 10028} 10H,0 (8):

Sodium metavanadate (1 g, 4.13 mmol) was dissolved in 100 mL of water and its
pH was adjusted to 3.0 by dil. HCI. In a separate beaker, the Zn(NOs),-6H,O (0.5 g, 1.7
mmol and 4-aminopyridine (0.25 g, 2.6 mmol) were dissolved in 20 mL of water. This
reaction mixture was added drop wise to the sodium vanadate solution with stirring. The
resulting reaction mixture was stirred for 5h (during stirring, the formation of precipitate /
turbidity was dissolved by heating the reaction mixture at 70-80 °C in three to four slots).
The reaction mixture was then filtered and kept in open beaker for crystallization without
any disturbance at room temperature. After one week, orange colored crystals formed,
were filtered, washed with plenty of water and finally dried at room temperature. One of
the single crystals, suitable for X-ray diffraction study, was selected and characterized
structurally. The product obtained with Yield: 1.47 g. Anal. Caled (%) for
V20Zn072CsoNooHi102: C, 18.65; H, 3.19; N, 8.7. Found: C, 18.32; H, 3.45; N, 8.63. IR
(KBr pellet) (viem™): 3445, 3385, 3187, 2842, 1677, 1649, 1537, 1424, 1373, 1229, 1175,
1038, 929, 885, 643.
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Synthesis of [3-ampH]s[V10025]-2H,0 (9):

Sodium meta-vanadate (1.00 g, 0.82 mmol ) was dissolved in 50 ml of hot
deionized water and its pH was adjusted to 2.00 by adding dil. HCI; to this solution were
added 20 ml of aqueous solution of Zn(NOgz), - 5H,0 (0.5 g, 1.8 mmol ) and 3-Amino
pyridine (0.3 g, 2.9 mmol ). The reaction mixture was then stirred for 5 h and little
turbidity, appeared, was removed by filtration. The resulting filtrate was kept for
crystallization at room temperature. Block-type orange colored-crystals were found in the
solution after 10 days. Yield: 0.46 g. Analysis: Calc. (%) for CsoHasN12030V10: C, 23.04;
H, 2.96; N, 10.74%. Found: C, 23.10; H, 2.89; N, 10.95%. IR (KBr pellet): 3335, 3229,
3057, 2085, 1624, 1560, 1485, 1398, 1332, 1280, 1072, 968, 885, 829, 679, 584 cm™.
3.2.4. X-ray Data Collection and Structure Determination

Data were measured on a Bruker SMART APEX CCD area detector system [A(Mo
Ka) = 0.71073 A], graphite monochromator, 2400 frames were recorded with an ® scan
width of 0.3°, each for 8 second, a crystal detector distance of 60 mm, and a collimator of
0.5mm. The data were reduced using SAINTPLUS,** the structures were solved using
SHELXS-97,* and refined using SHELXL-97.2* All non hydrogen atoms were refined
anisotropically. We tried to locate the hydrogen atom of solvent water molecules for
compound 2 & 3 through differential Fourier maps, but couldn’t succeed. A summary of
the crystallographic data and structure determination parameters for 1-3 are provided in
Table 3.1, for 4-6, they are given in Table 3.6, and for compounds 7-9, they are provided
in Table 3.10. Bond lengths and angles for decavanadate anionic cluster for 1 (as it is
common cluster for all compounds) are provided in the Table 3.12; they are in good

agreement with reported bond distances and angles for decavanadate cluster,’ [V10028]6_.

3.3 Results and discussion
3.3.1 Synthesis
The synthetic method for all the title compounds is simple one pot wet fashion reaction

at room temperature and their isolations are dependent on pH of the concerned solution.
Formation of the cluster is feasible at pH 2-9 in the solution, where pH of the solution is
maintained by adding dil. HCIl. Here, we have isolated nine ion pair compounds by
altering the various cations and simultaneously pH condition. The formation of
decavanadate cluster anion can be explained by protonation of vanadate anion followed by
the series of condensation reactions. As expected, the IR spectroscopy of all the

compounds revealed the presence of decavanadate anionic cluster in title compounds.
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10VO,™ + 4H*—— [V 0,15 + 2H,0

The generated decavanadate anionic cluster [V1002s]° has been obtained with various
cations (transition metal complexes, alkali metal complexes and protonated amino
pyridine derivatives) leading to the isolation of title compounds (1-9), which show the
diverse supramolecular properties as well as the good catalytic behavior as described in
the present chapter. Even though few results are reported by Ramanan group and other
groups, concerning to decavanadate cluster, but our compounds are novel materials from
earlier literature.™®
3.3.2 Crystallographic studies
Crystal structure of [Co(H20)e][Nas(H20)23]{V10028}-4H>0 (1):

Asymmetric unit of the [Co(H20)s][Nas(H20)14]{V10028}-4H,0O (1) reveals the
presence of half of the decavanadate cluster, which supports the sodium aqua complex. A
cobalt tri-aqua complex exists to act as the cation; the relevant ORTEP diagram is shown
in the Fig. 3.1 (left). In the full molecule of the [Co(H20)e][Nas(H20)23]{V1002s}-4H,0
(1), the alkali metal cluster is [Nas(H20)2s]** in which one of the sodium atoms is
coordinated to oxide of the decavanadate cluster so that the total moiety consists of -2
charge, which is compensated by the presence of [Co(H20)s]*" as shown in Fig. 3.1
(right). Each sodium ion in [Nas(H20)23]** is octahedrally coordinated. The formation of
this alkali metal cluster can be described by six sodium ions, out of which four exist with
half occupancies and two have full occupancies [two Nal (50% occupancy), two Na2 (
50% occupancy) and two Na3 (100 % occupancy)]. Five of these (two Na2 + two Na3
+1Na) are interconnected by bridged water ligands resulting in the formation of
Nass(H20)19 cluster, which coordinates to the [V10028]6_ cluster through Nal via
coordinate covalent bond. The other Nal [in the form of Na(H;0)4] ion is linked to the
same cluster and other adjacent cluster through coordinated covalent bonds. The situation
is shown in Fig. 3.2 (right). This type of sodium-water cluster is not very common in POV
chemistry. We believe that, the pH 10 of the concerned synthesis mixture is important in
forming this [Nas(H,0).3]*" cluster. In the crystal of 1, an interesting two- dimensional
coordination polymer is observed, the formation of which can be described by the sodium
water chains that are constructed alternatively by [Na2_5(H20)12]2'5+ and [Nao_s(H20)4]°'5+.
These chains are then connected by [V1002s]°" clusters through coordinate covalent bonds
between [V1002s]° and [Nags(H20)4]>°* resulting in the formation of a two-dimensional

net (see Scheme and Fig 3.2). The hydrogen bonding situation around each moiety of
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[Co(H20)6][Nas(H20)23]{V10028}-4H,0 (1) can be described by O-H:--O interactions as
shown in Fig. 3.3(d-f). The relevant crystallographic data is available in Table 3.1 and

hydrogen bonding distances and angles are shown in Table 3.2 including symmetry

operations.

Fig. 3.1 (Left) ORTEP diagram of the asymmetric unit of [Co(H20)s][Nas(H20)23]{V10025}-4H,0
(1) with 30% probability (hydrogen atoms are omitted for clarity). (Right) Ball and stick
representation of the [Co(H,0)s][Nas(H,0)23]{V10025}-4H,0 (1), color codes: Co, cyan; Na, blue;
O, red; V, light grey.

Scheme 3.2 2-Dimensional network established in the coordination polymer of
[Co(H20)6][Nas(H20)23]{V1002s}-4H,0 (1). Color code: red box shows decavanadate,

white circle shows [Na, 5(H20)12], sky-blue circle corresponds to sodium.
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Fig. 3.2 Picture of 2-dimensional coordination polymer of [Co(H20)s][Nas(H20)23]{V10025}-4H,0
(1), (1-direction) decavanadate chain and (2-direction) sodium aqua chain. color codes: Na, grey;

O, red; magenta polyhedra, decavanadate.
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Fig.3.3 Hydrogen bonding situation around {Na}, {Co} and water motifs of
[Co(H20)s][Nas(H20)14]1{V1002¢}-4H,0 (1), Color codes: Na, grey, Co, green; O, red, H, purple.
symmetry codes: Symmetry codes: #1, -x+2, -y+1, -z+1; #2, -x+1, -y+1, -z; #3, -x+1, -y, -
z-1, #4 -x+1, -y, -z; #5%x-1,y,2; #6 -x+2, -y+1, -z; #7 -x+1, -y+1, -z+1, #8 X, y, z-1; #9,

-X+2, -y, -z; #10 x-1, y, z-1. Color codes: Co, cyan; Na, blue; O, red; V, light grey.
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Table 3.1 Crystal data and structure refinement for compounds 1, 2 and 3.

Entry 1 2 3
Molecular formula CoHi4Na40s2V1o ZnNaz047V1o Ci12H24NgO36V10
Formula weight 1536.64 1536.64 1365.79
Temperature (K) 298(2) 298(2) 298(2)
Wavelength (A) 0.71073 0.71073 0.71073

Crystal system Triclinic Triclinic Monoclinic
Space group P-1 P-1 P2(1)/n

a(h) 8.9888(5) 18.292(4) 15.0483(16)

b (A) 11.2680 (17) 7.5417 (15) 16.8434(18)
c(A) 11.6587(15) 12.483(3) 9.0203(10)

o (deg) 105.292(15) 90.000 90.000

B (deg) 96.305(2) 101.17(3) 115.99 (10)

v (deg) 100.77(3) 90.000 90.000

Volume (A% 1098.4(3) 1689.5(6) 2055.0(4)

VA 1 1 2

p (gcm™) 2.323 1.856 2.207

i (mm™) 2.567 7.384 2.285

F (000) 761 936 1500

Crystal size (mm?) 0.24x0.18x0.14 0.24x0.18x0.14  0.26x0.16x0.10
@ range for data collection (°) 1.84 to 25.95 1.13 t0 24.99 2.02 t0 25.00
Reflections collected/unique  11963/4243 15283/5923 10824 /2178
R(int) 0.0205 0.0288 0.0193
Data/restraints/parameters 4243/0/395 5923/2 /1469 3030 /0/ 235
Goodness of fit on F 1.234 1.032 1.060

Final R indices [ | > 2 sigma(l)] 0.0430,0.0969 0.0351,0.0912 0.0290/0.0724
R indices (all data) 0.0450/0.0977 0.0479,0.1598  0.0350/0.0753
Largest diff. Peak and

hole (e.A™) 1.418/-1.524 0.780/-0.325  0.447 /-0.210
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Table 3.2 Hydrogen bonds for compound 1 [A and 9.

D-H--A d(D-H) d(H--A) d(D-A) <(DHA)
0(3)-H(3B)...0(18) 0.87(8) 2.00(8) 2.839(5) 162(7)
0(3)-H(3A)...0(29) 0.86(7) 1.87(7) 2.720(5) 172(6)
0(2)-H(18B)...0(20)#5 0.77(7) 1.93(7) 2.688(5) 168(6)
0(2)-H(18A)...0(28)#2 0.82(6) 1.97(6) 2.778(5) 169(5)
O(1)-H(1B)...0(19)#2 0.72(7) 1.98(7) 2.707(5) 178(7)
O(1)-H(1A)...0(12)#6 0.82(7) 1.95(7) 2.766(5) 172(6)
0(29)-H(29A)...0(15)#7 0.73(7) 2.07(7) 2.801(5) 178(7)
0(29)-H(29B)...0(17)#1 0.64(7) 2.27(7) 2.872(5) 159(8)
0(29)-H(29B)...0(11)#1 0.64(7) 2.64(7) 3.123(5) 135(8)
0(30)-H(30A)...0(25) 0.86(6) 2.03(6) 2.881(5) 169(5)
0(23)-H(23A)...0(29)#2 0.78(5) 2.11(5) 2.874(5) 169(5)
0(23)-H(23B)...0(14)#8 0.74(6) 2.06(6) 2.801(4) 176(6)
0(27)-H(27B)...0(16)#8 0.79(7) 2.07(7) 2.858(5) 174(7)
0(27)-H(27A)...0(9)#9 0.65(8) 2.55(8) 3.162(5) 159(9)
0(28)-H(28B)...0(19) 0.70(6) 2.23(6) 2.861(5) 152(6)
0(28)-H(28A)...0(18)#6 0.82(7) 2.03(7) 2.817(5) 159(6)
0(22)-H(22A)...0(26)#8 0.85(6) 1.95(6) 2.591(7) 131(5)
0(22)-H(22B)...0(12)#5 0.90(8) 2.07(8) 2.877(5) 150(7)
0(25)-H(25B)...0(9)#4 0.73(7) 2.00(7) 2.732(5) 180(8)
0(25)-H(25A)...0(16)#10 0.77(6) 2.16(6) 2.907(5) 165(5)
0(24)-H(24A)...0(11)#10 0.67(6) 2.23(7) 2.874(5) 162(7)
0(24)-H(24B)...0(13)#8 0.81(6) 2.22(6) 3.017(5) 171(5)

Symmetry transformations used to generate equivalent atoms:
#1, -x+2,-y+1,-z+1; #2, -x+1,-y+1,-z; #3, -x+1,-y,-z-1; #4, -x+1,-y,-z; #5, x-1,y,Z;
#6, -X+2,-y+1,-z; #7, -x+1,-y+1,-z+1; #8 x,y,z-1; #9, -x+2,-y,-z; #10, x-1,y,z-1;

Crystal structure of [Zn(H20)s][Nas(H20)14]{HV1002s}-10H,0 (2):
Asymmetric unit of crystal structure of compound 2 consists of two one-half
decavanadate clusters, one tri-sodium aqua-complex [Nas(H20)14]*" and one zinc hexa-

aqua complex [Zn(H20)s]** as shown in Fig. 3.4. Thus the full molecule can be formulated
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as [Zn(H20)6][Nas(H20)14]{HV10025}-10H,0 (2), in which decavanadate cluster is singly
protonated, and the rest of the charge (-5) is counter balanced by [Zn(H,0)s]*" and
[Nag(H,0)14]** cations. In the crystal structure, ten lattice water molecules were found and
fourteen water molecules are found to be linked with three sodium cations; the
coordination of each sodium can be described by octahedral arrangement in which two
water molecules bridge between any two sodium cations. Hydrogen atoms could not be
located for all the water molecules in the concerned crystal. By taking O--O separation in
the range of 2.779 A to 3.211 A, supramolecular structure of the compound 2 is described.
A supramolecular (H,0)g cluster is found to be formed by zinc- and sodium-coordinated
water molecules and lattice water molecules. These (H20)9 clusters are further linked by
(H20)s cluster resulting in the formation of a chain-like arrangement. This situation is
described in Fig. 3.5. The supramolecular O---O interactions between decavanadate cluster
and water chain (O35--:035) lead to the generation of a 2-dimensional network as shown
in Fig. 3.6. And it is described as inclusion of POV cluster in the water chain. Thus we can

describe that decavanadate cluster is stabilized in the pool of water.

Fig.3.4 Thermal ellipsoidal diagram of the [Zn(H,0)s][Nasz(H20)14][{HV10028}-10H,0
(2) with 30% probability (hydrogen atoms and solvent water molecules are omitted for

clarity)
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Fig. 3.5 1-Dimensional chain is built from water cluster due to O--O interaction among
the lattice water molecules of [Zn(H,0)e][Nas(H20)14]{V10025}-8H,0 (2). Color codes:
O, red.
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Fig.3.6 Inclusion of POV anion [V10O2s]®” among the water chain led to 2-dimensional
chain in [Zn(H20)6][Nas(H20)14]{V10028}-8H,0 (2). Color codes: O, red; V, grey.

Crystal structure of [HMATAH]2{H4V1002}-8H,0 (3)

[HMATAH]{H4V10025}-8H20 (3) is built up of a tetra protonated decavanadate
cluster {H4V10026}>", two molecules of HMATAH" and eight lattice water molecules as
shown in Fig. 3.7. One of the lattice water molecules (O12) is non-covalantely interacted
with another three symmetry related O12 water molecules to generate a square-like
cyclic water tetramer, from which each corner oxygen atom is hydrogen bonded to O11
lattice water molecules (all four O11 are symmetry related) resulting in the formation of
(H20)s cluster as shown in Fig. 3. Each of the corner water molecules (O12) is again non-

covalently interacted with O4 and O10 atoms of decavanadate cluster with O--O
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separations of 3.144 A and 3.197 A respectively leads to a 2-dimensional network as
shown in Fig. 3.9. This is also described as availability of decavanadate anionic cluster in
water lake. The cationic part of the molecule (HMATAH") shows C-H---O interactions
and the hydrogen bonding environment around the HMATAH" is shown in the Fig. 3.10
including symmetry operations. The relevant hydrogen bonding distances and angles are
given in Table 3.3.

O10

Fig.3.7 Thermal ellipsoidal diagram of the [HMATAH]>{H1V10025}-8H,0 (3) with 30%
probability (hydrogen atoms and solvent water molecules are omitted for clarity).color

code: V, grey, C, medium grey, N, blue.

Fig.3.8 Fig.3.9

Fig.3.8 Arrangement of octamer of water cluster in [HMATAH]{H4V10025}-8H,0 (3).
Color code: O, red; Fig.3.9. 2-Dimensional network due to O--O interaction between
water tetramer and POV in [HMATAH]{H4V10025}-8H,0 (3). Color code: O, red;
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Fig.3.10 Hydrogen bonding environment around the organic cation [HMATAH]" for
[HMATAH]2{HsV1002s}-8H,0 (3). Symmetry codes: #1) X, -y, z; #2) -X, -y, -z+1; #3) -
X, Y, -z+1; #4) -X, Y, -z, #5) -x+1/2, -y+1/2, -z+1; #6) -x+1/2, y+1/2, -z+1; #7) X, y, z-1,
#8) X, -y, z-1. Color codes: O, red; C, grey; H, Purple.

Table 3.3 Hydrogen bonds and angles for compound 3 [A and °.].

D-H--A d(D-H) d(H-A) d(D-A) <(DHA)
C(2)-H(2A)...0G)#5 1.13(10) 2.45(10) 3.453(10) 147(7)
C(1)-H(1A)...0G)#5 1.11(10) 3.07(10) 4.093(5) 153(7)
C(1)-H(1A)...0(3)#6 1.11(10) 2.70(10) 3.603(10) 138(6)
C(1)-H(1A)...O(7)#6 1.11(10) 2.45(10) 3.431(9) 146(7)
C(4)-H(4A)...0(9)#6 0.99(13) 2.61(13) 3.540(9) 155(10)
C(4)-H(4B)...0(4)#7 0.96(10) 2.56(10) 3.408(10) 147(7)
C(4)-H(4B)...0(9)#8 0.96(10) 2.61(10) 3.453(11) 146(7)
C(3)-H(3A)...0(9)#8 0.86(7) 2.66(8) 3.426(7) 148(7)
C(2)-H(2B)...0(4)#3 1.14(9) 2.52(9) 3.450(10) 138(6)
C(2)-H(2B)...0(2) 1.14(9) 2.45(9) 3.502(10) 153(6)

Symmetry transformations used to generate equivalent atoms:
#1, X,-y,z; #2, -X,-y,-2+1;

#3, -X,Y,-z+1; #4,-X,y,-Z; #5, -x+1/2,-y+1/2,-z+1;
#6, -x+1/2,y+1/2, -z+1; #7 Xx,y,z-1; #8 Xx,-y,z-1.
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Crystal structure of [HMATAH]2{(H20)4Zn,V1002s}-2H,0 (4)

A two-dimensional coordination polymer has been synthesized starting from
sodium metavanadate, zinc nitrate and hexamine at pH-2.0 in a simple wet synthesis. It
has been formulated as [HMATAH]>{(H20)4Zn;V10028}-2H,O (4) from the crystal
structure of compound 4 as shown in Fig. 3.11. [HMATAH]2{(H20)4Zn;V10028}-2H,0 (4)
crystallizes in monoclinic system with space group of P2(1)/c. In the crystal structure,
decavanadate moiety is functionalized by a Zinc aqua complex, in which Znl is
coordinated to two terminal oxo groups (O7 and O8) of both sides of decavanadate anion
and such repetitive coordination among zinc and decavanadate species results in the
formation of 2-dimensional coordination polymer as presented in Fig. 3.12. Hydrogen
bonding environment around HMATAH" moiety due to C-H---O interactions is shown in

the Fig. 3.13. Hydrogen bond distances and angles are presented in Table 3.4.

Fig. 3.11 Thermal ellipsoidal diagram of [HMATAH]2{(H20)4Zn;V10028}-2H,0 (4) with

30% probability (hydrogen atoms and solvent water molecules are omitted for clarity).
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Fig.3.12 The picture of two-dimensional coordination polymer of
[HMATAH]2{(H20)4Zn;V10028}-2H,0 (4). Color codes: V-0 polyhedra, purple; Zn, Cyan;
O, red.
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Fig. 3.13 Hydrogen bonding environment around the organic cation [HMATAH]'" for
[(HMATAH]2{(H20)4Zn;V10028}-2H,O  (4). Symmetry codes: #1, -x+1,-y+1,-z; #2, X,-
y+3/2,2+1/2; #3, X,-y+3/2,2-112; #4, x+1,-y+3/2,2+3/2; #5, -x+2,y+1/2,-z+3/2; #6, X, Y,
z+1, #7 x+1,y, z+1; #8, -x+2,-y+1,-z+1. Color codes: O, red; C, grey; H, Purple.
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Table 3.4 Hydrogen bonds and angles for compound 4 [A and °].

D-H--A d(D-H) d(H--A) d(D--A) <(DHA)
C(4)-H(4A)...0(14)#4 0.97 2.81 3.705(16) 153.8
C(4)-H(4A)...0(12)#4 0.97 2.60 3.418(16) 141.6
C(3)-H(3B)...O(3)#5 0.97 2.53 3.450(16) 157.8
C(2)-H(2A)...0(12)#4 0.97 2.46 3.319(16) 147.1
C(2)-H(2B)...O(10)#6 0.97 2.40 3.286(17) 151.7
C(5)-H(5A)...0(10)#6 0.97 2.68 3.495(18) 141.5
C(1)-H(1B)...O0(10)#6 0.97 2.51 3.358(16) 146.3
C(1)-H(1B)...O(13)#6 0.97 2.51 3.297(17) 138.6
C(1)-H(1A)...O(5)#2 0.97 2.45 3.381(16) 160.0
C(1)-H(1A)...O(7)#2 0.97 2.77 3.528(17) 136.0
C(3)-H(3A)...0(3)#2 0.97 231 3.273(16) 170.1
C(6)-H(6B)...O(4)#2 0.97 2.56 3.501(17) 164.6
C(2)-H(2A)...0(2)#5 0.97 2.45 3.263(16) 140.7
C(3)-H(3B)...O0(2)#5 0.97 2.72 3.453(17) 132.8
C(4)-H(4B)...0(11)#7 0.97 2.62 3.542(17) 159.5
C(5)-H(5B)...0(1)#8 0.97 2.45 3.359(17) 156.7

Symmetry transformations used to generate equivalent atoms:
#1, -x+1,-y+1,-z; #2, X,-y+3/2,2+1/2; #3, X,-y+3/2,2-1/2; #4, x+1,-y+3/2,2+3/2;

#5, -x+2,y+1/2,-z+3/2; #6, X,y,z+1; #7, x+1y,z+1; #8, -x+2,-y+1,-z+1;
Description of crystal structure of [Co(3-amp)(H20)s]2[3-ampH]2{V1002}-4H,0 (5)

A discrete inorganic-organic hybrid material [Co(3-amp)(H20)s]2[3-
ampH].{V1002s}-4H,0 (5) containing a cobalt complex, a decavanadate cluster anion,
aminopyridinium cation and lattice water molecules, has been isolated with 3-
aminopyridine in an aqueous media at pH 10 in an pot synthesis. Crystal system is
confined with triclinic P-1 space group. The asymmetric unit of compound 5, as shown in
Fig.3.14, reveals the presence of half of the decavanadate anionic cluster, one molecule of
protonated 3-aminopyridine [3-ampH]" and cobalt complex {Co(3-amp)(H20)s>*}. In the
crystal structure, a three-dimensional network has been built due to C-H---O interactions
between the cationic part and decavanadate anionic cluster as shown in Fig. 3.15. Apart
from columbic interaction between cation and anionic species, non-covalent interactions
are also responsible for stability of the compound 5. Hydrogen bonding situation around
the each species, labeled as {N1N2}, {N3N4} and water, is shown in Fig. 3.16 and their
hydrogen bonding distances and angles are shown in Table 3.5 including symmetry
operations. We found weak n—r interactions among the molecules of 3-aminopyridine (see

Fig. 3.17) which results in the formation of 2-dimensional network for compound 5.
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Fig.3.14 Thermal Ellipsoidal diagram of [Co(3-amp)(H20)s]2[3-ampH]2{V1002s}-6H,0
(5) with 30% probability (Hydrogen atoms are omitted for clarity).

Fig.3.15 3-Dimensional framework has been generated due to C-H:-O interactions
between cation and decavanadate anion in the crystal of compound 5, perspective view.
Color codes: Co, Cyan; O, red; Na, blue; C, medium grey; N, blue; V, light grey; H,
Purple.
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Fig. 3.16 Hydrogen bonding environment around {N1N2}, {N3N4}, water moieties for
compound 5. Symmetry codes. #1, -x+1,-y+2,-z+2; #2, -x+1,-y+1,-z+2; #3, X,y-1,z;
#4, -x+1,-y+1,-z+1; #5, -X+1,-y+2,-z+1; #6, -X+2,-y+2,-2+2; #7, -X+2,-y+1,-z+1; #8,
X,y¥,z-1. Color codes: O, red; C, grey; H, Purple.

Fig. 3.17 Arrangement of 3-aminopyridine molecules due to n—r interactions of [Co(3-
amp)(H20)s]2[3-ampH]2{V1002s}-6H20 (5) (Hydrogen atoms are omitted for clarity)

Color codes: blue; C, medium grey; N, blue.
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Table 3.5 Hydrogen bonds and angles for compound 5 [A and 9]

D-H--A d(D-H) d(H-A) d(D-A) <(DHA)
0(20)-H(20B)...0(6)#2 0.86(9) 2.01(9) 2.846(6) 164(8)
0(22)-H(22B)...0(13)#3 0.92(8) 1.85(8) 2.767(5) 171(7)
0(19)-H(19B)...0(12)#3 0.80(8) 1.93(8) 2.705(5) 162(8)
C(2)-H(2)...0(20)#4 0.93(8) 2.53(8) 3.272(8) 138(6)
N(2)-H(2A)...0(14)#5 0.82(8) 2.27(8) 3.056(8) 162(7)
0(17)-H(17B)...0(9) 0.82(7) 1.95(7) 2.750(5) 166(6)
N(2)-H(2B)...0(3) 0.66(8) 2.37(8) 2.991(7) 157(8)
0(17)-H(17B)...0(9) 0.82(7) 1.95(7) 2.750(5) 166(6)
0(15)-H(15B)...0(20) 0.59(6) 2.24(6) 2.804(8) 163(8)
O(15)-H(15A)...0(6) 0.91(10) 1.92(10) 2.816(5) 169(8)
0(18)-H(18A)...0(11)#6 0.54(8) 2.13(8) 2.650(5) 160(12)
O(17)-H(17A)...0(10)#6 0.56(6) 2.26(6) 2.811(6) 174(9)
0(17)-H(17B)...0(9) 0.82(7) 1.95(7) 2.750(5) 166(6)
C(7)-H(7)...0(10)#6 0.96(9) 2.37(9) 3.307(8) 166(7)
C(7)-H(7)...0(8)#6 0.96(9) 2.88(8) 3.301(8) 108(6)
C(10)-H(10)...0(21)#7 1.01(6) 2.88(7) 3.745(13)  144(5)
N(3)-H(3N)...O(7)#8 0.90(12) 1.77(12) 2.662(5) 172(11)
C(9)-H(9)...0(14)#5 1.04(10) 2.49(10) 3.437(9) 152(7)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y+2,-2+2; #2 -x+1,-y+1,-z+2; #3 x,y-1,z; #4 -x+1,-y+1,-z+1; #5 -x+1,-y+2,-

z+1  #6 -X+2,-y+2,-2+2; #7 -x+2,-y+1,-z+1; #8, Xy,z-1.

Description of crystal structure of [4-ampH]s[Na(H20)s]{V1002s}-4H20 (6)
Asymmetric unit of the crystal structure of compound 6 reveals that two halves of
decavanadate anionic cluster [V10028]6_ are assembled with the five cation molecules of 4-
ampH® and a sodium hexa-aqua complex. ORTEP diagram of the [4-
ampH]s[Na(H20)6]{V10028}-4H,0 (6) is shown in the Fig. 3.18. We have found four
lattice water molecules in the crystal structure of [4-ampH]s[Na(H20)s]{V10028}-4H,0 (6)
and a cyclic pentamer is generated among the water molecules (028, 029, 030, 033,
036) due to O-H---O interaction, as shown in Fig. 3.19, Such water pentamers are
connected with sodium hexa-aqua complex on both sides via Na-O-H---:O (pentamer)
resulting in the generation of an architecture like dumbbell shape as presented in Fig.
3.20. The crystallographic data is provided in Table 3.6. Again C-H:-O and O-H--O
interactions are responsible to study the hydrogen bonding around {N1NZ2}, {N3N4},
{N5N6}, {N7N8}, {N9N10}, {Na} and water moieties in the crystal structure of 6 as
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shown in the Fig.3.21 and hydrogen bond distances and angles are listed in the Table 3.7

including symmetry operations.

Fig.3.18 ORTEP diagram of the [4-ampH]s[Na(H20)s]{V1002s}-4H,0 (6) with 30%

probability (Hydrogen atoms and solvent water molecules are omitted for clarity)
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Fig.3.19 Cyclic water pentamer is generated due to O-H---O interactions in [4-
ampH]s[Na(H20)6]{V1002s}-4H,0 (6) Fig.3.20 Dumbell shape diagram due O-H:-O
interaction in [4-ampH]s[Na(H20)s]{V1002s}-4H,0 (6).Color codes: O, red; Na, grey;
H, Purple;
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Fig.3.21 Hydrogen bonding environment around a){N1N2}, b){N3N4},c) ){N5N6},d)
{N7N8}, e) {N9N10}, f-j) water moieties for [4-ampH]s[Na(H20)e]{V10025}-4H,0 (6).
Symmetry codes: #1, -X,-y,-z; #2, -x+1,-y+1,-z; #3, -X,-y+1,-z; #4,X,-y+3/2,2-1/2; #5,
x+1,y+1,z; #6, -x+1,y+1/2,-z+1/2; #7, -x+1,y+1/2,-z+3/2; #8, -X,y+1/2,-z+1/2; #9,
x,y+1,z; #10, X,-y+3/2,z+1/2; #11, -x+1,y-1/2,-z+1/2;  #12, X,-y+1/2,z+1/2; #13,
x+1ly,z; #14, x-1y,z; #15, -x+1,-y+1,-z+1; #16, x,y,z-1; #17, x,y,z+1; #18, x+1,-
y+1/2,z+1/2; Color codes: O, red; C, grey; H, Purple;
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Table 3.6 Crystal data and structure refinement for compounds 4, 5 and 6.

Entry 4 5 6

Molecular formula C12H24NgO35V10Zn,  CooH3C0o,NgO4V1g CsoH100N2gNaO7, Voo
Formula weight 1528.53 1721.84 3175.29
Temperature (K) 298(2) 298(2) 298(2)
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system Monoclinic Triclinic Monoclinic
Space group P21/c P-1 P21/c

a(h) 10.5993(17) 10.5180(16) 13.1158(10)

b (A) 16.4355(18) 11.9208(18) 20.0118(16)
c(A) 13.865(3) 12.711(2) 20.1107(16)

o (deg) 90.00 97.818(2) 90.000

B (deg) 120.191(13) 107.937(2) 95.680(3)

v (deg) 90.00 100.240(2) 90.000
Volume (A% 2087.7(6) 1460.8(4) 5251.9(7)

z 2 1 2

p (gcm™) 2.432 1.957 2.008

i (mm™) 3.378 2.181 1.808

F (000) 1492 850 3174

Crystal size (mm®) 0.36x0.18x0.14 0.46 x0.34x0.20 0.36x0.24x0.18
0 range (°) 2.98 t0 25.00 2.20t0 25.09 1.44 to 26.01
Reflections collected 9787 13958 54039

Unique reflections 3683 5139 10321

R(int) 0.0819 0.0209 0.0318
parameters 3683/0/316 5139 /0/455 10321/0/936
Goodness of fit on F 1.086 1.537 1.025

R1, WR, [ 1 > 2 sigma(l)]
R1, WR; (all data)
Largest diff. Peak and
hole (e.A™®)

0.0885, 0.2660
0.1387,0.2895

1.854, -3.604

0.0465,0.1582
0.0479, 0.1598

2.248, -0.840

0.0355, 0.0962
0.0406, 0.0997

2.108, -0.417
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Table 3.7 Hydrogen bonds and angles for compound 6 [A and °].

D-H--A d(D-H) d(H-A) d(D--A) <(DHA)
N(2)-H(2N)...O(36)#4 0.69(5) 2.12(5) 2.801(5) 167(5)
C(4)-H(4)...0(12)#5 0.89(5) 2.33(5) 3.123(5) 148(5)
C(5)-H(5)...0(27) 0.87(5) 2.30(5) 3.161(5) 168(5)
N(1)-H(LA)...0(25) 0.79(5) 2.29(5) 3.036(4) 156(5)
N(1)-H(1B)...O(6)#6 0.88(5) 2.05(5) 2.897(4) 162(4)
C(2)-H(2)...0(6)#6 0.84(4) 2.56(4) 3.245(4) 140(3)
C(3)-H(3)...0(31)#7 0.89(4) 2.62(4) 3.333(6) 138(4)
N(3)-H(3A)...0(33)#8 0.59(5) 2.65(5) 3.177(5) 150(6)
N(3)-H(3B)...O(13)#9 0.85(4) 2.36(4) 3.166(6) 158(4)
C(6)-H(6)...0(14)#9 0.87(4) 2.58(4) 3.354(4) 148(3)
N(4)-H(4N)...0(4)#8 0.79(4) 1.91(4) 2.702(4) 174(4)
C(8)-H(8)...0(1)#8 0.88(4) 2.60(4) 3.264(4) 133(4)
C(9)-H(9)...0(35)#10 0.76(4) 2.75(4) 3.471(5) 159(4)
C(15)-H(15)...0(26)#10 0.85(4) 2.50(4) 3.328(4) 164(4)
N(5)-H(5A)...0(27)#10 0.79(4) 2.24(5) 2.976(4) 154(4)
N(5)-H(5B)...O(7)#6 0.87(5) 2.13(5) 2.933(4) 155(4)
C(12)-H(12)...0(7)#6 0.92(5) 2.62(5) 3.336(5) 135(4)
N(6)-H(6N)...0(2)#8 0.80(6) 1.91(6) 2.685(4) 163(6)
C(14)-H(14)...0(1)#8 0.92(4) 2.64(4) 3.352(4) 135(3)
N(7)-H(7A)...0(20) 0.76(4) 2.12(5) 2.844(4) 162(4)
N(7)-H(17B)...0(9)#6 0.81(5) 2.31(5) 3.033(4) 150(5)
C(17)-H(17)...0(9)#6 0.93(5) 2.63(5) 3.347(4) 134(4)
C(17)-H(17)...0(14)#6 0.93(5) 2.41(5) 3.268(4) 154(4)
C(18)-H(18)...0(29)#11 0.87(4) 2.76(4) 3.477(6) 140(4)
N(8)-H(8N)...O(16)#12 0.85(5) 2.05(5) 2.855(4) 159(5)
N(8)-H(8N)...0(25)#11 0.85(5) 2.70(5) 3.319(4) 131(4)
N(10)-H(10N)...0(21)#2 0.72(5) 1.97(5) 2.677(4) 168(5)
C(23)-H(23)...0(30)#11 0.91(5) 2.81(5) 3.516(5) 135(4)
N(9)-H(9A)...O(30)#11 0.65(7) 2.63(7) 3.216(9) 152(9)
N(9)-H(9A)...0(12)#13 0.65(7) 2.43(7) 2.934(5) 136(9)
N(9)-H(9B)...0(32)#11 0.93(7) 2.06(7) 2.937(5) 159(5)
0(33)-H(33B)...0(28)#14 0.63(4) 2.18(4) 2.807(4) 177(5)
0(33)-H(33A)...0(36)#15 0.88(4) 1.92(4) 2.795(4) 173(3)

7



Polyoxovanadate Based.....

0(35)-H(35A)...0(29) 0.53(4) 2.32(4) 2.829(5) 160(7)
0(34)-H(34B)...0(18)#2 0.61(6) 2.41(6) 2.967(4) 153(7)
0(34)-H(34A)...0(31)#16 0.71(5) 2.13(5) 2.790(6) 156(6)
0(28)-H(28A)...0(8)#6 0.80(5) 2.11(6) 2.906(4) 174(5)
0(28)-H(28B)...0(24) 0.72(5) 1.97(5) 2.686(4) 170(5)
0(36)-H(36A)...0(16)#17 0.82(5) 2.06(5) 2.824(4) 154(5)
0(36)-H(36B)...0(30)#15 0.61(6) 2.27(6) 2.841(5) 157(8)
0(36)-H(36B)...0(12)#18 0.61(6) 2.82(6) 3.254(4) 132(7)
0(29)-H(29A)...0(14)#9 0.71(5) 2.04(5) 2.746(4) 170(5)
0(29)-H(29B)...0(28)#14 0.72(5) 2.15(5) 2.815(5) 154(5)
0(30)-H(30B)...0(29) 0.82(6) 2.06(6) 2.866(5) 169(5)
0(30)-H(30A)...0(10)#8 0.87(5) 1.98(5) 2.837(4) 168(4)
0(31)-H(31B)...0(27)#15 0.73(6) 2.17(6) 2.903(5) 176(6)
O(31)-H(31A)...0(5)#17 0.61(5) 2.37(5) 2.976(5) 170(7)

Symmetry transformations used to generate equivalent atoms:

#1 -X,-y,-Z #2 -x+1,-y+1,-z #3 -X,-y+1,-z; #4 x,-y+3/2,z-1/2; #5 x+1,y+1,z; #6, -
X+1,y+1/2,-z+1/2; #7, -x+1,y+1/2,-z+3/2; #8, -x,y+1/2,-z+1/2; #9, x,y+l,z; #10, x,-
y+3/2,z+1/2; #11, -x+1,y-1/2,-z+1/2; #12, Xx,-y+1/2,z+1/2; #13, x+1,y,z; #14, x-1)y,z; #15, -
X+1,-y+1,-z+1; #16, X,y,z-1; #17, X,y,z+1; #18, x+1,-y+1/2,2+1/2.

Description of crystal structure of [4-ampH].[Co(H,0)e[{V1002s}2-10H,0 (7):

The full molecule of the compound 7 has two clusters of decavanadate {Vloozs}e_
anion. For the charge compensation, ten molecules of protonated 4-aminopyridine and one
unit of cobalt hexa-aqua complex [Co(H.0)s]** are present in the crystal. Besides, ten
lattice water molecules are additionally crystallized in the structure. The full molecule of
the compound 7 is presented in Fig. 3.22. In the crystal structure, coordinated water
molecules and lattice water molecules are non-covalently interacted through hydrogen
bonding, generating water tetramer (030, 039, 035, 031) with O--H distances of 2.01 A,
1.842 A and 2.077 A respectively and each end of the water tetramer (O30 and O31) is
linked to cobalt complex, which is shown in the Fig. 3.23. Hydrogen bonding situation
around {N1N2}, {N3N4}, {N5N6}, {N7N8}, {N9N10}, {Co} and water in the crystal
structure is shown in the Fig.3.24, which is explained based on C-H:-:O, O-H:-O and N-
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H.---O interactions. Hydrogen bond distances and angles are listed in the Table 3.8

including symmetry operations.

Fig. 322 Ball and stick representation of full molecule of [4-
ampH]10[Co(H20)6{V10028}2-10H,0 (7) (hydrogen atoms and solvent water molecules
are omitted for clarity). Color codes: O, red; V, light grey; C, medium grey; Co, purple.
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Fig. 3.23. Water tetramer is generated due to O-H--O interactions in the crystal of [4-
ampH]10[Co(H20)6]{V10028}2-10H,0 (7). Color codes: O, red; Na, grey; H, Purple.
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Fig.3.24. Hydrogen bonding environment around a){N1N2}, b){N3N4}, c¢){N5N6},d)
{Co}; e-f) water moieties for [4-ampH]10[Co(H20)6]{V10028}2:10H,O (7). Symmetry
codes: #1, -X,-Y,-z; #2, -x+1,-y+1,-z; #3, -X,-y+1,-z; #4,X,-y+3/2,z-1/2; #5, x+1,y+1,z;
#6, -x+1,y+1/2,-z+1/2; #7, -x+1,y+1/2,-z+3/2; #8, -x,y+1/2,-z+1/2; #9, x,y+1,z; #10,
X,-y+312,z+1/2;  #11, -x+1,y-1/2,-z+1/2; #12, X,-y+1/2,z+1/2; #13, x+1)y,z; #14, x-
lyy,z; #15, -x+1,-y+1,-z+1; #16, x,y,z-1; #17, x,y,z+1; #18, x+1,-y+1/2,2+1/2; Color
codes: O, red; C, grey; H, Purple.
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Table 3.8 Hydrogen bonds and angles for compound 7 [A and °].
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D-H--A d(D-H) d(H-A) d(D-A) <(DHA)
0(42)-H(42A)--0(3)#4 0.58(8) 2.46(8) 2.987(6) 154(10)
0(42)-H(42A)--O(4)#4 0.58(8) 2.53(8) 2.958(6) 134(10)
0(42)-H(42B)--O(44A) 0.70(8) 1.83(8) 2481(12)  155(8)
0(42)-H(42B)--0(44) 0.70(8) 2.17(8) 2.849(8) 165(8)
0(35)-H(35A)--0(4) 0.68(7) 2.89(7) 3.341(5) 126(6)
0(35)-H(35A)--O(42)#5 0.68(7) 2.25(7) 2.900(6) 160(7)
0(35)-H(35B)-0(39) 0.87(6) 1.84(6) 2.697(5) 168(5)
0(39)-H(39A)--0(16)#5 0.73(6) 2.03(7) 2.753(5) 173(7)
0(39)-H(39B)--0(21) 0.84(7) 1.88(8) 2.701(5) 167(7)
0(40)-H(40B)--O(20)#6 0.79(8) 2.34(8) 2.989(6) 140(7)
0(40)-H(40A)--O(4) 0.86(8) 1.93(8) 2.761(5) 163(7)
0(41)-H(41A)--O(10)#7 0.87(7) 2.23(6) 2.941(5) 140(5)
0(41)-H(41A)--O(13)#7 0.87(7) 2.12(6) 2.743(5) 128(5)
0(41)-H(41B)--O(11) 0.67(8) 2.09(8) 2.710(5) 153(9)
0(38)-H(38B)--O(20)#8 0.48(8) 2.32(9) 2.777(6) 158(14)
0(38)-H(38A)--O(17)#6 0.84(7) 1.86(7) 2.685(6) 167(6)
0(36)-H(36B)--O(44A) 0.71(6) 2.14(6) 2.812(13)  160(6)
0(36)-H(36B)--0(44) 0.71(6) 2.09(6) 2.788(6) 171(6)
0(36)-H(36A)--0(25) 0.68(7) 2.11(7) 2.754(5) 158(8)
0(37)-H(37A)--0(35)#4 0.79(7) 1.95(8) 2.722(5) 165(7)
0(37)-H(37B)--0(22)#4 0.90(10) 2.16(10) 3.030(5) 163(8)
0(37)-H(37B)--O(43A)#4 0.90(10) 2.12(9) 2700(12)  122(7)
C(13)-H(13)-0(29) 0.83(5) 2.76(5) 3.416(6) 137(4)
C(13)-H(13)--0(31) 0.83(5) 2.73(6) 3.462(7) 147(5)
C(15)-H(15)--O(33)#4 1.07(7) 2.57(7) 3.518(8) 148(5)
C(15)-H(15)--O(34)#4 1.07(7) 2.67(7) 3.526(8) 136(5)
C(6)-H(6)-~O(18)#6 0.86(7) 2.54(8) 3.228(6) 138(6)
N(4)-H(4B)--O(19)#6 0.71(6) 2.39(6) 2.869(6) 126(6)
N(4)-H(4A)---O(40) 0.90(9) 2.05(9) 2.884(8) 155(8)
C(9)-H(9)--O(5) 0.82(6) 2.69(6) 3.411(6) 147(5)
C(8)-H(8)--0(6) 0.92(5) 2.49(5) 3.192(6) 134(4)
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N(3)-H(3N)--O(12)#4 0.83(6) 1.87(6) 2.704(5) 175(6)
C(7)-H(7)--O(8)#4 0.95(6) 2.67(6) 3.392(6) 134(4)
C(7)-H(7)--O(3)#4 0.95(6) 2.63(6) 3.305(6) 129(4)
C(4)-H(4)--O(42)#9 0.92(7) 2.61(7) 3.377(7) 141(5)
N(1)-H(1N)---O(43)#9 0.87(7) 2.83(7) 3.390(7) 124(5)
N(2)-H(2B)---O(1)#3 0.75(9) 2.52(9) 3.189(6) 151(9)
C(1)-H(1)--O(14)#4 0.81(6) 2.58(6) 3.331(6) 155(5)
N(2)-H(2A)--O(7)#9 0.88(5) 2.01(6) 2.875(6) 171(5)
N(2)-H(2B)---O(6) 0.75(9) 2.48(9) 3.094(6) 141(9)
C(3)-H(3)--O(1)#3 0.88(6) 2.48(6) 3.243(6) 145(5)
C(4)-H(4)--O(24)#9 0.92(7) 2.39(7) 3.026(6) 127(5)
N(1)-H(1N)--O(24)#9 0.87(7) 2.43(7) 3.018(6) 126(5)
N(1)-H(1N)--O(22)#9 0.87(7) 2.18(7) 2.952(6) 147(6)
N(1)-H(1N)--O(43A)#9 0.87(7) 2.88(7) 3.444(12) 124(5)

Symmetry transformations used to generate equivalent atoms:
#1, -x+1, -y+2,-z; #2,-x+2,-y+1,-z #3,-x+1, -y, -z+t1 #4, X, y+1, z; #5, X, y-1, z
#6 x-1y,z  #7 -X,-y,-z+1 #8 x-1,y+1,z #9 -x+1,-y+1,-z+1.

Description of crystal structure of [4-ampH]10[ZNn(H20)6]{V10028}.:10H,0 (8)

The crystal structure of [4-ampH]i0[Zn(H20)6]{V1002s}.:10H,O (8) confined
with monoclinic, P2(1)/c space group. It consists of two clusters of decavanadate
{V10026}", ten molecules of protonated 4-aminopyridine and one unit of zinc hexa aqua
complex [Zn(H,0)s]**. In addition, ten lattice water molecules are crystallized in the
crystal structure of the present compound. Thermal diagram of compound 8 is presented
in Fig. 3.25. In the crystal structure, lattice water molecules (036, 037, 040, O38) and
coordinated water molecules (O16) are noncovalently interacted due to O-H:---O
interactions resulting in the generation of a cyclic water pentamer. As 016 is linked to
zinc complex, two cyclic pentamers are formed both sides of Zn via Zn-016 leading to
the formation of the dumbbell like picture as shown in the Fig. 3.26 (O---H distances lie
between 2.007 A and 2.158 A). Hydrogen bonding situation around {N1N2}, {N3N4},
{N5N6}, {N7N8}, {NO9N10}, {Zn} and water due to C-H:-O, N-H:-O and O-H.-O
interactions in the crystal structure of 8 is shown in the Fig. 3.17 and hydrogen bond

distances and angles are listed in the Table 3.9 with symmetry codes.
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Fig. 3.25 ORTEP diagram of the [4-ampH]i0[ZN(H20)s]{V1002s}.-:10H,0 (8) with 30%
probability (Hydrogen atoms and solvent water molecules are omitted for clarity)

Fig. 2.26 (Left) Cyclic water pentamer generated because of O—H:--O interaction in [4-
ampH]10[Zn(H20)6]{V10025},-:10H, O (8) (right) Two cyclic water pentamers are
connected to Zn complex, dumbbell shape picture in [4-
ampH]10[Zn(H20)6]{V1002s}.:10H,0 (8) Color codes: O, red; Zn, cyan; H, Purple.
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Fig. 3.27 Hydrogen bonding environment around a) {Zn}; b){N1N2}, c){N3N4}d)
{N5N6}, e){N7N8}, H{N9N10}, g-h) water moieties for [4-
ampH]10[Zn(H20)6]{ V10028}2:10H,0 (8). Symmetry codes: #1, -X,-y,-z; #2,-x+1,-y+1,-z;
#3, -X,-y+1,-z;  #4,X,-y+3/2,z-1/2; #5, x+1,y+l,z; #6, -x+1,y+1/2,-z+1/2; #7, -
X+1,y+1/2,-z+3/2; #8, -X,y+1/2,-z+1/2; #9, x,y+1,z; #10, x,-y+3/2,z+1/2; #11, -x+1,y-
1/2,-z+1/2; #12, x,-y+1/2,2+1/2; #13, x+1,y,z; #14, x-1,y,z; #15, -x+1,-y+1,-z+1; #16,
X,y,z-1; #17, x,y,z+1; #18, x+1,-y+1/2,z+1/2; Color codes: O, red; C, grey; H, Purple.
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Table 3.9 Hydrogen bonds and anlges for compound 8 [A and °].

D-H--A d(D-H) d(H-A) d(D--A) <(DHA)
0(38)-H(38B)...0(19)#4 0.69(6) 2.01(6) 2.683(5) 168(7)
0(38)-H(38A)...0(11) 0.69(5) 2.21(6) 2.902(5) 176(6)
0(37)-H(37)...0(40)#5 0.74(7) 2.12(7) 2.853(6) 171(8)
0(36)-H(36B)...0(37) 0.70(5) 2.16(5) 2.837(6) 163(6)
0(36)-H(36A)...0(3)#6 0.74(5) 2.11(5) 2.828(5) 165(5)
0(36)-H(36A)...0(4)#6 0.74(5) 2.79(5) 3.235(5) 121(4)
0(40)-H(40A)...0(38)#7 0.74(6) 2.11(6) 2.788(6) 151(6)
0(40)-H(40B)...0(27)#8 0.73(6) 2.02(6) 2.746(5) 171(6)
0(18)-H(18B)...0(40)#5 0.81(6) 2.00(6) 2.804(6) 176(6)
0(18)-H(18A)...0(20)#9 0.65(5) 2.59(6) 3.113(6) 139(6)
O(18)-H(18A)...0(2)#6 0.65(5) 2.30(6) 2.852(5) 144(6)
0(16)-H(16A)...0(36) 0.79(5) 2.01(5) 2.793(5) 171(5)
0(16)-H(16B)...0(38) 0.66(5) 2.13(5) 2.795(6) 175(6)
O(17)-H(17B)...0(19)#4 0.68(6) 2.53(7) 2.981(5) 127(7)
O(17)-H(17B)...0(4)#10 0.68(6) 2.30(7) 2.963(5) 165(7)
O(17)-H(17A)...0(39) 0.73(6) 2.12(6) 2.806(6) 158(6)
C(9)-H(9)...0(8)#11 0.95 2.61 3.328(6) 1326

N(10)-H(10A)...0(8)#11 0.83(7) 2.13(7) 2.910(6) 157(6)
N(10)-H(10B)...0(24)#12 0.76(5) 2.28(5) 2.976(6) 152(5)
C(10)-H(10)...0(1)#13 0.95 2.40 3.327(5) 166.3

C(6)-H(6)...0(26)#14 0.95 2.63 3.344(5) 132.2

N(9)-H(©ON)...O0(34)#15 0.73(5) 1.96(5) 2.684(5) 176(5)
C(22)-H(22)...0(39)#10 0.95 2.56 3.332(7) 138.3

C(22)-H(22)...0(17)#10 0.95 2.76 3.645(6) 154.6

N(8)-H(8A)...0(36)#15 0.88 1.93 2.795(5) 169.4

C(20)-H(20)...0(15)#15 0.95 2.31 3.107(6) 141.4

C(23)-H(23)...0(24)#16 0.95 2.25 3.159(6) 158.6

N(7)-H(7B)...0(25)#16 0.87(6) 2.17(6) 3.002(5) 161(5)
N(7)-H(7A)...O(30)#7 0.78(5) 2.14(5) 2.892(5) 163(5)
C(18)-H(18)...0(30)#7 0.95 2.47 3.223(5) 135.9

C(28)-H(28)...0(37)#17 0.95 2.82 3.523(7) 1313

N(5)-H(5B)...0(37)#17 0.78(8) 2.47(8) 3.176(10) 150(8)
N(5)-H(5B)...0(15)#17 0.78(8) 2.34(8) 2.924(6) 132(8)
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N(5)-HGA)...O(7)#13 0.81(6) 2.33(6) 2.935(6) 133(5)
C(26)-H(26)...0(30)#18 0.95 2.82 3.700(6) 154.3
C(25)-H(25)...0(23)#19 0.95 2.83 3.532(5) 131.2
N(6)-H(6A)...0(6)#19 0.88 1.79 2.670(4) 1738
N(4)-H(4A)...0(25)#9 0.88 2.63 3.331(5) 137.4
N(4)-H(4A)...0(3)#6 0.88 2.04 2.846(5) 151.3
C(17)-H(17)...0(40)#5 0.95 2.65 3.466(7) 1437
C(16)-H(16)...0(27)#7 0.95 2.39 3.263(5) 153.1
N(3)-H(3B)...0(12)#17 0.76(5) 2.36(5) 3.020(5) 146(5)
N(3)-H(3A)...0(21)#20 0.77(5) 2.10(5) 2.833(5) 161(5)
C(5)-H(5)...0(20)#20 0.95 2.77 3.474(5) 1313
C(5)-H(5)...0(18)#5 0.95 2.54 3.428(6) 155.2
C(4)-H(4)...0(26) 0.95 2.56 3.248(5) 129.2
N(2)-H(2)...0(35) 0.88 1.82 2.697(4) 174.6
C(3)-H(3)...0(38) 0.95 2.81 3.756(6) 1735
C(2)-H(2A)...0(27)#7 0.95 2.50 3.348(5) 148.4
C(2)-H(2A)...0(3L)#17 0.95 2.81 3.535(5) 134.1
N(L)-H(LA)...O(3L)#17 0.79(5) 2.42(5) 3.158(6) 156(4)
N(L)-H(LA)...O(12)#17 0.79(5) 2.48(5) 3.111(5) 138(4)
N(L)-H(LA)...O(9)#17 0.79(5) 2.74(5) 3.287(5) 128(4)
N(L)-H(1B)...O(16)#17 0.73(6) 2.45(6) 3.128(6) 154(6)

Symmetry transformations used to generate equivalent atoms:

#1, -x+1,-y,-z+1; #2, -X,-y+2,-z+1; #3, -x+1,-y,-z; #4, x+1,y-1,z; #5, X,-y+1/2,z-1/2; #6, X,y-
1,z;#7, X,-y+1/2,2+1/2; #8, x,y,z+1; #9, -x,-y+1,-z+1; #10, -x+1,-y+1,-z+1; #11, x+1,y+1,z;
#12, x+1,-y+3/2,2-1/2; #13, -x+1,y-1/2,-z+1/2; #14, -x+1,-y+1,-z; #15, X,y+1,z; #16, X,-y+3/2,z-
1/2; #17, -x+1,y+1/2,-z+1/2; #18, x+1,-y+1/2,2+1/2; #19, x+1,y,z; #20, -X,y-1/2,-z+1/2.

Crystal structure description of [3-ampH]s[V10025]-2H,0 (9):

The crystal structure of [3-ampH]s[V10025]-2H,O (9) shows the abundance of
[V10026]%", six protonated 3-aminopyridine and two lattice water molecules per formula
unit. The thermal ellipsoidal plot of compound 9 is shown in Fig. 3.28. The isopolyanion
[V10025]° is formed by ten {VOg} octahedra connected with each other via edge sharing
oxygen atoms. The oxygen atoms present in this POV cluster anion are of three kinds:
terminal oxygen (Ot), bridging oxygen (Ob) and central oxygen (Oc). There is an

extensive hydrogen bonding interactions between the cluster anion and surrounding 3-
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aminopyridinium cation. There are three crystallographically independent organic cations
(3-aminopyridinium) in the asymmetric unit and each of them are involved in hydrogen
bonding interactions as shown in Fig. 3.29. Corresponding hydrogen bond distances and
angles are provided in Table 3.11. The selected bond distances and angles in the crystal
structure of compound 9 is presented in Table 2. There is one lattice water molecule in the
asymmetric unit (thereby two water molecules per formula unit of compound 9. This water
molecule is also involved in an extensive hydrogen bonding intraction as shown in Fig.
3.30. In the crystal, the lattice water molecule is hydrogen bonded to two adjacent
isopolyanions and one 3-aminopyridinium cation. The combination of these C-H---O/ O-
H---O/ N-H---O hydrogen bonds leads to an intricate three-dimensional hydrogen bonding
supramolecular network as shown in Fig. 3.31. It is worth mentioning that 2-
aminopyridinium salt analogue of the same decavanadate cluster [2-ampH]s[V10025]-2H,0
is reported,™ that was characterized by a different supramolecular structure and a different

space group. The crystallographic details of compound 9 are summarized in Table 3.10.

Fig. 3.28 The thermal ellipsoidal plot (50% probability) of compound [3-
ampH]s[V10025]:2H,0 (8). Three (instead of six) aminopyridinium cations are shown.
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Fig. 3.29a The hydrogen bonding environment around the cation {N1N2} compound
[3ampH]6[V10025]-2H,0O (9).

Fig. 3.29b The hydrogen bonding environment around the cation {N3N4} compound [3-
ampH]e[V1002s]- 2H20 (9).
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Fig. 3.29c The hydrogen bonding environment around the cation {N5N6} compound [3-
ampH]s[V10025]:2H20 (9). Color codes: Color code: V, blue violet; O, red; C, gray; N,
blue; hydrogen bonds are shown in purple dotted lines. #1, -x+1,-y+1,-z; #2, -
x+1,y+1/2,-z+1/2; #3, -x+2,y+1/2,-z+1/2; #4, x+1)y,z; #5, -x+2,-y+1,-z; #6, X,-
y+3/2,z+1/2; #7, -x+1,y-1/2,-z+1/2; #8, X,y-1,z; #9, -x+1,-y,-z; #10, X,-y+1/2,2-1/2.

Fig.3.30 Hydrogen bonding situation around lattice water molecule of compound 9. The

isopolyanion is shown in green polyhedral representation. Color code: V, blue violet; O,

red; C, gray; N, blue; H, Purple.
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Fig. 3.31 An intricate hydrogen bonding network observed in the crystal structure of
compound 9. Color code: V, blue violet; O, red; C, gray; N, blue.
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Table 3.10 Crystal data and structure refinement for compound 7, 8 and 9

Entry 7 8 9
Molecular formula Ca30HgsC0,N12055V 20 CsoHosN20072V20Zn  CaoHagN12030Vig
Formula weight 3161.78 3213.64 1564.19
Temperature (K) 100(2) 100(2) 298(2)
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system Triclinic Monoclinic Monoclinic
Space group P-1 P2 (L)/c P2 (1)/c
a(A) 10.5396(12) 13.087(3) 11.6246(17)
b (A) 11.4041(13) 19.997(4) 12.9657(19)
c(A) 21.068(2) 20.005(4) 16.492(2)
a(®) 99.843(2) 90.000 90.000
B 96.625(2) 95.680(3) 96.625(2)
v 91.547(2) 90.000 90.000
Volume (A% 2493.5(5) 5209.6(18) 2469.0(6)

z 2 2 2

p (gcm™) 2.106 2.049 2.104

i (mm™) 2.226 2.043 1.910

F (000) 1570 3204 1560

Crystal size (mm?®) 0.34x0.18x0.16 0.26x0.20x0.18 0.36x0.22x0.12
0 range (°) 1.81t0 26.00 1.44 t0 26.02 1.76 to 25.96
Reflections collected 25672 50931 24629
Unique reflections 9682 10234 4822

R(int) 0.0230 0.0215 0.0215
Parameters 9682/0/ 898 10234 /0/ 832 4822 /01 462
GOF on F? 1.188 1.147 1.119

Ry, WRo[1 > 20(1)]

Ry, WR; (all data)
Largest diff. Peak and
hole (e.A™®)

0.0465, 0.1044
0.0500, 0.1060

2.084 and -1.072

0.0468, 0.1020
0.0549, 0.1056

0.551, -0.345

0.0259, 0.0664
0.0284, 0.0678

0.346,-0.322
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Table 3.11 Geometrical parameters of the C—H:--O/ O-H---O/ N-H:--O hydrogen bonds
(A, °) involved in supramolecular network of compound 9. D = donor; A = acceptor.

D-H--A d(D-H) d(H-~A) d(D--A) <(DHA)
0(15)-H(15A)...0(10) 0.69(3) 2.48(3) 3.019(3) 137(3)
0(15)-H(15A)...0(13) 0.69(3) 2.46(3) 3.097(3) 155(3)
0(15)-H(15A)...0(12) 0.69(3) 2.52(3) 3.014(3) 130(3)
0(15)-H(15B)...0(6)#2 0.78(5) 2.08(5) 2.824(3) 160(5)
C(1)-H(L)...0(1)#3 0.90(3) 2.69(3) 3.371(3) 134(2)
C(1)-H(L)...0(2)#3 0.90(3) 2.58(3) 3.393(3) 150(2)
N(6)-H(6N)...O(15)#4 0.83(3) 1.86(3) 2.682(3) 171(3)
C(5)-H(5)...0(1)#5 0.85(3) 2.55(3) 3.366(3) 161(3)
C(4)-H(4)...0(4) 0.81(3) 2.46(3) 3.171(3) 147(3)
C(4)-H(4)...0(9) 0.81(3) 2.75(3) 3.390(3) 137(3)
N(5)-H(5B)...0(3)#6 0.78(4) 2.64(4) 3.305(4) 144(4)
N(5)-H(5B)...0(4)#6 0.78(4) 2.37(4) 2.984(3) 137(4)
N(5)-H(5A)...0(1)#3 0.81(4) 2.29(4) 3.070(4) 162(4)
C(6)-H(6)...0(8) 0.87(3) 2.29(3) 3.118(3) 160(2)
N(3)-H(3A)...O(14)#5 0.80(3) 2.76(3) 3.411(3) 139(2)
N(3)-H(3A)...0(3)#5 0.80(3) 2.74(3) 3.416(3) 144(3)
N(3)-H(3A)...0(12)#4 0.80(3) 2.42(3) 3.138(3) 150(3)
C(8)-H(8)...0(12)#4 0.95(3) 2.72(3) 3.440(3) 133(2)
C(8)-H(8)...0(11)#4 0.95(3) 2.37(3) 3.250(3) 153(2)
N(1)-H(1A)...O(13)#7 0.80(3) 2.09(3) 2.883(3) 173(3)
N(1)-H(1B)..O(10)#8 0.84(3) 2.21(3) 3.042(3) 171(3)
C(13)-H(13)...0(2)#9 0.84(3) 2.58(3) 3.402(3) 167(2)
C(14)-H(14)...0(15)#10  0.90(3) 2.76(3) 3.556(4) 149(2)
C(15)-H(15)...0(11)#10  0.93(3) 2.42(3) 3.128(3) 133(2)
C(15)-H(15)...0(9)#1 0.93(3) 2.62(3) 3.492(3) 156(2)
N(2)-H(2N)...O(5) 0.83(4) 1.81(4) 2.618(2) 165(4)

Symmetry transformations used to generate equivalent atoms:

#1, -x+1,-y+1,-z;  #2, -x+1,y+1/2,-z+1/2; #3, -x+2,y+1/2,-z+1/2; #4, x+1,y,z; #5, -
X+2,-y+1,-z; #6, X,-y+3/2,z+1/2; #7, -x+1,y-1/2,-z+1/2; #8, X,y-1,z; #9, -x+1,-y,-z; #10,
X,-y+1/2,z-1/2.
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Table 3.12 Selected bond lengths [A] and angles [] for decavanadate anion of compound

1

V(7)-0(16) 1.617(3) V(7)-0(9) 1.800(3)
V(7)-0(11) 1.845(3) V(7)-0(14) 1.965(3)
V(7)-0(17) 2.009(3) V(7)-0(10) 2.238(3)
V(7)-V(11) 3.0844(10) V(7)-V(10) 3.1024(11)
V(7)-V(9) 3.1533(10) V(8)-0(18) 1.618(3)
V/(8)-0(20) 1.791(3) V(8)-0(19) 1.846(3)
V(8)-0(10) 2.237(3) V(8)-V(11) 3.1004(11)
V(8)-V(10) 3.1128(11) V(8)-V(9) 3.1481(10)
V(9)-0(15) 1.685(3) V(9)-0(13) 1.687(3)
V(9)-0(14) 1.951(3) V(9)-0(10) 2.098(3)
V(9)-V(10) 3.0431(11) V(10)-O(8) 1.594(3)
V(10)-0(7) 1.827(3) V(10)-0(19) 1.862(3)
V(10)-0(9) 1.890(3) V(10)-0(13) 2.039(3)
V(10)-O(10) 2.296(3) V(10)-V(11) 3.0442(12)
V(11)-0(12) 1.614(3) V(11)-0(7) 1.822(3)
V(11)-0(11) 1.836(3) V(11)-0(20) 1.899(3)
V(11)-0(10) 2.291(3)
O(16)-V(7)-0(9) __ 103.89(15) O(16)-V(7)-O(11) 101.89(14)
0(9)-V(7)-0(11)  94.39(14) O(16)-V(7)-0(14)  100.54(14)
0(9)-V(7)-0(14)  91.39(13) O(11)-V(7)-0(14) 154.73(12)
O(16)-V(7)-0(17)  99.41(14) 0(9)-V(7)-0(17)  155.36(13)
O(11)-V(7)-0(17)  88.53(13) O(14)-V(7)-0(17)  76.42(12)
O(16)-V(7)-0(10)  174.48(14) 0(9)-V(7)-0(10)  80.91(12)
O(11)-V(7)-0(10)  80.24(12) O(14)-V(7)-0(10)  76.41(11)
O(17)-V(7)-0(10)  75.48(11) O(16)-V(7)-V(11) 134.78(11)
0(9)-V(7)-V(11)  83.36(10) O(11)-V(7)-V(11) 33.00(9)
O(14)-V(7)-V(11)  124.14(8) O(17)-V(7)-V(11) 85.96(8)
O(10)-V(7)-V(11)  47.79(7) O(16)-V(7)-V(10)  137.40(12)
0(9)-V(7)-V(10)  33.69(9) O(11)-V(7)-V(10)  83.62(10)
O(14)-V(7)-V(10)  87.72(8) O(17)-V(7)-V(10) 123.08(8)
O(10)-V(7)-V(10)  47.62(7) V(11)-V(7)-V(10) 58.95(3)
O(16)-V(7)-V(9)  136.17(11) 0(9)-V(7)-V(9)  77.57(10)
O(11)-V(7)-V(9)  121.82(10) O(14)-V(7)-V(9)  36.23(8)
O(17)-V(7)-V(9)  80.12(8) 0(10)-V(7)-V(9)  41.62(7)
VD-V(7)-V(9)  89.04(3) V(10)-V(7)-V(9)  58.21(3)
0(18)-V(8)-0(20)  104.09(15) 0(18)-V(8)-0(19)  102.59(14)
0(20)-V(8)-0(19)  95.01(14) 0(18)-V(8)-0(10)  174.39(13)
0(20)-V(8)-0(10)  80.61(12) 0(19)-V(8)-0(10)  79.83(12)
0(18)-V(8)-V(11)  137.60(11) 0(20)-V(8)-V(11) 33.67(9)
0(19)-V(8)-V(11)  83.80(10) 0(10)-V(8)-V(11) 47.34(7)
O(18)-V(8)-V(10)  135.48(11) 0(20)-V(8)-V(10)  83.13(10)
0(19)-V(8)-V(10)  33.07(9) 0(10)-V(8)-V(10)  47.43(7)
V(11)-V(8)-V(10)  58.58(3) 0(18)-V(8)-V(9)  133.66(11)
0(20)-V(8)-V(9)  122.25(10) 0(19)-V(8)-V(9)  75.63(9)
O(10)-V(8)-V(9)  41.72(7) V(11)-V(8)-V(9)  88.69(3)
0(13)-V(9)-0(14)  95.86(13)
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3.4. Catalysis

The catalysis mediated by decavanadate is relatively differed from the other
polyoxometalates, because of the more reactivity of V and the availability of mixed
oxidation states (IV and V) of vanadium atoms in the metal-oxo clusters. So it offers the
catalytic activity in oxidation of simple organic molecules with industrial importance.

Generally, the oxidation of styrene will give initially styrene epoxide, which is
oxidized to benzaldehyde, which again leads to further oxidized product, benzoic acid."’
In other hand, due to attack of the proton on epoxide, it leads to another product
acetophenone.’® Thus, if styrene is oxidized by using H,O./ catalyst, the expected
products in the reaction mixture are styrene epoxide, benzaldehyde, benzoic acid and
acetophenone. Currently our aim is to get the benzaldehyde as a selective product by
using the decavanadate based compounds. And the reactions are monitored by varying the
time of reaction.

In the present chapter, we described catalytic activities of all the compounds (1-9)
in the reaction of oxidation of styrene, which gives the selective product as benzaldehyde.
We have succeeded to get the >99% conversion of styrene at room temperature. (% of
conversions are determined by GC-MS*). The optimized condition for the conversion of
styrene to benzaldehyde is 1:3 molar ratio of styrene and H;O, with 0.25 mg of the
catalyst for 24 h at room temperature.” The full details for the reaction is provided in the
Table 3.13

N N p
'

25mg Catalyst

H,0, R.T +

Styrene Benzaldehyde Epoxide

Even there is a possibility for the formation of epoxide, benzoic acid and
acetophenone, benzaldehyde is the major product in all the reactions by using our title
compounds as catalysts; the reason might be the fact that decavanadate is the common

cluster involved in the reaction, which leads to over oxidation up to benzaldehyde.
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Table 3.13 Tabular form of the results for reaction of styrene oxidation.

Selectivity (%)
Time (h) conversion (%)

Benzaldehyde Epoxide
1 99.5 99.5 0.5
2 >99 100 0
3 99 97 3
4 >99 100 0
5 >99 100 0
6 >99 100 0
7 99 99.5 0.5
8 99.9 96 4
9 99 99 1

Note: Room Temperature (30 °C) and amount of the catalyst taken as 0.25 mg and 1:3
ratio of styrene and H,O, for 24 h.

Catalysts are reused for at least three times for the same reaction with similar
percentage of conversion. It is confirmed that catalyst doesn’t lose the catalytic activity
after using in the reaction once which was characterized by 1.R spectroscopy, powder X-
ray diffractormeter and diffused reflectance spectroscopy.

We have examined compounds 1, 7, 8 and 9 as catalyst by changing the time of the
reactions with 8 h, 12 h, 16 h, 20 h and 24 h. As expected, as time of the reaction
increases, % of conversion increases and selectivity of benzaldehyde varies, which is
shown in the Table 3.14 for compound 1. (As the yields of remaining compounds
(catalysts) are poor, we could not go for the reactions by changing the time.). From Table
3.14, it is clearly understood that in all the cases, the formation of benzaldehyde is the

major. Another point is to be noted that with increasing the time, the generated epoxide is
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oxidized to benzaldehyde so that formation of epoxide decreases with time. (Total
information is listed in Table 3.14)
Table 3.14 The variation of the time with percentage of conversion by using compound 1

as catalyst.
Time Percentage of the Selectivity
conversion Benzaldehyde | Epoxide
8 91 99 .
12 97 o8 )
16 08 o6 )
20% 98.5 97.6 1.3
2 9 99.5 0.5

T 1.1 % of selectivity of acetophenone. Note: Room Temperature (30 °C) and 1:3 ratio of

styrene and H,O, for 24 h. (Time is expressed in hours)

100 S

40

20 -

] 10 15 20 25

Time {(h) of the reaction

Fig. 3.32 A graphical view of the results concerning to percentage of conversion and
selectivity of benzaldehyde in oxidation of styrene by using the catalyst 1 with increasing

the time. Colors: red= % of conversion of styrene and green = % of selectivity.
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Table 3.15 The variation of the time with percentage of conversion by using compound 7 as
catalyst.

Time (h) conversion (%) Selectivity (%).
Benzaldehyde Epoxide
8 72 77 "
12 86 . .
* 0 98.6 1.4
20 98.8 99 .
“ » 99.5 05

Note: Room Temperature (30 °C) and 1:3 ratio of styrene and H,O, for 24 h.

From the Table 3.15, the reaction with 8 h, gives the moderate percentage of epoxide, and it
decreases to 15 % when we performed 12 h reaction. In a similar manner, epoxide completely
oxidized to benzaldehyde when time is improved for the reaction. So finally, the percentage of
benzaldehyde is more for 24 h reaction, which is the optimized condition for compound 7 as a

catalyst in the reaction.

100 -

%

4 8 12 16 20 24 28

Time {(h) of the reaction

Fig. 3.33 A graphical view of the results concerning to percentage of conversion and
selectivity of benzaldehyde in oxidation of styrene by using the catalyst 7 with increasing
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the time. Colors: red= % of conversion of styrene and green = % of selectivity of
benzaldehyde.
Table 3.16 The variation of the time with percentage of conversion with compound 8 as

catalyst.

Time Percentage’of the Selectivity
conversion Benzaldehyde Epoxide
8 70 0 1
12 83 o4 y
16 90 o5 .
20 95 o8 ,
24 99.9 0 )

Note: Room Temperature (30 °C) and 1:3 ratio of styrene and H,O, for 24 h. Time is
expressed in hours.

As shown in Table 3.16, initially the selectivity of epoxide is less (8 h), but for 12 h
reaction, 16 % of product is observed along with 84 % of benzaldehyde. But as time
increases, formation of epoxide decreases as well as benzaldehyde formation is slightly
changed. But the optimization condition (24 h) gives the maximum percentage of

conversion of styrene to maximum selective product, benzaldehyde (with compound 8).

100 o

80

60 ]

%

40

20

4 B 12 16 20 24 28

Time of the reaction

Fig. 3.34 A graphical view of the results concerning to percentage of conversion and
selectivity of benzaldehyde in oxidation of styrene by using the catalyst 8 with increasing
the time. Colors: red= % of conversion of styrene and green = % of selectivity of
benzaldehyde.
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Table 3.17 The variation of the time with percentage of conversion with compound 9 as

catalyst. (Time is expressed in hours)

Time Percentage ‘Of the Selectivity
conversion Benzaldehyde Epoxide
8 88 90 0
2 73 99.9 1
16 97 0 1
20 98.5 08.7 -
24 99 9 .

Note: Room Temperature (30 °C) and 1:3 ratio of styrene and H,O- for 24 h.
However, in the case of compound 9, percentage of conversion increased with time (h)
and completely converted to benzaldehyde for 12 h, 16 h, 20 h and 24 h, but in the case of
8 h, we have identified 10 % of epoxide in the product. Few amount of epoxide is also
observed (with 20 h and 24 h) in the reaction which was determined by GC-MS (see
Table 3.17).

100 4

4 B 12 16 20 24 2B
Time [h) of the reaction

Fig. 3.35 A graphical view of the results concerning to percentage of conversion and
selectivity of benzaldehyde in oxidation of styrene by using the catalyst 8 with increasing
the time. Colors: red= % of conversion of styrene and green = % of selectivity of
benzaldehyde.
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Therefore, the oxidation of styrene with lower time duration (8 h — 12 h), leads to the
formation of moderate percentage of epoxide in the reaction mixture. So we can optimize
the condition to get the epoxide by reducing the period of the reaction (still less than 8 h)

with similar conditions as above mentioned reactions.
3.5 Conclusions

We have described in the present chapter, the synthesis and characterization of
inorganic-organic hybrid materials (1-9) based on decavanadate {V1002s}° anionic
cluster. The synthesis has been achieved from the corresponding aqueous sodium-
vanadate solution, by varying the pH condition and amino pyridine/hexamine derivatives
in an aqueous medium at an ambient temperature. Synthesized compounds are
characterized by X-ray crystallography and additionally characterized by elemental
analyses, infrared spectroscopy. In compounds 1-9, the POV cluster is [V10028]6_, which
is the common cluster isolated. It is worth mentioning that in compound 1, it is supported
to alkali metal (sodium), which is extended coordination polymer and in compound 2,
total moiety is discrete and the residual negative charges have been compensated by the
Zinc hexa aqua complex [Zn(H,0)s]** and sodium aqua complex [Nas(H20)14]*" acting
as cations. So that compounds 1 and 2 are totally organic free compounds. In compound
3, charge is compensated by two molecules of [HMATAH]™ and rest of the charge was
balanced by protonating itself {H4V1002s}. In its crystal structure, lattice water molecules
generated cyclic water tetramer. In compound 4, POV cluster anion supports the zinc
coordination complexes, {Zn(H20),}**, in total it is a coordination polymer. The overall
negative charges of the resulting POV supported transition metal complexes in
compounds 4 has been counter-balanced by the [HMATAH]" molecules. Compound 5 is
also, the anionic cluster unit [V100,]®" that exists as discrete moiety, where the species
{Co(H,0)s}** and 4-ampH*" respectively act as mere counter cation. Compound 6 is
constructed by [V1002]° anion and [Na(H;0)s]** and protonated 4-aminopyridine [4-
ampH'*] cation moieties. Cyclic pentamer is found among the lattice water molecules in
the crystal structure of compound 8 because of O—H---O interaction. Compounds 7 and 8
are isomorphous, where decavanadate cluster exists as anion and it is counter balanced
by {Co(H:0)s}* and {Zn(H20)s}** respectively. Compound 9 is simple salt of

decavandate anionic cluster with protonated 3-aminopyridine. All the compounds exhibit
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catalytic behavior in the reaction of styrene oxidation with good percentage of

conversion. Interestingly, these compounds are suitable catalysta to get the product,

benzaldehyde as a selective product. For four compounds (1, 7, 8, 9) as catalyst, the

catalysis is analyzed by varying the time of the reaction.
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For standard optimized catalytic reaction: 1 mmol of styrene and 3 mmol of H,0,
are taken into the 25 ml of round bottom flask, to which was already added 25 mg
of catalyst and stirred for 24 h ( desired time) at 80 °C, the reaction was quenched
with DCM after time period. When the mixture came to room temperature organic
layer was extracted in DCM and catalyst was completely dissolved in water layer.
Small amount of the organic layer was diluted with DCM and used for GC-MS

analysis as discussed in chapter 2.

105



Polyoxovanadates based........

106



Chapter 4

Inorganic-Organic Hybrid Materials Based on
Anderson-Type Heteropolyanion and Their =S|
Catalytic Applications i

Synthesis and Structural Characterization of 4

ABSTRACT This chapter describes the syntheses, structural characterization of
inorganic-organic hybrid materials based on Anderson anionic cluster including
their non-covalent supramolecular hydrogen bonding interactions, and their
catalytic activities. The crystal structures of an inorganic—organic hybrid
materials, [2-AmpH]2[{Na(H20),.}{AIM0s(OH)015}]-4H,0 (1), [3-
AmpH]g[HAlMOe(OH)eOlg]'4HQO(2), [4-AmpH]6[A|MOe(OH)eOlg]Q'18H20(3)
and [2-AmpH]s[IM0gO2]- HyO0(4) (where 2-ampH = protonated 2-
aminopyridine, 3-ampH = protonated 3-aminopyridine and 4-ampH = protonated
4-aminopyridine) have been demonstrated in the present chapter. Compounds 1,
2 and 3 are composed of the common anionic cluster; Anderson anion with
aluminum as a central metal ion and compound 4 is generated with iodine based
Anderson anion, isolated as a salt of corresponding protonated aminopyridine
derivatives. Catalytic studies of all these compounds / materials toward the
oxidation of styrene leading to benzaldehyde as a selective product with good
percentage of conversions are also described in this chapter. j!

\,\ ’%‘

4.1. Introduction

Anderson type heteropolyanion is generated at lower pH (~3) in agqueous solution. It is
constructed by one central atom ( APF*, Te®, Cr** etc...) and it is surrounded with six tri
bridged (H3) oxygen atoms with another two molybdenum atoms. Six more oxygen
atoms are doubly bridged (u?) between each of the two molybdenum atoms. And each
of molybdenum atoms is again linked with two terminal oxygen atoms. Finally, each
molybdenum is connected with two terminal oxygen atoms and two triply bridged
oxides and one triply bridged oxygenation. A representative example of an Anderson

type cluster is shown in Fig. 4.1.
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Fig. 4.1 Anderson anion {AIMos(OH)sO1s}°>, Ball and stick, and polyhedral

representation.

Other examples for Anderson anion are [IM0gO24]> and [TeMogO24]° having iodine
and tellurium as the central ion respectively and their syntheses and crystal structures are
discussed in several reports." One main feature of polyoxometalates or anionic molecular
oxides is that they provide structurally well-characterized surfaces, formed by
approximately coplanar, closest-packed oxygen atoms. Such materials have received
considerable attention due to their fascinating solid state properties and because of their
potential applications in many fields such as catalysis, materials science, medicinal
chemistry, and magnetochemistry.? For the past century, the literature survey revealed
that Anderson anion plays a key role in constructing 1-D to 3- dimensional networks.?
The cluster consists of negative charge, so a proper cation is the basic requirement for
its isolation. By changing / tuning the cation concerned supramolecular chemistry
would be changed. The supramolecular chemistry of such system generally depends on
both cation and anion.

In the recent era, other properties like catalytic and biological properties are also
described in the context of a poly anion with proper cation.* Wide-range of physical and
thermal properties are also demonstrated of polyoxometalate anion with various organic
cations or transition metal ions.> Heteropolyoxometalates have attracted interest over the
last few years as oxidiation catalysts because their inorganic nature bodes well for
potentially long-lived catalysts.® Even though, the reports on synthesis and crystal
structures of inorganic-organic hybrid materials, based on polyoxometalate anions are
numerous, the catalytic activities of these toward organic oxidations of industrial
importance (for example, the oxidation of alcohols, epoxidation of alkenes and
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sulfoxidation reactions) are less explored. In particular, applications of heteropolyanion
based inorganic-organic hybrid materials in oxidation of olefin are of great importance.
This is because the oxidation of olefin can be described into three categories (i) breaking
of C=C bond over the surface of the material such as osmium tetra oxide and ruthenium
tetra oxide in stoichiometry amount’, (ii) the attack of ozone on olefins leads to ozonides
and the sub-sequent conversion to aldehydes or ketones in reductive work up conditions
7@ and (iii) the oxidation of olefins by hydrogen peroxide . Due to waste problem and
chemical cost, the practice of using normal metal salts as oxidants is not desirable °. By
taking into account all these for environmental protection, oxidation, carried by means of
hydrogen peroxide, appears to be a better alternative.® It contains 47.1% of active
oxygen (wt %) which is significantly higher than the other common oxidizing agents™
such as HNO; (25.0%), tBuOOH (17.8%), and NalO4 (29.9%) etc. and furthermore, it is
prominently easy to handle and gives only water as the by-product. As we have
discussed nicely in the chapter 2 for the reason to prefer the H,O- as an oxidant in our
oxidation reaction. The current field the catalysis of metal-oxo clusters have received
much importance because metal-oxo clusters are efficient catalysts in several reactions,
e.g., oxidation of alcohol and styrene towards the selective products.* We are interested
to study the catalytic activities of some of the Anderson anion based materials toward
styrene oxidation.  In this chapter, we describe the syntheses and structural
characterization of [2-AmpH]2[{Na(H20).}{AIM0s(OH)015}]-4H.,O (1), [3-
AmpH]z[HAIM0g(OH)6015]-4H20(2), [4-AmpH]s[AIM0s(OH)sO15]2-18H20 (3) and [2-
AmpH]s[IM06024]-2H20 (4) including their supramolecular chemistry. Lastly, we have
described the catalysis aspect of these compounds towards the oxidation of styrene.

4.2. Experimental Section

4.2.1. Materials

Sodium molybdate (Na;M00O4-2H;0) is received from FINAR Reagents. The distilled
water was used throughout the experiments. 2-aminopyridine, 3-aminopyridine, 4-
aminopyridine are received from CHEMLABS. AICl;-6H,0 and HIO4-6H,0 are used as
received from S.D Fine and FINAR respectively. Styrene and 30% H,0O, are received

from HiChem and used without further purification.
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4.2.2. Physical Measurements

Micro analytical (C, H, N) data were obtained with a FLASH EA 1112 Series CHNS
Analyzer. Infrared (IR) spectra were recorded on KBr pellets with a JASCO FT/IR-5300
spectrometer in the region of 400-4000 cm™. G.C. analysis was performed on GCMS
equipped with ZB-1column (30 m x 0.25mm, pressure= 20.0 kPa, detector= El, 300 °C)
with helium gas as carrier.

4.2.3. Experimental section

Synthesis of [2-AmpH];[{Na(H.0),}{AIMog(OH)sO15}]-4H,0 (1):

Sodium molybdate (1g, 4.13 mmol) was dissolved in 35 mL of water and 10 ml of
glacial acetic acid was added followed by the addition of 0.5 g of AICI5-:6H,0 (2 mmol)
and 0.20 g of 2-aminopyridine ( 2 mmol). The pH of the reaction mixture was adjusted
to 3.0 by dil. HCI. The resulting mixture was then stirred for 10 min (during stirring, the
formation of precipitate / turbidity was dissolved by heating the reaction mixture at 70—
80°C in three to four slots). The reaction mixture was then filtered and kept in open
beaker for crystallization without any disturbance at room temperature. After 24hrs,
colorless crystals formed, were filtered, washed with plenty of water and finally dried at
room temperature. One of the single crystals, suitable for X-ray diffraction study, was
selected and characterized structurally. The product obtained with Yield: 1.45 g. Anal.
Calcd (%) for AIM0sO30N4CioNaHs2: C, 9.14; H, 2.45; N, 4.26. Found: C, 9.36; H, 2.49;
N, 4.56. IR (KBr pellet): (v/em™): 3329, 3171, 1658, 1622, 1541,1475, 1383, 1327,
1244, 1168, 991, 889, 829, 765, 617.

Synthesis of [3-AmpH];[HAIMog(OH)O15]-4H,0(2)

Sodium molybdate (1g, 4.13 mmol) was dissolved in 35mL of water and added 10 ml of
glacial acetic acid followed by 0.5 g of AICI3-6H,O (2 mmol) and 0.20 g of 3-
aminopyridine (2 mmol) were added and pH of the reaction mixture was adjusted to 3.0
by dil. HCI. The resulting mixture was then stirred for 10 min (during stirring, the
formation of precipitate / turbidity was dissolved by heating the reaction mixture at 70—
80 °C in three to four slots). The reaction mixture was then filtered and kept in open
beaker for crystallization without any disturbance at room temperature. After 24hrs,
colorless crystals formed, were filtered, washed with plenty of water and finally dried at
room temperature. One of the single crystals, suitable for X-ray diffraction study, was
selected and characterized structurally. The product obtained with yield: 1.15 g. Anal.
Calcd (%) for AIM0sO23N4CioNaH,g: C, 9.39; H, 2.28; N, 4.38. Found: C, 9.36; H, 2.49;
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N, 4.56. IR (KBr pellet): (viem™): 3345, 3124, 1676, 1629, 1535,1478, 1389, 1322,
1248, 1176, 995, 883, 838, 762, 615.

Synthesis of [4-AmpH]s[AIM0s(OH)sO15]2-18H,0(3)
Sodium molybdate (1 g, 4.13 mmol) was dissolved in 35mL of water and added 10 mL
of glacial acetic acid followed by 0.5g of AICl;-6H,0 (2 mmol) and 0.20 g of 4-
aminopyridine (2 mmol) were added and pH was adjusted to 3.0 by dil. HCI. The
resulting mixture was stirred for 10 min (during stirring, the formation of precipitate /
turbidity was dissolved by heating the reaction mixture at 70-80°C in three to four slots).
The reaction mixture was then filtered and kept in open beaker for crystallization
without any disturbance at room temperature. After 24 h, colorless crystals formed, were
filtered, washed with plenty of water and finally dried at room temperature. One of the
single crystals, suitable for X-ray diffraction study, was selected and characterized
structurally. The product obtained with yield: 1.73 g. Anal. Calcd (%) for
Al;M01206sN12C30Hgo: C, 12.51; H, 3.14; N, 5.83. Found: C, 12.41; H, 3.54; N, 5.56. IR
(KBr pellet): (viem™): 3405, 3228, 1666, 1688, 1535,1463, 1335, 1338, 1217, 1189, 985,
888, 832, 768, 619.
Synthesis of [2-AmpH]s[IM06O-4]-2H20(4)
Periodic acid (1 g, 4.13 mmol) was dissolved in 35 mL of water and added 10 mL of
glacial acetic acid followed by 0.5 g of HIO46H,O (2 mmol) and 0.20 g of 2-
aminopyridine(2 mmol) were added and pH was adjusted to 3.0 by dil. HCI. The
resulting mixture was stirred for 10 min (during stirring, the formation of precipitate /
turbidity was dissolved by heating the reaction mixture at 50-60°C in three to four slots).
The reaction mixture was then filtered and kept in open beaker for crystallization
without any disturbance at room temperature. After 24 h, colorless crystals formed, were
filtered, washed with plenty of water and finally dried at room temperature. One of the
single crystals from each, suitable for X-ray diffraction study, was selected and
characterized structurally. The product obtained with The product obtained with yield:
1.73 g. Anal. Calcd (%) for IM0gO26N10C2sH39: C, 18.78; H, 2.45; N, 8.76. Found: C,
12.51; H, 2.24; N, 8.56. IR (KBr pellet): (v/em™): 3415, 3288, 1676, 1658, 1595,1453,
1355, 1398, 1277, 1149, 965, 848, 764, 615.
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4.2.4. X-ray Data Collection and Structure Determination

Data were measured on a Bruker SMART APEX CCD area detector system [M(Mo Ka)
= 0.71073 A], graphite monochromator, 2400 frames were recorded with an ® scan
width of 0.3° each for 5 second, a crystal detector distance of 60 mm, and a collimator
of 0.5mm. The data were reduced using SAINTPLUS,'® the structures were solved
using SHELXS-97,%?* and refined using SHELXL-97.2¢ All non hydrogen atoms were
refined anisotropically. We tried to locate the hydrogen atom of solvent water molecules
through differential Fourier maps, but couldn’t succeed. A summary of the
crystallographic data and structure determination parameters for 1-2 are provided in
Table 4.2, and Table 4.5 describes the data for compounds 3—-4; selected bond lengths
and angles for common Anderson anion of 1 and 4 are listed in Tables 4.6 and 4.7.

4.3. Results and discussion

4.3.1 Synthesis of the materials

The synthesis of all the materials are possible at a particular pH (~3) and it is a simple
one pot wet synthesis at room temperature, where pH of the solution is adjusted by
adding dil. HCI. Here, we have isolated four ion pair compounds with Anderson based
materials by altering the various cations , e.g., different amino pyridine derivatives. The
generation of Anderson anion can be explained by protonation of molybdate anion

followed by the series of condensation reactions and by inserting the proper central

3+ 7+
I |

metal ion, e.g., AI’" and I'". The formation of the Anderson anion is shown in the

Scheme 4.1.

AP 6M002 + 6H* ey [AIMog(OH)O 5]

Scheme 4.1 Formation of the Anderson anionic cluster [AIMoe(OH)6018]3‘

We have described the isolation of Anderson anion with three isomers of amino
pyridine.

Infrared spectra of all the compounds (1-4), the presence of the broad peak at 1000-900
cm* suggested that Anderson hetero poly anion unit is common in all the materials. The
symmetric and asymmetric stretching of the different modes of Mo-O bonds are
observed at 950-440 cm™. The veym (Mo-Ot) stretching frequency is observed in the
range of 947- 951 cm™. The broad peaks at 3460- 3100 cm™ are the characteristic peaks

for water molecules.
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4.3.2 X-ray crystallographic studies

Crystal structure of [2-AmpH]2[{Na(H20):}{AlIM0s(OH)sO015}]-4H20 (1)

Compound 1 crystallizes in centrosymmteric triclinic P-1 space group and the
asymmetric unit of the crystal structure of [2-
AmpH]2[{Na(H20):}{AIM0s(OH)s015}]-4H,0O (1) reveals the presence of half of the
Anderson cluster , which supports the sodium aqua complex; two molecules of
protonated 2-aminopyridine exist for charge compensation. The relevant thermal
ellipsoidal plot is shown in Fig. 4.2. In the full molecule of 1, the sodium ion of
complex [Na(H20),]" , is coordinated with oxo group of the Anderson anion so that
the total cluster moiety consists of —2 charge, which is counter balanced by two
protonated 2-aminopyridine molecules as presented in Fig. 4.3. The observed C-C and
C-N bond lengths and angles of the compound 1 are in good agreement with those
reported in the literature."® As well as the observed Mo-O bond lengths and angles of the
compound 1 also in good agreement with those reported in the literature for similar
compounds.®> The geometry around each sodium ion in sodium-aqua complex is a
distorted octahedron as shown in Fig.4.3. In the crystal structure, 1-D coordination
polymer is formed, that involves sodium aqua complex and the [AIMog(OH)sO1s]*
heteropolyanion as shown in Fig.4.4. The non-covalent interactions between lattice
water molecules and coordinated water molecules leads to supramolecular chainlike
arrangement as shown in Fig. 4.5, in which Na coordinated water molecule (O13) and
solvent water molecule (O14) are involved in O---H-O interactions with O11 and O2 of
Anderson anion with distances of 2.342 A and 1.867 A respectively. The hydrogen
bonding situations around the organic cation and Anderson moiety of [2-
AmpH]2[{Na(H20)2}{AIM0s(OH)s015}]-4H,0 (1) are shown in the Figs. 4.6 (a-c). The
relevant hydrogen bonding distances and angles are shown in Table 4.1. The

crystallographic data is available at Table 4.2.
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Fig. 4.2 ORTEP  diagram of the asymmetric  unit of [2-
AmpH].[{Na(H.0),}{AIM0g(OH)s015}]-4H,O (1) with 30% probability (hydrogen
atoms and solvent water molecules are omitted for clarity).

O12#3

012

Fig. 4.3 Octahedral geometry of sodium complex in which two of the sights are
occupied by oxygen atom of the Anderson anion in compound 1. Color code: Na, Purple,
O, red;

Fig. 4.4 Picture of 2-dimensional coordination  polymer of [2-
AmpH]2[{Na(H20)2}{AIM0e(OH)s018}]-4H2O (1), Na polyhedra, blue; aluminium,
Purple and Molybdenum, green.
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Fig. 4.5 1-Dimensional chain produced because of the O--H-O interaction between
lattice water molecules and the Anderson anionic cluster in compound 1. Al polyhedra,

purple; Mo polyhedra, green; O, red; H, purple;

011#10

.
o o N N 09#7
a
o @ g
‘s_,‘é-.‘

Fig.4.6 Hydrogen bonding situation around a) {N1N2}, b){And} and c) water motifs in
[2-AmpH]2[{Na(H20).}{AlM0g(OH)s015}]-4H20 (1), Color codes: Na, magenta, Al,
gray; Mo, grey, C, medium grey; O, red, H, purple. Symmetry codes: #1, -X,-y+1,-Z ;
#2, X,¥,2-1; #3, -X,-y+1,-z+1; #4, X,y,z+1; #5,x-1y,z; #6, -x+1,-y+1,-z; #7,-x+1,-
y,-z+1; #8, -X,-y,-z+1; #9, -x,-y,-z; #10, -x+1,-y+1,-2+1;
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Table 4.1 Hydrogen bond distances and angles for compound 1 [A and °].

D-H--A d(D-H) d(H-A) d(D-A)  <(DHA)
O(13)-H(13B)..O(11)#5  0.52(3) 2.34(3) 2.826(4) 156(5)
O(7)-H(70)...0(14)#5 0.83 1.84 2.670(3) 173.2
0(6)-H(60)...0(2)#6 0.87 2.13 2.936(3) 154.6
C(4)-H(4)...0(9)#7 0.93 2.67 3.451(4) 142.1
C(3)-H(3)...0(13)#8 0.93 2.80 3.470(4) 130.0
C(3)-H(3)...0(5)#9 0.93 2.63 3.454(4) 1478
C(2)-H(2)...0(4)#9 0.93 258 3.401(3) 147.2
C(5)-H(5)...0(1)#7 0.93 2.72 3.489(4) 140.4
C(2)-H(2)...0(15) 0.93 2.81 3.527(4) 134.6
N(1)-H(1B)...O(15) 0.85 2.28 3.063(3) 152.8
N(1)-H(1A)...O(11)#10 0.84 2.24 3.074(3) 172.9
N(2)-H(2N)...O(10)#10 0.85(4) 1.91(4) 2.724(3) 160(4)
0(14)-H(14B)...0(2) 0.93 1.87 2.775(3) 164.3

Symmetry transformations used to generate equivalent atoms:
#1, -X,-y+1,-z; #2, X\y,z-1; #3, -X,-y+1,-z+1; #4, X,y,z+1; #5, x-1,y,Z; #6, -x+1,-y+1,-
z; #7,-x+1,-y,-z+1; #8, -x,-y,-z+1; #9, -X,-y,-z; #10, -x+1,-y+1,-z+1;
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Table 4.2 Crystal data and structure refinement for compounds 1 and 2

Entry

1

2

Molecular formula
Formula weight

T (K)

A (A)

Crystal system

Space group,

Z

a(A)

b (A)

c(A)

a (deg)

B (deg)

y (deg)

Volume (A%

p(gem™)

M (mm™)

F (000)

Crystal size (mm?®)

©® for data collection (°)
Reflections collected/unique
R(int)
Data/restraints/parameters
Goodness of fit on F2
R1,WR; [ 1 > 2 sigma(l)]
R indices (all data)
Largest diff. Peak and
hole (e.A™®)

ClO H24A| MOe N4N8.030

1305.94
298(2)
0.71073
Triclinic

P-1

1

7.9443(16)
10.250(2)
10.869(2)
98.88(3)
99.28(3)
90.65(3)
862.4(3)
2.515

2.264

628

0.38 x0.24 x0.14
1.92 t0 26.11
8924/3365
0.0205
3365/0/251
1.134
0.0220,0.0592
0.0227, 0.0596

0.519/-0.822

C1oH28Al M0gN4O2s

1254.98
298(2)
0.71073
Triclinic

P-1

1

7.8799(16)
10.135(2)
10.353(2)
88.20(3)
78.74(3)
88.05(3)
810.2(3)

2.572

2.388

605
0.36x0.22x0.16
2.01t0 25.88
8094 / 3079
0.0146
3079/01/239
1.032
0.0351,0.0912
0.0242, 0.0647

0.721,-0.639
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Crystal structure of [3-AmpH];[HAIMog(OH)sO15]-4H,0(2)

Compound 2 also crystallizes in centrosymmteric, and space group P-1. The crystal
structure consist of half of the Anderson anion and one molecule of the protonated 3-
aminopyridine and two lattice water molecules. Thermal ellipsoidal diagram is shown in
Fig.4.7. In the present molecule, Anderson anion is itself mono-protonated so that the
total charge of the molecule is counter balanced by two molecules of protonated 3-
aminopyridine. In the crystal structure, the C—C, C-N and Mo-O bond lengths are in
good agreement with those reported for similar compounds in literature.”®*> The full

crystallographic information is described in Table 4.2.

O4q

c7

Fig. 4.7 ORTEP diagram of the asymmetric part of [3-AmpH]2[HAIMog(OH)eO1g]-4H20 (2)

with 50% probability (solvent water molecules are omitted for clarity).

In this compound, two lattice water molecules (025 and 0O28) interact with
surrounding clusters resulting in the formation of 2-dimensional network as shown in
Fig 4.8 because of O---H-O supramolecular interaction with the range of hydrogen bond
distances lie between 2.2 A and 2.6 A. Hydrogen bonding distances and angles are
provided in Table 4.3. The hydrogen bonding situation around the cation, Anderson

anionic cluster and water are shown in Fig. 4.8.
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Fig. 4.8 2-Dimensional framework because of O--H-O interaction among the lattice
water molecules and Anderson cluster. Green polyhedra are shown for Anderson anion

and oxygen in red color.

01#5.
]

®--.._ ,.&O% Hg

H25A

Fig. 4.9 Hydrogen bonding environment around a) {N2N4}, c){Anderson},c) water
moieties for [3-AmpH],[HAIMo0g(OH)s015]-4H,0 (2) . Symmetry codes: #1,-X,-y+1,-
z+1; #2, x-1, y, z;  #3 -x+1,-y+1,-z+1; #4, -X,-y,-z+2; #5, -X+1,-y,-z+1; #6, X, Y, z+1;

#7, -x+1,-y+1,-z; #8, x+1,y, z-1; Color codes: O, red; C, grey; H, Purple;

119



Synthesis and structural...

Table 4.3 Hydrogen bonding distances and angles for compound 2 [A and °].

D-H-A d(D-H) d(H--A) d(D--A) <(DHA)
0(21)-H(21)...0(28)#2 1.08 1.61 2.667(4) 167.0
0(20)-H(20)...0(25)#2 0.81 1.82 2.638(4) 1785
0(19)-H(19)...0(2)#3 0.94 1.85 2.783(3) 174.2
C(8)-H(8)...0(5)#4 0.93 2.78 3.685(5) 165.7
C(8)-H(8)...0(6)#4 0.93 2.85 3.520(5) 1295
C(9)-H(5)...0(25)#5 0.93 2.89 3.465(5) 121.4
C(9)-H(5)...0(28)#5 0.93 2.76 3.550(5) 143.0
C(10)-H(10)...0(L)#5 0.93 2.35 3.231(5) 158.9
N(2)-H(2)...0(14)#3 1.08 1.73 2.784(4) 164.4
C(6)-H(6)...0(4)#6 0.93 2.46 3.316(4) 152.7
N(4)-H(4B)...O(13)#6 0.74(4) 2.29(4)  2.992(4) 159(4)
N(4)-H(4A)...O(6)#4 0.97 2.03 2.974(4) 1635
0(25)-H(25B)...0(2) 0.80(8) 227(8)  2.918(5) 138(7)
0(25)-H(25A)...0(1)#5 0.55(6) 258(6)  3.032(5) 142(8)
0(28)-H(28B)...0(3) 0.77 2.24 2.868(4) 139.1
0(28)-H(28B)...0(4)#7 0.77 2.76 3.350(4) 135.4
0(28)-H(28A)...0(5)#8 0.66(6) 2.30(6)  2.925(4) 158(7)

Symmetry transformations used to generate equivalent atoms:

#1, -X,-y+1,-z+1; #2, x-1y,z;
#6, X,y,z+1; #7,-x+1,-y+1,-7;

#3, -x+1,-y+1,-z+1; #4, -X,-y,-z+2; #5, -X+1,-y,-z+1;
#8 x+1,y,z-1.

Crystal structure of [4-AmpH]s[AIM0g(OH)sO15]2:18H,0 (3)

Compound 3 crystallizes in the non-centrosymmteric orthorombic space group Pna2(1).
The asymmetric unit of the crystal structure of 3 is composed of two molecules of
Anderson anion, six protonated 4—aminopyridine molecules and eighteen lattice water
molecules. Oak Ridge Thermal Ellipsoidal Plot of the compound 4 is presented in the
Fig. 4.10. The total crystallographic information is presented in the Table 4.4. As a result
of the O---O weak interactions among the water molecules and Anderson anionic cluster,

a 2-dimenaional frame work is formed; it can be described as Anderson cluster in the

water pool as shown in Fig. 4.11.
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Fig.4.10 Thermal Diagram of the compound 4 with 30 % probability (Hydrogen atoms

and solvent molecules are not shown for clarity)

Fig. 4.11 (Left) 2-dimensional network due to O---O interaction among the Anderson
anionic cluster and lattice water molecules, (right); Anderson cluster is shown as brown

polyhedral.

Eighteen lattice water molecules are non covalently interacted with each other
through O---O interactions resulting in the formation of a 2-dimensional network with
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O--O separation range of 2.45 to 2.78 A (Fig. 4.12.), in which layers arrange in a

helical manner.

Fig 4.12 2-Dimensional network due to O--O interaction among the lattice water

molecules (wire frame representation.)

Crystal structure of [2-AmpH]s[IM0¢O24]- H,0 (4)

[2-AmpH]s[IM06O24]- H20 (4) crystallizes in centrosymmiteric triclinic space group
P-1. In the present case, Anderson anion is isolated with iodine as a central atom,
which has a +7 oxidation state resulting in overall charge of -5 for the cluster anion.
This is counter balanced by five molecules of protonated 2-aminopyridine (2-ampH).
The cluster unit of the crystal structure of 4 is shown in Fig. 4.13 (cations and water

molecule are omitted for clarity).
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~e

Fig. 4.13 The Anderson anion unit of the compound 5 with ball and stick representation.

(lodine is the central atom)

In the crystal structure, lattice water molecule (O35) interacts with both Anderson
anion and 2-ampH by non covalent interactions (O--:O, C-H:--O and N-H:--O) leading
to 2-dimensional network as shown in the Fig.4.14. Hydrogen bonds and angles
corresponding to this network are available in Table 4.4 The possible C-H::-O hydrogen
bonding situation around the each cation, labeled as {N1NG6}, {N2N7}, {N3N8},
{N4N9} and {N5N10} are shown in the Fig. 4.15 and their distances and angles are
tabulated in Table 4.4. The bond lengths and angles of the Anderson anionic cluster are

in good agreement with reported literature.™

Fig.4.14 Supramolecular interaction of lattice water molecule with surrounding
Anderson cluster and counter cation (2-ampH) due to O--O, C-H:-O and N-H---O
interactions. Color codes: Anderson cluster is shown as brown polyhedra, C, orange, N,
blue, O, red, H, Purple.
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02#6

022#6 a 016#2

013#6

® d
‘ 05#4 0128

Fig. 4.15 The hydrogen bonding environment around the each cation a) {N1N6}, b)
{N2N7}, c) {N3N8}, d) {N4N9} and e) {N5N10} of the compound 4. Color code: C,
medium grey; N, blue; O, red, H, purple. Symmetry transformations used to generate
equivalent atoms: #1, -x+1,-y,-z; #2, -x+1,-y+1,-z+1; #3, x-1, y+1, z; #4, -x+1,-y+1,-
z; #5,x,y+l,z; #6,x-1,y,z

124



Chapter 4

Table 4.4 Hydrogen bond distances and angles for compound 4 [A and °].

D-H--A d(D-H) d(H:-A) d(D-+-A) <(DHA)
C(25)-H(25)...0(12)#3 0.93 2.54 3.452(12) 166.6
N(5)-H(5A)...O(4)#4 0.86 2.36 3.153(11) 154.0
N(10)-H(10B)...0(23)#5 0.86 2.09 2.924(9) 165.0
N(L0)-H(10A)...O(14) 0.86 1.98 2.812(10) 161.2
C(22)-H(22)...0(14) 0.93 2.70 3.412(12) 133.9
C(22)-H(22)...0(20)#2 0.93 2.06 2.856(10) 143.1
C(23)-H(23)...0(19)#3 0.93 2.39 3.045(13) 127.4
C(24)-H(24)...0(13)#6 0.93 2.44 3.134(12) 131.4
C(19)-H(19)...0(5)#4 0.93 2.62 3.355(13) 136.9
C(19)-H(19)...0(1) 0.93 2.58 3.351(13) 140.6
C(18)-H(18)...0(35) 0.93 2.61 3.47(2) 154.7
C(17)-H(17)...0(17) 0.93 2.31 3.028(10) 133.2
C(17)-H(17)...0(18) 0.93 2.67 3.388(10) 1345
C(17)-H(17)...0(15) 0.93 2.14 2.955(10) 144.9
N(9)-H(9A)...0(15) 0.86 2.17 2.918(9) 144.9
N(9)-H(9A)...O(16)#2 0.86 2.66 3.386(10) 1436
N(9)-H(9B)...0(22)#6 0.86 1.95 2.803(10) 1725
N(3)-H(3A)...0(26)#6 0.86 2.72 3.518(12) 155.5
C(14)-H(14)...0(11) 0.93 2.60 3.274(12) 129.9
C(13)-H(13)...0(19) 0.93 2.57 3.385(11) 147.1
C(12)-H(12)...0(25)#2 0.93 1.91 2.811(9) 164.0
N(8)-H(8A)...O(13)#2 0.86 2.13 2.979(10) 169.7
N(8)-H(8B)...0(21)#6 0.86 2.16 3.005(10) 166.9
C(8)-H(8)...0(11) 0.93 2.49 3.364(11) 155.8
C(7)-H(7)...0(8) 0.93 2.63 3.308(8) 130.4
C(7)-H(7)...0(9) 0.93 2.15 3.028(9) 156.0
N(7)-H(7A)...0(9) 0.86 2.45 3.188(9) 144.6
N(7)-H(7A)...0(2)#1 0.86 2.58 3.319(10) 144.1
N(7)-H(7B)...O(7)#6 0.86 2.01 2.817(9) 156.7
N(2)-H(2A)...O(7)#6 0.86 2.71 3.340(11) 131.4
N(6)-H(6B)...0(2)#6 0.86 2.09 2.937(9) 169.4
N(6)-H(6A)...0(10)#1 0.86 2.05 2.862(9) 158.2
C(2)-H(2)...0(10)#1 0.93 2.39 3.167(9) 1413
C(2)-H(2)...0(3) 0.93 2.10 2.895(9) 142.6
C(3)-H(3)...0(1) 0.93 2.81 3.505(11) 1325
C(3)-H(3)...0(4)#4 0.93 2.58 3.214(11) 125.9
C(5)-H(5)...0(35)#6 0.93 2.66 3.344(19) 130.4
C(5)-H(5)...0(12)#3 0.93 2.49 3.224(11) 135.4

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y,-z; #2 -x+1,-y+1,-z+1; #3 x-1,y+1,z; #4, -x+1,-y+1,-z; #5, x,y+1,z; #6, x-1,y,z.
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Table 4.5 Crystal data and structure refinement for compounds 3 and 4

Entry 3 4
Molecular formula Al,M01,066N15C30Hgg CysH351M0gN 19055
Formula weight 2880.3 1578.17
Temperature (K) 298(2) 298(2)
Wavelength (A) 0.71073 0.71073
Crystal system Orthorhombic Triclinic
Space group Pna2(1) P-1
a(A) 29.508(2) 9.934(2)

b (A) 12.6221(9) 10.372(2)
c(A) 22.9265(16) 23.293(5)

a (%) 90 85.44(3)

B 90 79.99(3)

v ) 90 68.78(3)
Volume (A% 8539.0(10) 2201.5(8)

z 4 2

p (gcm™) 2.515 2.381

i (mm™) 2.264 2.457

F (000) 628 1520

Crystal size (mm®) 0.38x0.24 x0.14 0.12x0.10x0.08
O range for data collection (°) 1.92t026.11 1.78t0 26.11
Reflections collected/unique 8924/3365 22929 / 8647
R(int) 0.0205 0.0424
Data/restraints/parameters 3365/0/ 251 8647/0/607
Goodness of fit on F? 1.134 1.105

Final R indices [ 1 > 2 sigma(l)] 0.0220,0.0592 0.0599,0.1192

R indices (all data)
Largest diff. Peak and
hole (e.A™®)

0.0227, 0.0596

0.519/-0.822

0.0841, 0.1286

1.346 , -1.046
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Table 4.6 Selected bond lengths for alkali complex of Anderson anionic cluster [A] and

angles [°] for 1

Mo(1)-O(12) 1.7085(18) Mo(1)-O(11) 1.7115(18)
Mo(1)-O(9) 1.9153(18) Mo(1)-O(10) 1.9423(17)
Mo(1)-O(8) 2.2806(17) Mo(1)-O(6) 2.3323(17)
Mo(2)-O(4) 1.7023(18) Mo(2)-O(5) 1.7095(18)
Mo(2)-O(3) 1.9257(17) Mo(2)-O(7) 2.2874(17)
Mo(3)-O(1) 1.7006(18) Mo(3)-0O(2) 1.7207(18)
Mo(3)-O(3) 1.8985(17) Mo(3)-0(9) 1.9520(17)
Mo(3)-O(7) 2.2936(16) Mo(3)-O(6) 2.3049(16)
Al(1)-O(8) 1.8749(17) Al(1)-O(7) 1.8993(16)
Al(1)-O(6) 2.2874(17) 0(12)-Na(1) 2.4596(19)
Na(1)-O(13) 2.379(3)

Bond angles (°)

0(12)-Mo(1)-O(11) 106.04(10) 0(12)-Mo(1)-0(9) 99.09(9)
0O(11)-Mo(1)-0(9) 100.11(9) 0(12)-Mo(1)-0(10) 101.52(9)
0O(11)-Mo(1)-O(10) 96.89(9) 0(9)-Mo(1)-0(10) 48.41(7)
0(12)-Mo(1)-O(8) 90.55(8) 0O(11)-Mo(1)-0O(8) 161.86(8)
0(9)-Mo(1)-0(8) 84.05(7) 0(10)-Mo(1)-O(8) 72.12(7)
0(12)-Mo(1)-O(6) 156.24(7) 0(11)-Mo(1)-O(6) 97.29(8)
0(9)-Mo(1)-0(6) 71.90(7) 0(10)-Mo(1)-O(6) 79.71(7)
0O(8)-Mo(1)-0O(6) 67.02(6) 0O(4)-Mo(2)-0O(5) 106.98(10)
0(4)-Mo(2)-0(3) 101.45(9) 0(5)-Mo(2)-0(3) 97.93(8)
0O(4)-Mo(2)-0(7) 93.84(8) 0O(5)-Mo(2)-0O(7) 158.39(8)
0O(3)-Mo(2)-0(7) 71.68(7) 0(1)-Mo(3)-0(2) 106.31(10)
0O(1)-Mo(3)-0(3) 101.32(9) 0(2)-Mo(3)-0(3) 99.87(9)
0O(1)-Mo(3)-0(9) 95.37(9) 0(2)-Mo(3)-0(9) 100.14(9)
0O(3)-Mo(3)-0(9) 149.08(7) 0O(1)-Mo(3)-0O(7) 96.23(9)
0(2)-Mo(3)-0(7) 157.23(8) 0O(3)-Mo(3)-0(7) 71.98(7)
0(9)-Mo(3)-0(7) 80.53(7) 0(1)-Mo(3)-0O(6) 160.72(8)
0(2)-Mo(3)-0(6) 90.50(8) 0O(3)-Mo(3)-0O(6) 84.58(7)
0(9)-Mo(3)-0(6) 71.93(7) O(7)-Mo(3)-0O(6) 67.90(6)
0O(8)-Al(1)-0(7) 95.30(8) 0O(8)-Al(1)-0(6) 84.49(8)
O(7)-Al(1)-0(6) 84.68(7) Al(1)-O(8)-Mo(1) 105.80(8)
Al(1)-O(7)-Mo(2) 103.46(7) Al(1)-O(7)-Mo(3) 104.13(7)
Mo(2)-O(7)-Mo(3) 92.14(6) Mo(3)-O(3)-Mo(2) 119.24(9)
Mo(1)-O(12)-Na(1) 135.67(10) Mo(1)-0(9)-Mo(3) 118.97(8)
Al(1)-O(6)-Mo(3) 103.24(7) Al(1)-O(6)-Mo(1) 102.58(7)
Mo(3)-O(6)-Mo(1) 91.85(6)
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Table 4.7 Selected bond lengths of Anderson anionic cluster with iodine central atom

[A] and angles [] for 4

1(1)-0(8) 1.872(5) 1(1)-O(9) 1.880(5)
1(1)-O(10) 1.891(5) Mo(3)-0O(1) 1.672(6)
Mo(3)-0(2) 1.705(6) Mo(3)-0O(3) 1.915(5)
Mo(3)-O(7) 1.933(5) Mo(3)-O(8) 2.328(5)
Mo(4)-O(11) 1.686(6) Mo(4)-0(12) 1.706(6)
Mo(4)-O(7) 1.930(5) Mo(4)-0(23) 1.936(5)
Mo(4)-O(10) 2.370(5) Mo(4)-O(8) 2.374(5)
Mo(5)-O(5) 1.686(6) Mo(5)-0O(4) 1.699(5)
Mo(5)-O(3) 1.927(5) 1(2)-O(16) 1.875(5)
1(2)-O(18) 1.878(5) 1(2)-O(15) 1.880(5)
Mo(6)-O(19) 1.683(6) Mo(6)-0(20) 1.704(6)
Mo(6)-O(21) 1.917(6) Mo(6)-O(18) 2.349(5)
Mo(7)-O(26) 1.685(7) Mo(7)-0(22) 1.703(7)
Mo(7)-O(21) 1.921(6) Mo(7)-O(17) 1.932(6)
Mo(7)-O(18) 2.304(5) Mo(7)-O(16) 2.358(6)
Mo(8)-O(13) 1.694(6) Mo(8)-O(14) 1.707(6)
Mo(8)-O(25) 1.907(6) Mo(8)-O(17) 1.913(6)
Mo(8)-O(16) 2.311(5) Mo(8)-O(15) 2.333(5)
Bond Angles (°)

0O(8)-1(1)-0(9) 91.6(2) 0O(8)-1(1)-0(10) 87.6(2)
0(9)-1(1)-0(10) 87.5(2) 0(1)-Mo(3)-0(2) 107.0(3)
0(1)-Mo(3)-0(3) 98.2(3) 0(2)-Mo(3)-0(3) 102.8(3)
0(1)-Mo(3)-O(7) 99.8(3) 0(2)-Mo(3)-0O(7) 95.2(3)
0O(3)-Mo(3)-O(7) 149.5(2) 0O(1)-Mo(3)-O(8) 95.5(3)
0(2)-Mo(3)-0O(8) 156.4(3) 0O(3)-Mo(3)-0O(8) 80.20(19)
O(7)-Mo(3)-0O(8) 73.72(19) 0O(11)-Mo(4)-O(12)  106.7(3)
0O(11)-Mo(4)-O(7) 101.3(3) 0(12)-Mo(4)-0(7) 96.9(3)
0(11)-Mo(4)-0(23) 97.7(2) 0(12)-Mo(4)-0(23) 101.3(2)
O(7)-Mo(4)-0(23) 148.5(2) 0O(11)-Mo(4)-O(10)  156.6(2)
0(12)-Mo(4)-0(10) 96.1(2) O(7)-Mo(4)-0(10) 80.61(19)
0(23)-Mo(4)-0(10) 72.15(19) 0O(11)-Mo(4)-0(8) 91.5(2)
0(12)-Mo(4)-O(8) 160.8(3) O(7)-Mo(4)-O(8) 72.68(19)
0(23)-Mo(4)-0(8) 82.04(19) 0(10)-Mo(4)-0(8) 66.63(16)
0O(5)-Mo(5)-0(4) 107.2(3) 0O(5)-Mo(5)-0O(3) 99.4(3)
0O(4)-Mo(5)-0(3) 100.5(2) 1(1)-O(8)-Mo(3) 102.7(2)
1(1)-0O(8)-Mo(4) 103.1(2) Mo(3)-O(8)-Mo(4) 89.55(17)
Mo(3)-O(3)-Mo(5) 119.0(3) 1(1)-O(10)-Mo(4) 102.6(2)
Mo(4)-O(7)-Mo(3) 118.0(3) 0(16)-1(2)-0(18) 87.4(2)
0(16)-1(2)-0(15) 87.9(2) 0(18)-1(2)-0(15) 92.6(2)
0(19)-Mo(6)-0O(20) 107.1(3) 0(19)-Mo(6)-O(21)  101.1(3)
0(20)-Mo(6)-0O(21) 99.6(3) 0(19)-Mo(6)-0(18)  95.4(3)
0(20)-Mo(6)-0(18) 157.3(3) 0O(21)-Mo(6)-0(18)  73.1(2)
0(26)-Mo(7)-0(22) 107.0(4) 0(26)-Mo(7)-O(21)  100.6(3)
0(22)-Mo(7)-0(21) 96.8(3) 0(26)-Mo(7)-0(17)  97.9(3)
0(22)-Mo(7)-0(17) 99.8(3) 0O(21)-Mo(7)-O(17)  150.3(2)
0(26)-Mo(7)-0(18) 93.5(3) 0(22)-Mo(7)-O(18)  159.0(3)
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4.4, Catalysis

Catalytic activities of all the compounds (1-4) have been performed in the reaction of
oxidation of styrene to give the selective major product benzaldehyde. Styrene epoxide
is another product formed in this reaction (as a minor product). We have succeeded to
get 95-99% conversion of styrene at room temperature by using all the four catalysts. (%
of conversions was determined by GC-MS*). The optimized condition for the
conversion of styrene to benzaldehyde is 1:3 molar ratio of styrene and H,O, with
0.25mg of the catalyst for 24hrs at room temperature. The full details of the reaction are
provided in the caption of Table 4.8. The present reaction condition is environmentally
benign because hydrogen peroxide is an oxidant so that the side product will be water,

which is not harmful to environment and all the reactions are solvent free reactions. In

green chemistry, it is being explored in several areas.™

\\ 25mg Catalyst \U
H;O; RT
Styrene Benzaldehyde Fpoxide
Table 4.8 Tabular form for the results in the reaction of styrene oxidation
s o
Compound Conversion ( %) Selectivity (%)
benzaldehyde epoxide
1 94 88 12
2t 99 95.3 42
3 95 93 7
4 99.5 99 1

Note: R.T: Room Temperature (30 °C) and amount of the catalyst taken as 0.25mg. Reaction

time = 24 h (1 for 2™ catalyst, 0.5% selectivity of benzoic acid is observed.)

Condition: Temperature = Room Temperature; styrene: H,O, = 1:3.(mmol)
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All the compounds are reused at least for three times for the same reaction with
similar yields. The catalysts are not destroyed after using in the reaction as confirmed by
infrared spectroscopy, powder X-ray diffractormeter and diffused reflectance
spectroscopy.

For all the compounds (1-4), reactions are monitored by changing the time of the
reactions with 8 h, 12 h, 16 h, 20 h and 24 h. Corresponding results are shown in the
Table 4.9 to Table 4.12. Typically, as we increase the time of the reaction, percentage of
conversion increases and selectivity of benzaldehyde remains unchanged, which is
shown in the Table 4.9. H,0, is involved in the complete oxidation, till the formation of
benzaldehyde. As shown from the Table 4.7, the formation of benzaldehyde is same with
increasing the time under similar conditions of ratio of styrene and hydrogen peroxide,
amount of the catalyst 1. But at optimized condition, formation of epoxide was observed
due to insufficient amount of hydrogen peroxide. Graphical representation for the
variation of the time with percentage of conversion, catalyzed by compound 1 is shown
in the Fig. 4.16.

Table 4.9 The variation of the time with percentage of conversion of compound 1

Reaction Conversion ( %) Selectivity (%)
Time (h) benzaldehyde epoxide
8 24 100 0
12 46 100 0
16 60 100 0
20 75 100 0
24 94 88 12

From the Table 4.8, it is clear that as the time (h) of the reaction increases, the
percentage of conversion has increased drastically with compound 2 as a catalyst, but
formation of both the benzaldehyde and epoxide are possible in the reaction medium.

The reactions with 20 h and 24 h, benzoic acid also formed due to further oxidation of
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benzaldehyde.

But in the case of compound 3, percentage of conversion increased with

time (h) and completely converted to benzaldehyde for 8 h, 12 h, 16 h, but for 20 h and

24 h some amount of epoxide is also observed (with 20 h and 24 h) in the reaction

which was determined by GC-MS (Table 4.11). When we use compound 4 as catalyst,

almost 100 % of selectivity was found for 8 — 20 h but with 24 h reaction 1% of epoxide

is formed due unavailability of H,O,,which is shown in Fig.4.12.

Conversion (%)

100

90—-
80
70—- /
50—- )

N /

40—- L

30 +

20

time of the reaction {h)

6 8 10 12 14 16 18 20 22 24

Fig 4.16 Graphical representation of percentage of conversion with duration of the reaction for 1.

Table 4.10 The variation of the time with percentage of conversion of compound 2

Selectivity (%)
Reaction .
Time (h) Conversion { %) -
Benzaldehyde Epoxide
8 63 95.5 45
12 92 98 2
16 98.9 95 5
20% 99 953 4.2
244 99.9 86 133

Note: 25mg of the catalyst and 1:3 molar ratios of styrene and H,0,. *0.5 % and “0.7%

selectivity for benzoic acid.
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Table 4.11 The variation of the time with percentage of conversion of compound 3

Selectivity (%)
Reaction . o
Time (h) Conversion ( %) .
Benzaldehyde Epoxide
8 25 100 0
12 45 100 0
16 55 100 0
20 75 98 2
24 95.5 93 7

Table 4.12 The variation of the time with percentage of conversion of compound 4

Selectivity (%)
Reaction ) o
Time (h) Conversion ( %) .
Benzaldehyde Epoxide
8 97 100 0
12 98 100 0
16 98.5 100 0
20 99 100 0
24 95.5 9 1
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4.5. Conclusion:

We have described the synthesis and characterization of inorganic-organic hybrid
materials based on Anderson anionic cluster with amino pyridine derivatives as cations.
Compounds (1-3) are composed of common Anderson anion [AIMog(OH)sO1s]* and 2-
amino pyridine, 3-amino pyridine and 4-amino pyridine respectively. Compound 4 is
stabilized by iodine based Anderson anion [IM0gO2]> with 2-amino pyridine. The
supramolecular chemistry of all the compounds was described successfully in the present
chapter. They give 2-dimensional networks due to hydrogen bonding interaction
between lattice water molecules and cluster anion. All the materials are used as catalyst
in the reaction of oxidation of styrene that gives benzaldehyde with recyclability of
catalyst. Hydrogen peroxide has been used as an oxidant in the reaction which is benign
to nature. Catalytic activities of all the materials are performed and described

successfully.
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Isolation of Bismuth-Chloroderivatives Bi,Cly>™, BiClg>
and Bi,Cly*” by Using Variuos Organic Precursors

and Physical Properties of Their Respective Inorganic

b -

— Organic Hybrid materials.

(&

KBSTRACT: Syntheses, crystal structures and physical properties of ionm
compounds [CsH7N2]5[BiClg] 1), [CsH7N2][CsHsN:][BiClg] (2),

[C10H10N2]2[8i2C|lo] (3), [C12H17N2]3[Bi2C|g]'2EtOH (4) and
[C12H17N2]3[Bi2Clg]-2(2-PrOH) (5) have been described. Compounds 1, 2, 4 and
5 crystallize in triclinic system (space group, P-1), whereas compound 3
crystallizes in monoclinic (space group, P2i/c). In their crystal structures,
supramolecular hydrogen bonding interactions between bismuth-chloro anion
and organic cation play an important role in the stabilization of [BiClg]*",
[Bi>Clyo]*™ and [Bi,Clg]*™ anions in the title ion pair compounds. All the
compounds are characterized by routine spectral analysis and elemental
analyses, besides crystal structure determinations. Compounds 1, 2 and 3 are
additionally characterized by thermogravimetric analysis. Interestingly,
Compounds [C5H7N2][C5H8N2][B|C|e] (2), [C12H17N2]3[Bi2C|g]'2EtOH (4) and
QHHHNZ]S[BQCIQ}2(2-PrOH) (5) exhibit emission spectra at room temperature

v

in the visible region.

5.1. Introduction:

Investigations of compounds possessing organic cations and inorganic anions are
of considerable interest because of their supramolecular networks. The supramolecular
networks become more fascinating when the relevant cation and the anion can take part in
hydrogen bonding interactions. The hydrogen bond is usually recognized as the most
powerful tool for generating supramolecular assemblies of molecules.
Halogenobismuthates(l11) of general formula RaMX3p+a) (R = alkyl ammonium cations;
M = Bi; X = Cl,) are examples of such systems exhibiting diverse properties like ferroic
(ferroelastic, ferroelectric) behaviour in commensurate modulated phases." Some
representative examples of such species that are characterized in various anionic forms,
belong to R,Bi,X10 and R'3BiCls classes (where R is doubly protonated cation and R* is
mono-protonated cation). Another class of halogenobismuthates(l11) is represented by

anionic [M2Xg]*~ sub-lattice. Compounds containing [M2Xo]*~ anion exhibit versatile
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supramolecular structures, such as (i) one-dimensional zigzag chains,? (ii) two-
dimensional layers,® and (iii) discrete bioctahedra® based on [M;Xo]> unit, in respective
crystal structures. Another important class of the molecules to be known is about
benzodiazepine derivatives, introduced by Sternbach et al. in 1971,° constitute an
important class molecules that are not only used as drugs® (anti-anxiety, anti-depressive,
sedative, analgesic and hypnotic) but also play an important role in photography and dye
industry.” The biological interest of 1,5-benzodiazepines has also been extended to
important diseases such as cancer, viral infection and cardiovascular disorders.® In
addition to such practical utility, these molecules have been used as appropriate
precursors for other fused ring systems such as oxadiazolo-, oxazino- and furano-
benzodiazepines.® Thus because of diverse applications, an easy synthetic approach for
1,5-benzodiazepines is a subject of research / a challenge to synthetic chemists. In view of
this, numerous methods for the synthesis of benzodiazepines have been reported in
literature.’® The main theme of all these synthetic efforts is the condensation reaction
between 1,2-diamines and various enolizable ketones in the presence of a suitable

reagent/ catalyst as shown in scheme 5.1.

NH,

H
o reagent / catalyst N
+ 2 )K L.
NH2 —
N

Scheme 5.1 The formation of 1,5- benzodiazepine cation from opda and acetone in the

presence of suitable catalyst.

We report here a simple approach for the synthesis of 1, 5-benzodiazepine ring
system that can be achieved by the reaction between ethanol (as the source of ketone) and
0-phenylenediamine (opda) in the presence of bismuth trichloride at ambient conditions.
This work is a part of our efforts on the metal based drugs initiative. Although our
original aim was to begin investigations on multinuclear bismuth coordination
compounds as an extension of earlier studies on antimony,** the present study led to an
interesting chemistry leading to benzodiazepines and amino pyridine salts of bismuth

chloro derivatives.

138



Chapter 5

5.2 Experimental Section:
5.2.1. Materials:

All reactions were performed in an open atmosphere. O-phenylenediamine (opda,
Loba Chem.), BiCls (Hi Chem, 99%) and amino pyridines (CHEMLABS) were used as
received. Ethanol (Merck, 99.9%) and 2-propanol (Merck) were used without further

purification.
5.2.2 Physical Measurements

Micro analytical (C, H, N) data were obtained with a FLASH EA 1112 Series
CHNS Analyzer. Infrared (IR) spectra were recorded on KBr pellets with a JASCO
FT/IR-5300 spectrometer in the region of 400-4000 cm™. Electronic absorption spectra
were recorded on a Cary 100 Bio UV-Vis spectrophotometer. The emission spectra for
the samples in solutions were recorded at room temperature on a Horiba Jobin Yvon
Fluoromax-4 spectrofluorometer. In the measurements of emission and excitation spectra,
the pass width was 5 nm. All the measurements were carried out under the same

experimental conditions.
5.2.3 Synthetic Method:

Synthesis of [CsH7N;]3[BiClg] (1)

Bismuth trichloride (1.00 g, 3.12 mmol) was dissolved in 35 mL of water by
adding dil HCI. Its pH was noticed as 2.00; subsequently 2-aminopyridine (0.23 g, 2.44
mmol) was added. The resulting solution was stirred for 5 h; then it was filtered and the
filtrate was kept for crystallization at room temperature for 7 days. The resulting colorless
block-shaped crystals, suitable for ~ X-ray structure determination, were separated by
filtration and washed with chloroform. Yield 0.90 g (41% based on BiCls). IR (vicm™):
3398, 3306, 3182, 3088, 1662, 1543, 1473, 1377, 1323, 1242, 1159, 995, 858,754, 711,
503. Calcd. anal (%) for Ci5H21BIClgNs : C, 25.48; H, 2.99; N, 11.88; found (%): C,
25.25; H, 2.64; N, 11.99.
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Synthesis of [CsH;N,][CsHgN2][BiClg] (2)

Bismuth trichloride (1.00 g, 3.12 mmol) was dissolved in 35 mL of water by
adding dil HCI (pH 2.00). It was then treated with 3-aminopyridine (0.23 g, 2.44 mmol).
The resulting solution was stirred for 5 h; Then it was filtered and the filtrate was kept for
crystallization at room temperature for 10 days. The resulting light-yellowish block-
shaped crystals, suitable for X-ray structure determination, were separated by filtration
and washed with chloroform. Yield: 1.45 g (75% based on BiCls). IR (v/em™): 3408,
1626, 1601, 1552, 1483, 1375, 1323, 1269, 1180, 1114, 941, 773, 667, 520, 461. Calcd
anal (%) for C1oH1sBiClgN4 : C, 19.59; H, 2.46; N, 9.14; found (%): C, 19.07; H, 2.63; N,
9.21.

Synthesis of [C10H10N2]2[Bi>Cli0] (3)

Bismuth trichloride (1.00 g, 3.12 mmol) was dissolved in 35 mL of water by
adding dil. HCI. In this case, pH was noticed as 1.00. It was reacted with 4, 4’-bipyridine
(0.23 g, 1.5 mmol). The reaction mixture was then stirred for 5 h, filtered and kept for
crystallization at room temperature for one week. The colorless block shaped crystals,
obtained during this time, were separated by filtration and washed with water. Yield 1.90
g (52% based on BiCl3). IR (v/cm'l): 3437, 2492, 1950, 1633, 835, 636, 580, 538. Calcd
anal. (%) For CyH20Bi>ClioN,4 : C, 22.06; H, 1.85; N, 5.14; found (%): C, 22.07; H, 1.63;
N, 5.21.

Synthesis of [C12H17N2]3[Bi2Clg]-2EtOH (4)

Bismuth trichloride (0.32 g, 1 mmol) and opda (0.22 g, 2 mmol) were
dissolved in ethanol (35 mL) and the reaction mixture was stirred for 12 h in open
atmosphere in a beaker. The little white turbid solution, formed during this time, was
filtered and the filtrate was kept at 4 °C for crystallization for 4 days. The resulting
yellowish needle-shaped crystals, suitable for X-ray structure determination, were
separated by filtration and washed with ethanol. Yield 0.125 g (25% based on BiCls). IR
(cm'™): 3489, 3354, 3298, 3209, 3107, 3055, 2966, 2924, 1963, 1919, 1799, 1666, 1610,
1491, 1369, 1269, 1163, 1043, 877, 758, 646. Calcd anal. For CsHseBi,ClgNgO;
(M,;=1392.98): C, 34.49; H, 4.27; N, 6.03; found: C, 34.07; H, 4.19; N, 6.21.
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Synthesis of [C12H17N2]3[Bi2Clg]-2(2-PrOH) (5)

The procedure was similar to that for 4 using bismuth trichloride (0.32 g, 1
mmol), opda (0.22 g, 2 mmol) and 2-propanol (35 mL). The resulting yellowish needle-
shaped crystals were washed with 2-propanol. Yield 0.12 g (24% based on BiCls). IR
(viem™): 3327, 2972, 1652, 1608, 1487, 1456, 1371, 1263, 1197, 1026, 910, 837, 750,
646, 542,482. Calcd anal. For C4Hg7Bi,ClgNgO, (M, = 1425.07): C, 35.39; H, 4.74; N,
5.89; found: C, 35.56; H, 4.38; N, 6.02.

5.2.4. Single crystal X-ray structure determination:

Data were measured at room temperature for all the compounds on a Bruker
SMART APEX CCD, are a detector system [AMMo Ka) 0.7103 A], graphite
monochromator, 2400 frames were recorded with an ® scan width of 0.3° each for 8s,
crystal-detector distance 60mm, collimator 0.5mm. Data reduction by SAINTPLUS,
(Software for the CCD Detector System, Bruker Analytical X-Ray Systems Inc.,

Madison., WI, 1998), absorption correction using an empirical method SADABS'#

structure solution using SHELXS-97%°
University of Géttingen, Germany 1997) and refined using SHELXL-97'%*¢ (G. M

Sheldrick, Program for crystal structure analysis, University of Gottingen, Germany

(G. M. Sheldrick, program for structure solution,

1997). A brief summary of the crystallographic data for compounds 1-3 is provided in the
Table 5.1 and 4-5 is provided in Table 5.6.

5.3. Results and discussion:

5.3.1. Synthesisof 1,2 and 3

One pot wet synthesis from BiCl; and 2-aminopyridine / 3-aminopyridine / 4, 4'-
bipyidine affords inorganic-organic hybrid material [CsH/N2]3[BiCls] (1) /
[CsH7NL][CsHsN,][BIClg] (2) /' [CioH10N2]2[BiClig] (3). In the present synthesis,
bismuth chloro anionic species are generated in situ in the solution, and organic
precursors, that get protonated, act as cations in the isolation of compounds 1-3. Both
compounds 1 and 2 include [BiCls]*" as an anion and in the case of compound 3,
[Bi,Cly]* species acts as the anion. Formation of the title compounds is shown

schematically in Scheme 5.2.
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Table 5. 1 Crystallographic data for compounds 1, 2 and 3.

Entry 1 2 3
Formula Ci5 Ho1 Bi Cls N6 Ci0 Hi1 Bi Clg N4 Ca0 Hazo Biz Clio Na
FW 707.06 612.94 1088.86
Crystal system Monoclinic Triclinic Triclinic
Space group P2(1)/c P-1 P-1

alA’ 8.3759(7) 7.401(3) 8.3670(17)
b/A°® 16.1703(14) 11.203(4) 9.809(2)
/A 17.5383(16) 11.734(5) 11.035(2)
a/° 90 92.013(6) 112.90(3)
p/o 93.6340(10) 105.496(6) 101.52(3)
v/° 90 98.714(6) 98.60(3)

Z 4 2 1

p/mm™ 8.128 10.407 11.970
peal Mg m’ 1.981 2.204 2.285
Ri(F) [1>206(I)] 0.0212 0.0223 0.0182
WR; (F%) [ 1> 2 o(1)] 1.039 0.0541 0.0346
R1(F%) (all data) 0.0250 0.0256 0.0220
WR; (F%) (all data)  0.0543 0.0554 0.0349

Largest diff peak
and hole (e A®) 1.421, -0.992 0.567, -0.869 0.556, -0.485
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[CSHTNzl[WBiCIG] (2)

£

2

=

o 2

Sl

C\ o

Q

HCl+ H,0

Scheme 5.2: Schematic representation of the generation of title compounds in a one pot

wet synthesis.
Both the species, [BiCls]*” and [Bi.Clio]*" are speculated to be formed as shown in

the following series of stoichometrically balanced reactions. As our syntheses are carried
in acidic medium, besides the formation of [BiCI6]3‘ and [Bi2C|10]4_ species, the
respective organic precursor gets protonated so that they can act as cations while isolating

the chlorobismuthates.

BiClz+ 3HCI H;[BiClg]
2BiClz#+4HCI H4[BiyClyo)
C5H6N2 + Hcl [CSH?Nzlcl

2-Aminopyridine

H,[BiClg]+ 3[CsHN,]CI —— [C5H;N,]5[BIClg] (1) + 3HCI

[CsH/N,ICI + [CsHgN,IC,

2C5HeN,+3HCI
3-Aminopyridine
H,[BiClg] + [CsHNSICI + [CsHaN,1Cl, ——*[CsHzNal[CsHsN ] [BiCle](2) + 3HCI
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CyoHgN, +2HCI — [C1oH1gNaICly
4,4-bipyridine

H4[Bi,Clyg] + 2[CyoH1oNICl, [C1gH10N2l[BizClyq] (3)+ 4HCI

5.3.2. Synthesis of 4 and 5.

Synthesis from BiCls; and opda in ethanol/2-propanol affords inorganic-organic
hybrid material  [C12H17N2]3[Bi2Clg]-2EtOH  (4)/[C12H17N2]3[Bi2Clo]-2(2-PrOH) (5).
Earlier reports have shown that condensation reaction between a 1,2-diamine (e.g., opda)
and a ketone (e.g., acetone) in the presence of a suitable reagent/catalyst, as shown in
scheme 5.1, affords 1,5-benzodiazepine.*® In the present synthesis, we have used ethanol
instead of acetone (ketone). It is worth mentioning that various gas phase catalytic
transformations of ethanol to acetone are known. ** The extensive literature search on the
synthesis of 1, 5-benzodiazepine shows that a ketone is a mandatory reactant that reacts
with 1,2-diamine (Scheme 1). Thus, we believe that acetone, formed in situ in our
synthesis, reacts with opda (1,2-diamine) leading to 1,5-benzodiazepine (Scheme 1). In
the present study, the only evidence that acetone "may" have been formed is the
formation of the benzodiazepine. The blank reaction performed in the absence of the
diamine to see if BiCls forms some acetone in the presence of alcohol does not yield
acetone (checked by GC-Mass). The amount of acetone required to form the compound 4

is not much (ca. 0.25 mmol or so), so may be hard to detect in blank reactions.

5.3.3. Crystal Structure:

The compound [CsH7N2]5[BiClg] (1) crystallizes in monoclinic system with space
group P2 (1)/c. The asymmetric unit in the relevant crystal structure contains one
[BiCls]*~ anion, which has been explored earlier’® and three units of protonated 2-
amynopyridine (2-ampH) for charge compensation. The thermal ellipsoidal plot of
compound 1 is presented in Fig. 5.1.
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Fig. 5. 1. Thermal ellipsoidal plot for [CsH7N2]s[BiCls] (1) with 30% probability (hydrogen

atoms are not shown for clarity).

Fig. 5.2. Ball and stick representations of bismuth monomer [BiClg]*".

The basic crystallographic data for the title compounds are listed in Table 5.1. The
relevant bond distances and angles are listed in Table 5.2. The [BiCls]*” moiety acquires
octahedral geometry with bond lengths Bi(1)-CI(2) : 2.7696(7) A and Bi(1)-ClI(4) :
2.6416(7) A as maximum and minimum bond lengths respectively. Their ZCI-Bi—ClI

bond angles also support the octahedral arrangement, which is shown in Fig. 5.2.
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2-Aminopyridine molecules are arranged in a stacking manner due to m—r interactions

with alternative distances of 3.997A and 4.390 A as presented in Fig. 5. 3.

7% interaction

Hydrogen bonding

Fig. 5. 3. Two dimensional network due to C—Hee<Cl interactions and -7 interactions in
the crystal of compound [CsH7N,]s[BiClg] (1).

Even though these are weak n—r interactions'®, the compound 1 gives a 2-dimensional
supramolecular network due to the existence of further strong C—Hee+Cl hydrogen bonds
(Fig. 5.3). Thus the formation of the layer can be described by the assemblage of staircase
type of chains by n—r interactions, whereby the chain is formed by C—Hee+Cl hydrogen
bonding interactions among cations and bismuth chloro anions. The hydrogen bonding
environment around the three cations, namely, {N1N4}, {N2N5} and {N3NG6} are shown
in the Fig. 5.4. The relevant hydrogen bonding parameters (compound 1) are presented in
Table 5.3.
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(=]

(5.4c)

the 2-aminopyridinium cation in

[CsH/N2J5[BICls] (1) a){N1N4} b) {N2N5} c) {N3N6}; symmetry operations:

#1) x,y+1,z;

X+1,y+1/2,-z+1/2; #6 X,-y+1/2,2+1/2; #7) -X,-y+1,-z+1;

#2) -x+1,-y+1,-z+1; #3) -X,y+1/2,-z+1/2; #4) -X,-y+1,-z; #5) -

Table 5.2 Selected bond lengths (A) and angles (°) for [CsH7N,]s[BiClg] (1).

Bi(1)-Cl(4) 2.6416(7) Bi(1)-ClI(1) 2.6813(7)
Bi(1)-CI(3) 2.6952(7) Bi(1)-CI(6) 2.6992(7)
Bi(1)-CI(5) 2.7337(7) Bi(1)-Cl(2) 2.7696(7)
Bond angles (°)

Cl(4)-Bi(1)-ClI(1) 90.82(2) Cl(4)-Bi(1)-CI(3) 87.81(2)
CI(1)-Bi(1)-CI(3) 86.80(2) Cl(4)-Bi(1)-CI(6) 92.75(2)
CI(1)-Bi(1)-Cl(6) 91.31(2) CI(3)-Bi(1)-Cl(6) 178.038(19)
Cl(4)-Bi(1)-CI(5) 89.22(2) CI(1)-Bi(1)-CI(5) 178.080(19)
CI(3)-Bi(1)-CI(5) 95.12(2) CI(6)-Bi(1)-CI(5) 86.77(2)
Cl(4)-Bi(1)-Cl(2) 176.87(2) CI(1)-Bi(1)-Cl(2) 86.05(2)
CI(3)-Bi(1)-Cl(2) 92.00(2) CI(6)-Bi(1)-Cl(2) 87.35(2)
CI(5)-Bi(1)-Cl(2) 93.91(2)
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Table 5.3. Hydrogen bond distances and angles for [CsH7N,]s[BiCls] (1) [A and °].

D-H-A d(D-H) d(H-~A) d(D--A) <(DHA)
C(7)-H(7)...CI(3)#1 0.94(3) 2.92(3) 3.725(3) 145(2)
C(8)-H(8)...CI(3)#2 0.94(3) 2.77(3) 3.601(3) 148(2)
C(10)-H(10)...CI(2)#3 0.94(3) 2.69(3) 3.564(3) 155(3)
N(2)-H2N)...CI(5)#3 0.86(3) 2.38(3) 3.218(3) 165(3)
N(5)-HGA)...CI(5)#3 0.88(3) 2.62(4) 3.392(3) 148(3)
N(5)-H(GB)...CI(3)#1 0.81(3) 2.61(3) 3.400(3) 164(3)
C(13)-H(13)...CI(6)#4 0.86(3) 2.95(3) 3.695(3) 146(2)
C(12)-H(12)...CI(6) 0.96(3) 2.84(3) 3.689(3) 149(2)
N(6)-H(6B)...CI(6) 0.83(3) 2.72(3) 3.509(3) 161(3)
N(3)-H(3N)...CI(1)#5 0.81(3) 2.46(3) 3.240(3) 160(3)
C(15)-H(15)...CI(4)#5 0.92(3) 2.83(3) 3.580(3) 139(3)
C(3)-H(3)...CI(1)#5 1.04(4) 2.70(4) 3.586(3) 144(3)
C(2)-H(2)...CI(4) 0.82(3) 3.02(3) 3.827(3) 168(3)
N(4)-H(4B)...CI(3) 0.81(3) 2.66(3) 3.313(3) 139(3)
N(4)-H(4A)...CI(6)#6 0.86(4) 2.49(4) 3.319(3) 162(4)
N(L)-H(LN)...CI(2)#6 0.90(3) 2.38(3) 3.225(3) 158(3)
C(5)-H(5)...CI(5)#7 1.02(5) 2.69(5) 3.606(4) 150(3)

Symmetry transformations used to generate equivalent atoms:
#1 X, y+1,z; #2-x+1,-y+1,-z+1; #3-X, y+1/2 -z+1/2; #4 -X, -y+1, -z; #5, -x+1,

y+1/2,-z+1/2; #6, X, -y+1/2, z+1/2; #7 -X, -y+1, -z+1;

In the case of compound [CsH;N;][CsHsN2][BiCls] (2), the anionic species
[BiCls]* is identical to the anion for compound 1; however, in the crystal structure of
compound 2, each chloro anion [BiCls]*" is stabilized by two molecules of 3-
aminopyridine (one is mono-protonated and the other one is di-protonated). The thermal
ellipsoidal plot for compound 2 is shown in Fig. 5.5. The packing of the organic cations
shows an head-to-head pattern, in which every two organic moieties are very close to

each other (3.170A) due to n—n interaction (see Fig. 5.6). Hydrogen bonding situation in
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the relevant crystal structure is shown in Fig. 5.7. We have labeled both cations as
{N1IN2} cation and {N3N4} cation. We found eight hydrogen bonding interactions
around the {N1N2} cation and six hydrogen bonding interactions around the {N3N4}

cation. The relevant hydrogen bonding parameters are presented in Table 5.4.

?CI4

Cl2 Cl6

Cl1

CI5

Fig. 5.5. The thermal ellipsoidal plot of [CsH;N2][CsHsN,][BiClg] (2) with 30%
probability(hydrogen atoms are not shown for clarity).

Fig.5.6. 3-Aminopyridine (3-Amp) molecules are arranged in parallel directions in
[CsH7N2][CsHsN2][BiClg] (2) which are viewed through C-axis.
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Fig.5.7 Hydrogen bonding environment around the cation (a) {N1N2}, (b) {N3N4} in
[CsH7N2][CsHsN2][BiCls] (2); symmetry operations: #1) -x+1,-y+1,-z; #2) -x+1,-y+1,-
z+1; #3) x+ly,z; #4) x+1,y-1,z; #5) x,y-1,z.

Table 5.4 Hydrogen bonds for [CsH7N2][CsHsN2][BiCls] (2) [A and °.].

D-H-A d(D-H) d(H-A) d(D--A) <(DHA)
N(4)-H(4A)...CI(2)#1 0.89 3.04 3.889(6) 159.4
N(3)-H(3N)...CI(1)#2 0.86 2.75 3.434(6) 137.9
N(4)-H(4C)...CI(4)#3 0.89 2.68 3.554(7) 167.3
C(5)-H(5)...CI(4)#3 0.93 2.97 3.750(5) 141.9
C(3)-H(3)...CI(6)#4 0.93 2.45 3.248(6) 1445
C(4)-H(4)...CI(5)45 0.93 2.95 3.770(6) 147.9
C(7)-H(7)...CI(2)#1 0.93 2.79 3.548(6) 138.9
C(7)-H(7)...CI(3)#1 0.93 3.01 3.682(6) 1305
N(1)-H(1N)...CI(3)#5 0.91 2.68 3.491(6) 149.8
C(8)-H(8)...CI(L)#5 0.93 2.54 3.445(7) 163.6
C(9)-H(9)...CI(5)#2 0.93 2.66 3.518(6) 154.3
C(10)-H(10)...CI(5) 0.93 2.87 3.543(6) 130.4
N(2)-H(2C)...CI(2) 0.81 257 3.173(4) 1325
N(2)-HQ2A)...CI(4)#3 0.87 2.26 3.121(4) 167.4

Symmetry transformations used to generate equivalent atoms:

#1, -x+1,-y+1,-z; #2, -x+1,-y+1,-z+1; #3,x+1,y,z; #4,x+1,y-1,z; #5, x,y-1,z;
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The compound [C1oH10N2]2[Bi2Clio] (3) crystallizes in triclinic with space group
P-1. The crystal structure of compound 3 consists of a dimeric bismuth-chloro-anion
[Bi.Clio]* and two doubly protonated 4, 4'-bipyridine organic moieties (cationic form of
4, 4’- bipyridine) per formula unit. The molecular structure of 3 is shown in Fig. 5.8. In
the dimeric anion, two Bi** ions are bridged by two CI” ions and each Bi®* ion is
additionally coordinated by four terminal CI™ ions. This dimeric bismuth-chloro-anion is a
rare example of this kind; there are only two reports known that have described this
anion.’” The hydrogen bonding situation in the crystal structure of compound 3 is shown
in Fig. 5.9. These C—Hee+ClI hydrogen bonds, observed between [Bi>Clio]* anion and [4,
4'-bipyH2]** cation led to the 2-dimensional supramolecular network as shown in Fig.

5.10. The relevant hydrogen bonds are described in Table 5.5.

Fig.5.8. Thermal ellipsoidal plot of [CioH10N2]2[Bi.Clio] (3) with 30% probability

(hydrogen atoms are not shown for clarity)

‘CIZ(#B)
L\
%
CH(#4) 1
e )H? ‘
. ~ L’ “ Cla#2)
Yo N2 .
’ N1 %
4 X ~
C4
o ‘e
CI3(#4) R4y CIS@#5)

)
A3

1
C|5(#3#

Fig.5.9. Hydrogen bonding situation around the 4, 4 -bipyridinium cation in
[C10H10N2]2[Bi2Clig] (3); symmetry operations: #1) -x+1,-y+1,-z+1; #2) x,y-1,z; #3) x-
1y-1,z; #4) x-1,y,z+1; #5) -x+1,-y,-z+1; #6) X,y,z+1;
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Fig. 5.10.Two dimensional network because of C—Hee+Cl interaction between

bipyridinium salt and [Bi2C|1o]4_ in [C]_OH]_ONQ]Q[BiQCI]_O] (3)

Table 5. 5 Hydrogen bonds for [C1oH10N2]2[Bi>Clio] (3) [A and ©.]

D-H-A d(D-H) d(H-~A) d(D-~A) <(DHA)
N(1)-H(1N)...CI(4)#2 0.81(5) 2.56(5) 3.266(4) 146(4)
C(4)-H(4)...CI(5)#3 0.93 2.87 3.582(5) 1338
N(2)-H(2N)...CI(1)#4 0.88(5) 2.59(5) 3.292(4) 138(4)
N(2)-H(2N)...CI(3)#4 0.88(5) 2.62(5) 3.261(4) 131(4)
N(L)-H(LN)...CI(5)#5 0.81(5) 2.87(5) 3.387(4) 124(4)
C(7)-H(7)...CI(2)#6 0.93 2.87 3.535(5) 129.7

Symmetry transformations used to generate equivalent atoms:
#1, -x+1,-y+1,-z+41 #2,x,y-1,z #3,x-1,y-1,z
#4,x-1,y,z+1 #5, -x+1,-y,-z+1 #6, X,y,z+1
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The compound [C12H17N2]3[Bi2Cls]-2EtOH (4) crystallizes in triclinic space group P-
1. The asymmetric unit in the relevant crystal structure contains one [Bi,Clo]*~ anion,
three 2,3-dihydro-1H-1,5-benzodiazepinium cations [Ci,Hi7N2]" and two solvent
molecules (EtOH). The thermal ellipsoidal plot of compound 4 is presented in Fig. 5.11.
The basic crystallographic data for compound 4 and 5 are presented in Table 5.6. As
shown in Figure 5.11, the anion [Bi,Clo]*” is a bismuth dimer, in which two Bi** ions are
bridged by three CI” ions and each Bi®* ion is additionally coordinated by three terminal
CI™ ions. This anion is known in the literature.*” There are three organic moieties (cationic
forms of 2,3-dihydro-1H-1,5-benzodiazepine) per formula unit of compound 1.
Examination of these organic cations shows that each of them has different conformation
as far as seven-membered rings are concerned (Fig. 5.12). We name these three organic
moieties as “N1IN2”, “N3N4” and “N5N6” cations. In all the three moieties, the six-
membered rings (essentially benzene rings) have planar conformations with average
deviations of 0.0071 A, 0.0045 A and 0.0044 A respectively (see Fig.5.12 and Table 5.7).

Fig.5. 11 The thermal ellipsoidal plot of compound [C12H17N]3[Bi>Clg]-2EtOH (4). The
hydrogen atoms and solvent molecules are not shown for clarity.(The located hydrogen

atoms on nitrogen are shown).
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Table 5.6 Crystallographic data for [C12H17N;]3[Bi2Clg] - 2EtOH (4) and 5 (2PrOH)

Entry 4 5)
Formula CuoHs3Bi>,ClgNsO- C12He7Bi,ClgNgO-
FW 1396.97 1425.03
Crystal system Triclinic Triclinic
Space group P-1 P-1

alA” 9.6119(13) 9.6622(16)
b/A° 14.5182(19) 14.589(2)
CIA® 20.564(3) 21.015(4)
a/° 74.207(3) 74.003(3)
B/ 83.678(2) 82.210(3)
/0 87.280(2) 85.965
U/A 2744.1(6) 2819.6(8)
Z 2 2

peal Mg m™ 5.157 1.678
wmm™ 48.537 6.697
Ri(F%) [ 1> 2 o(1)] 0.0250 0.0979
WRz (F5) [ 1> 2 o()] 0.0594 0.1718
R1(F?) (all data) 0.0337 0.1215
WR; (F%) (all data) 0.0624 0.1792

On the other hand, the seven-membered rings (that are non-aromatic rings), as
expected, have non-planar conformations with average deviations of 0.2048 A, 0.6277 A
and 0.2161 A respectively (Table 3). Interestingly, the deviations from planarity for the
seven-membered ring found in three organic moieties did not occur in the same fashion
(Fig. 5.12 and Table 5.7). We believe that this inadequacy in comparable trend is due to
different hydrogen bonding environments around each of these “N1N2”, “N3N4” and
“N5N6” organic moieties found in the crystal structure of compound 4. In the present

study, the crystal structure of [C12H17N,]s[Bi>Clg]-2EtOH (4) witnessed 15 C—H---Cl and
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3 N—H---Cl hydrogen bonds (taking H---Cl distance as 3.1 A ) among [C12H17N>]" cations
and [Bi>Clo]*” anions (Table 5.8).

The hydrogen bonding situations around each of these organic moieties are shown in
Fig. 5.13. The hydrogen bonds, observed around [Bi,Cls]*" anion, are shown in Fig.5.14.
The Bi(lll) ion is in a distorted octahedral environment composed of six chloride anions.
As shown in Fig. 5.14, the [Bi,Cls]*" anion is hydrogen bonded to its adjacent /
surrounding organic cations by fourteen C—H---Cl bonds and two N—H---Cl bonds.The
relevant hydrogen bonds are described in Table 5.8. These hydrogen bonds include
C—H---Cl, N-H---Cl and O-H--Cl type interactions. The combination of all these
hydrogen bonding interactions leads to an intricate supramolecular network as shown in
Fig. 5.15. Compound [C12H17N;]3[Bi>Clg]-2(2-PrOH) (5), that has been isolated using 2-
propanol, is isostructural with compound 4. The structural details of compound 4 & 5 are
provided in Table 5.6.

Fig.5. 12 Conformations of organic moieties in compound [C;2H;7N2]5[Bi.Clg]-2EtOH
(4): (a) “NIN2” moiety, (b) “N3N4” moiety and (c) “N5N6” moiety.
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Table 5.7. Least-square planes for the three organic moieties in [C12H;:7N2]3[BiClg] -
2EtOH (4)

“N1N2” moiety “N3N4” moiety “N5N6” moiety
6-memb.ring 7-memb. ring 6-memb. ring 7-memb. ring 6-memb. ring 7-memb. ring
P - 0.5425 0.7785 3.8240 0.3509 0.5978 0.8996
Q 14.4062 14.4095 6.5179 3.2327 12.9589
13.5902
R 4.0063 3.3134 19.2160 20.4835 13.9026
12.1948
S 3.2398 4.0410 16.6323 16.0062 8.5181 8.8438

Deviations from planes (A)

“N1N2” moiety “N3N4” moiety “N5N6” moiety

6-membered ring 7-membered ring 6-membered ring 7-membered ring 6-membered ring 7-membered ring

Cl 0.0028 C1 0.0029 C13 0.0032 C13 0.0036 C25 0.0031 C25 0.0035

C2 0.0029 C2 0.0029 Ci14 0.0034 Ci14 0.0037 C26 0.0031 C26 0.0032

C3 0.0034 N1 0.0031 C15 0.0037 N3 0.0038 C27 0.0034 N5 0.0038
C4 0.0035 C7 0.0031 Ci16 0.0039 C19 0.0040 C28 0.0035 C31 0.0039
C5 0.0032 C8 0.0034 C17 0.0037 C20 0.0045 C29 0.0034 C32 0.0038
C6 0.0030 C9 0.0031 C18 0.0034 C21 0.0041 C30 0.0034 C33 0.0037

N2 0.0027 N4 0.0037 N6 0.0035

Plane equation: Px + Qy + Rz = S. In the “N1N2’ moiety, 6-membered ring: C1, C2, C3,
C4, C5, C6; 7-membered ring:C1, C2, N1, C7, C8, C9, N2. In the “N3N4’ moiety, 6-
membered ring: C13, C14, C15, C16, C17, C18; 7-membered ring: C13, C14, N3, C19,
C20, C21, N4. In the “N5N6’ moiety, 6-membered ring: C25, C26, C27, C28, C29, C30;
7-membered ring: C25, C26, N5, C31, C32, C33, N6 (see also Figure 5.12).
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Cli#6

Fig.5.13a Fig.5.13b

Fig. 5.13b

Fig.5.13. Hydrogen bonding environments around organic moieties in compound
[C12H17N2]5[Bi2Clg]-2EtOH (1): (a) “N1N2” moiety, (b) “N3N4” moiety and (c) “N5N6”
moiety. #1, x-1, y, z-1; #2, -x, -y+1, -z; #3, -x+1, -y+1, -z; #4, x-1,y, z; #5, -X, -y+1, -
z+1; #6, -x+1, -y, -z+1; #7, -x+1, -y+1, -z+1; #8, x+1, y, z. color codes: C, grey, N,
blue, Cl, green, H, purple.

157



Isolation of Bismuth.......

Table 5.8 Hydrogen bonds and angles observed in the crystal structure of 4

D-H..A d(D-H) d(HeesA)  d(Des+A) <(DHA)
C(27)-H(27)...0(2)#1 0.93 2.74 3.347(7) 1237
C(34)-H(34A)...CI(7) 0.96 3.10 3.880(6) 1395
C(36)-H(36A)..CI(2)#2  0.96 3.03 3.897(6) 150.6
C(36)-H(36C)...CI(3)#3 0.96 3.02 3.833(6) 143.7
C(32)-H(32A)..CI(3)#3  0.97 3.05 3.842(5) 139.9
C(29)-H(29)...CI(6)#4 0.93 2.96 3.730(5) 141.2
C(30)-H(30)...CI(9) 0.93 2.92 3.675(5) 138.7
N(5)-H(5B)...CI(7) 0.90 257 3.454(4) 169.2
C(35)-H(35B)..CI3)#3  0.96 2.81 3.728(6) 160.6
C(15)-H(15)...CI(7)#5 0.93 3.01 3.928(5) 170.8
N(3)-H(3B)...CI(1)#6 0.90 252 3.344(4) 152.6
C(20)-H(20B)..CI(7)}#7  0.97 2.85 3.729(5) 151.4
C(10)-H(10B)...CI(5) 0.96 3.05 3.818(5) 138.2
C(8)-H(8B)...CI(6) 0.97 2.86 3.800(5) 1635
C(12)-H(12C)..CIG)#8  0.96 291 3.751(4) 1475
N(1)-H(1A)...CI(1)#6 0.90 2.91 3.623(3) 137.7
C(6)-H(6)...CI(2)#6 0.93 2.87 3.596(4) 136.4
C(3)-H(3)...CI(5)#8 0.93 2.79 3.612(4) 147.9

Symmetry transformations used to generate equivalent atoms:
#1,x-1,y, z-1; #2, -X, -y+1, -z; #3, -x+1, -y+1, -z; #4, x-1,vy, z; #5, -X, -y+1, -z+1; #6,
-X+1, -y, -z+1; #7,-x+1, -y+1, -z+1; #8, x+1, y, z;
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Fig. 5.14 Hydrogen bonding environments around inorganic dimer anion [Bi.Cle]*" in

compound 4.

Fig. 5.15 Three-dimensional supramolecular network in compound 4.
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5.3.4. Spectroscopy of compounds 1, 2 and 3.

Solid state diffuse reflectance (electronic absorption) spectra for compounds 1, 2 and
3 are presented as Figs. 5.15, 5.16 and 5.17 respectively. The absorption peaks at 230 nm
and 309 nm (compound 1), 252 nm and 342 nm (compound 2) and 214 nm, 250 nm and
326 (compound 3) reveal that organic cation dominates the electronic absorption spectra

for all three compounds.
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Fig. 5.15 Solid state UV-Visible spectroscopy of [CsH7N2]3[BiCle] (1)
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Fig.5.16 Diffused reflectance spectroscopy of [CsH7N2][CsHsN2][BiClg] (2).
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Fig. 5.17 Diffuse reflectance spectrum of [C10H10N2]3[Bi>Clio] (3).

The solution state UV-Visible spectral studies of all three materials were
performed in DMSO solvent (see Fig. 5.18). The absorptions at 225 nm, 258 nm and 260
nm for compounds 1, 2 and 3 respectively are due to nm* transition and the peaks at 300
nm, 327 nm and 315 nm for compounds 1, 2 and 3 respectively seem to originate from
nn* transition based on bathochromic shift in non-polar solvents *° The solution
electronic absorption spectrum for compound 2 in DMSO (Fig. 5.19) is significantly
different from that in solid state (Fig. 5.16). It reveals that there are significant
cation—anion interactions in the solid state in the case of compound 2 and these
interactions are not in same in its solution. One extra weak shoulder is observed at 398
nm (in the solution state of compound 2) apart from strong peaks at 258 nm and 327 nm

in its solution state.
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Fig. 5.18 Solution state UV-Visible spectra of [CsH;N,]Js[BiClg] (1) with 0.33X10°M in
DMSO ( dotted lines) and [C1oH10N2]3[Bi>Clig] (3) in 1.1X10°M in DMSO (solid line)

respectively.
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Fig. 5.19 Electronic absorption spectrum of [CsH7N2][CsHsN2][BiCls] (2) in DMSO
(0.25X107*M).

162



Chapter 5

Compound 2 exhibits emission signal at room temperature in the visible region as
shown in Fig. 5.20. It shows emission at 358 nm (when it was excited at 327 nm) and 437
nm (when it was excited at 398 nm). It prompted us to investigate the emission behavior
of 3-aminopyridine itself and it indeed exhibits emission signal in the visible region at
room temperature. Since its protonated form is present in compound 2, we intended to
check its emission behavior in its protonated form by adding HCIO, / HCI to its solution.
The emission signal was found to be quenched after adding HCIO, / HCI to its solution.
Surprisingly, the emission feature of compound 2 (even it contains protonated form of 3-
aminopyridine) is not much quenched (Fig. 5.21 for related emission behavior

comparison). Quantum yield calculations have been performed in following the equation

2sample

stample — &ample x ODstd_
D

X

2
td .
std. Astd. ODsampIe n s

where std. abbreviates for the standard (here quinine sulfate), A is the integrated emission
intensity, O.D. stands for the optical density at the excited wavelength and 7 is the
refractive index (for dimethyl sulfoxide, n = 1.4793 and for water, n = 1.333). The
excitations have been performed at similar optical density for all the samples, where the
absorption curve of the sample intersects the absorption curve of quinine sulfate. The
quantum yield calculations, shown in the Table 5.9, shows that the quantum yield value
(0.15) for compound 2 is considerably larger than that (0.04) for protonated 3-
aminopyridine species (by adding HClI / HCIO4), even though protonated 3-
aminopyridine is present in compound 2. We believe that in the present system
(compound 2), the cation-anion interactions are someway responsible to reduce this

quenching of the protonated 3-aminopyridine in compound 2.
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Fig. 5.20a Emission spectra when excited at 327nm
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Fig. 5.20b emission spectra when excited at 398nm for [CsH7N2][CsHsN2][BiClg] (2) in
DMSO with 0.25X10M.
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Fig. 5.21 (a) UV-visible spectra of 3-aminopyridine, protonated 3-aminopyridine and
compound 2, note that OD has been matched with QNS. Numbers inside the figure denote
the excitation points. (b) Emission spectrum of 3-aminopyridine(3-amp) w.r.t. QS at 328
nm. (c) Emission spectrum of protonated 3-aminopyridine(3-ampH) w.r.t. QS at 337 nm.
(d) Emission spectrum of compound 2 w.r.t. QS at 335 nm
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Table 5.9 Observed quantum yield of following entries (Aaps and Aem = Absorption and

emission maxima)

3-Amp 309 450 0.44
3-AmpH 330 410 0.04
Compound 2 327 360 0.15

5.3.5 Spectroscopic discussion of compounds 4 & 5

The solid state electronic absorption spectrum (Fig. 5.22) of compound 4 is
characterized by strong bands at 230, 338 and 390 nm and a weak shoulder at 505 nm.
The spectral features are mainly dominated by the monoprotonated form of 1,5-
benzodiazepine. The electronic absorption spectra of benzodiazepines were reported in
the solvents ethanol and cyclohexane depending on their solubility. ?° Typically, a short
wavelength band is observed below 250 nm and other two bands of lower intensity are
observed in the region of 300 nm and 350 nm respectively. These peaks were described to
originate from nn* transition based on bathochromic shift in non-polar solvents.?* The
corresponding spectra have also been described in acidic media that provides mono-
protonation on benzodiazepines resulting in extended conjugation in the seven-membered
ring. *% 22 However, the possible extended conjugation in benzodiazepines does not
substantially modify the electronic spectral features characteristic of the monoprotonated
benzodiazepines. Based on this knowledge, we assign the peaks at 230, 338 and 390 nm
for compound 4 to nn* transitions and the shoulder at 505 nm is probably due to the
anion (which is [Bi,Clo]>™ here) to cation ([Ci2H17N2]") charge-transfer transition. The
solution electronic absorption spectrum of compound 1 in acetone (Fig. 5.22b) is
significantly different from that in solid state (Fig. 5.22a). This reflects the importance of
cation—anion interactions in the solid state and these interactions do not remain same in
the solution state.

To understand the nature of the first excited singlet state in 1,5-benzodiazepines,
emission studies had been attempted earlier and it was found that 1,5-benzodiazepines

are not emissive at room temperature® A benzodiazepine has a seven membered ring
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containing two ring nitrogen atoms. In this context, it is worth mentioning that in six-
membered aromatic heterocycles that contain two ring nitrogen atoms (for example,
pyrazines, pyrimidines, pyridazines etc.) the lowest lying excited nr* singlet state lies
close in energy to the lowest excited nn* singlet state.?* This results in vibronic
interaction between the concerned states that permits unusually rapid radiationless decay
and hence these heterocycles are characterized by very weak fluorescence, a phenomenon
known as “proximity effect” ° The intervention of the “proximity effect” (found with six-
membered ring) was also suggested in the case of 1,5-benzodiazepines, that do not
exhibit emission at room temperature.?

To our surprise, the compound [C12H17N,]3[Bi>Clg]-2EtOH (4) exhibits emission
at 400 nm (when it was excited at 328 nm) and 475 nm (when it was excited at 385 nm) at
room temperature as shown in Fig. 5.23. We believe that in the present system, the
cation-anion interactions play an important role to reduce the “proximity effect” and
thereby to rise the lowest lying excited n* singlet state considerably from the lowest

excited nrt* singlet state.
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Fig. 5.22 (a) Diffuse reflectance electronic spectrum for compound 4. (b) Electronic

absorption spectrum in acetone for compound 4.
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Fig. 5.23: Room temperature emission spectra for compound 4 in acetone: (a) excited at
328 nm, (b) excited at 385 nm

Thermo gravimetric analyses for all compounds were performed in flowing N;
with a heating rate of 5 ‘C min™ in the temperature range of 30-800 ‘C. TG curves for
compounds 1, 2 and 3 show that all the compounds are stable up to around 200 ‘C;
subsequently decomposition started at 235, 195 and 190 °C for compounds 1, 2 and 3
respectively. TG curve for compound 1 (Fig. 5.24) shows the loss of 70 % in the
temperature range of 235-430 ‘C. This weight loss corresponds to the decomposition of
organic moieties and expelling of six chlorine moieties present in compound 1 (calculated
value is 70.44 %). TG curves for compounds 2 and 3, that reveal the loss of 64.5% and
61.6% in the temperature ranges of 195-300 °C and 190—295 °C respectively, are shown
in Fig. 5.25 and Fig. 5.26. These weight losses correspond to the loss of organic cations
and decomposition of the corresponding chloro species (calculated mass loss 64.25 % and

61.55 % for compound 2 and 3 respectively).
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Fig. 5.24 Thermo gravimetric plot for [CsH7N2]3[BiClg] (1)
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Fig.5.25 Thermogravimetric plot of [CsH7N2][CsHsN2][BiCls] (2).
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Fig.5.26 Thermogravimetric plot of [C10H10N2]2[Bi>Clio] (3).

5.4. Conclusion

One pot wet syntheses of [CsH7N;]3[BiClg] (1), [CsH7N2][CsHsN2][BiCls]
(2), [CioHioN2J2[Bi2Clio]  (3), [Ci2Hi7N2]s[BiClg] - 2EtOH (4) and
[C12H17N2]5[BioClg]-2(2-PrOH) (5) are described and the resulting compounds have
been structurally characterized by single crystal X-ray crystallography. Diverse
supramolecular networks were built due to C—Hee*Cl interactions for all compounds.
Their spectroscopic studies reveal that spectral features are dominated by organic
precursors. In addition to this, the ion pair compound 2 exhibits emission signal at room
temperature in the visible region. Quantum yield values are consistent with emission
intensities. We are now working with biologically important organic amines, so that the
resulting ion pair compounds can be used as potential models for bismuth metal

containing drugs.

The synthesis of compound [C12H17N2]3[Bi2Clo] - 2EtOH (4) has many-fold importance:
(i) a biologically important molecule, 2,3- dihydro-1H-1,5-benzodiazepine (in its cationic
form) has been synthesized from an inexpensive solvent ethanol at ambient conditions;
(i1) the present synthesis involves the conversion of in situ ethanol to acetone that reacts
with o-phenylenediamine leading to the formation of compound 4; as such the conversion

of ethanol to acetone is a hectic process that is known to occur in gas phase at a high
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temperature; 2 (iii) many bismuth (111) compounds are important as anti-ulcer drugs**
thus the combination of 1,5-benzodiazepine (known anti-cancer agent) and bismuth(I11)
species [Bi,Clo]* results in a composite type compound 4 that should have potential
biological  properties.  Compounds  [Ci2H17N2]3[BioClo]-2EtOH  (4) and
[C12H17N2]3[Bi2Clg]-2(2-PrOH)  (5) represent a new class of organic-inorganic hybrid
materials, in which organic cations and inorganic anions undergo an extensive
supramolecular hydrogen bonding interactions resulting in an intricate hydrogen bonding
network. Even though 4 and 5 crystallize in same space group, their supramolecular
hydrogen bonding networks are considerably different. Thus solvents of crystallization
play an important role in determining the solid state networks. The present system shows
room temperature emission indicating the cationic form of 1,5-benzodiazepine is emissive
when it is supramolecularly associated with an inorganic complex cation. The neutral
molecule 1,5-benzodiazepine is as such is not emissive. We like to extend the work for
bismuth coordination with oxo donors and sulfur donor, since they have much importance

in drug industry.
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Future scope of the present thesis J

6.1 Polyoxometalates

Polyoxometalates (POMS) have fascinating features / properties, such as, supramolecular
interactions and catalysis. Supramolecular chemistry includes diverse architectures from
1-D to 3- D. Due to the presence of number of oxygen atoms, present in the POMs, they
are extensively involved in hydrogen bonding interactions with counter cation (which is
required to successful isolation of a POM). The oxo groups /oxides, which are from the
four sides of a POM are involved in forming hydrogen bonds with surrounding organic
cation leading to the 3-dimensional framework as shown in Fig 6.1. If the hydrogen
bonding involvement proceeds from only three oxides of a POM, it generates 2-
dimensional network as shown in Fig 6.2. If it happens from two sides of a POM, 1-
dimensional chain has been generated (Fig. 6.3). In the present thesis, we have succeeded
to generate from 1-D to 3-D networks in diverse POMs. Lattice water molecules also play
a vital role to decide the dimensionality (compound 9 is generates 1-dimensional chain

due to the involvement of lattice water molecules).

O P (P

Fig 6.1 3-Dimensional framework established due to oxides of four sides involved in

hydrogen bonding interactions with surrounding counter cations or lattice water
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molecules. Red box corresponds to POM and white circle is counter cation or lattice

water molecule.
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Fig 6.2 2-Dimensional network established due to oxides of four sides, involved in
hydrogen bondings with counter cation or lattice water molecules. Red box corresponds

to POM and white ellipsoid is counter cation or lattice water molecule.

Oo—i—C——C—»

Fig 6.3 1-Dimensional chain established due to oxides of two sides, involved in hydrogen
bonding interactions with surrounding counter cation sor lattice water molecules. Red box
corresponds to POM and white ellipsoid is counter cation or lattice water molecules.

Depending on the position of H accepter or donor , they can establish various kinds
networks. If we isolate the Keggin or Lindquist or Well Dawson cluster with proper
cation, we can make the 3-Dimensional framework which is useful in the gas absorption.
Our aim is to synthesize such materials by using amino pyridines derivative.
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We have demonstrated the styrene oxidation reactions catalyzed by POV-based materials
in chapter 3. To continue this catalysis work, oxidation reactions of other olefins are to be
extended; the catalysts to be chosen will be not only POVs, but also other POMs and even
polyoxotungstates and other mixed valant vanadium clusters. The results are expected to
be different from the catalysts described in this thesis. Our main observation from the
catalysis part in the present thesis is that, if we reduce the time, the formation of epoxide
will be favored. By optimizing further the conditions, the percentage can be improved
largely.

The catalytic applications of {Moi32} and {Mo7,Fes;}clusters in oxidations of alcohols
and olefins are under progress in our laboratory; interestingly they show the good
catalytic activity even with micro amount of the compounds in the concerned reaction. As
the size of the cluster is big and the presence of more number of metal-oxo bridges, it has
much surface area; thus micro amount of compound / catalyst is sufficient to get good

percentage of conversion in the oxidation of olefin and alcohols.

Scheme 6.1 Oxidation of styrene by using the Mor,Feso with H,O- as an oxidant.

Oxidation of styrene derivatives by using this cluster is our continuation of the current
project. In addition to this, oxidation of alcohol to corresponding ketone is the future
plan of this project by using our synthesized compounds as well as {Mois,} and
{Mo7,Fesy}.
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Scheme 6.2 Oxidation of alcohol to corresponding ketone by using the Mois, cluster as

catalyst with H,O, as an oxidant.

We are also planning to synthesize the POM clusters by using chiral amines (as cations).
Even though numerous reports have come in this area of POM synthesis, the catalysis in

asymmetric synthesis has not much explored with these chiral amine associated POMs.
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Scheme 6.3 Oxidation of thioanisole leads to two enantiomers of sulfoxides with chiral

e

n

-

POM molecule. (H,O; as an oxidant)

If POMs are isolated with chiral amines e.g., 1, 2 cyclohexylamine and proline, then
they are useful in asymmetric oxidation of sulfur analogues and in the reaction of Aldol
with enantiomeric excess. Recently Aldol condensation reaction is reported with
enantiomeric excess product by using the Keggin salt of the substituted proline as a chiral
catalyst. We are interested to make other POMs like Standberg, decavanadate and
Anderson anion with substituted proline and 1, 2 cyclohexylamine as counter cations.
This type of catalysts will be useful in asymmetric aldol reactions and sulfoxidation

reactions.
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Another upcoming project is to synthesize these POMs with biological molecules, like
cytosine, guanine thymine and uracil; they might be biologically active. Some of the

model structures are shown in Fig 6.4.

H
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HoN N/ N N/
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Fig 6.4 Model POM salts of a) adenine, b) guanine, c) Cytosine d) thymine
6.2 Bismuth Derivatives

As bismuth coordination compounds are useful in drug industry, we would like to extend
the synthesis of bismuth coordination materials with oxygen donar ligands and sulfur
donor ligands, such as, mercaptomenzothiazole and amino acids (e.g., glycine, alanine
and arginine). This work is under project in our laboratory. One model structure is shown

in the following Fig 6.5.
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Scheme 6.5 The model structure of bismuth coordination compound with

mercaptobenzothiazole.
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SYNOPSIS

This thesis work entitled with “Diverse Polyoxometalate Clusters and Bismuth-
chloro Derivatives: Synthesis, Characterization, Catalysis and Photo-physical
Studies™, consists of five chapters: (1) Introduction, (2) Oxidation of Styrene to
benzaldehyde using transition metal complexes supported by heptamolybdate anion,
(3) Polyoxovanadete based materials: Synthesis, Structural characterization and
catalytic properties, (4) Synthesis and Structural Characterization of Inorganic-
Organic Hybrid Materials Based on Anderson Type Heteropolyanion Their Catalytic
Applications, (5) Isolation of Bismuth-Chloroderivatives (Bi2C|g3_, BiClg> and
Bi,Clio* ) by Using Various Organic Precursors and Physical Properties of Their
Respective Inorganic-Organic Hybrid Materials. The work described in this thesis, is
in the direction of the synthesis and characterization of Inorganic-Organic hybrid
materials based on Anderson anion {AlMog(OH)sO1s}>~ and decavanadate anion
{V10026}> and their extensive application studies in the catalysis using these
synthesized compounds in the reactions of oxidation of styrene. Chapter 5 describes
the synthesis and characterization of chlorobismuthate salts of organic ammonium
cations and finally their physical studies that include electronic and emission studies.
This chapter also describes the isolation of 1, 5 benzodiazapine as a salt of [Bi,Clo]*".
Apart from the first chapter (introduction), all other chapters are sub-divided into
Introduction, Experimental Section, Results and Discussion and Conclusions followed

by References.
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Chapter 1
Introduction to Polyoxometalates and Bismuth Based Materials

This chapter begins with more fundamental ideas about inner—transition metal
(Mo, W and V) oxo clusters, known as polyoxometalate (POM) cluster anions,
starting from its history. It also exposes the basic principles involved in POM clusters
syntheses, structural characterization and properties. Some of the polyoxometalate
cluster anions, that are more relevant to various chapters of this thesis, are picked up
from the literature and their structural topologies, various properties, such as
host—guest interactions, magnetism, catalysis, medicinal applications and
supramolecular interactions are discussed briefly. The other part of Introduction is
described by some literatures on bismuth-chloro derivatives that include structures,
applications in diverse fields like semiconductor, ferroic and antiferroic materials and
drug industry. Finally a brief note on the main objectives of this thesis work is

conversed shortly.

Chapter 2
Oxidation of Styrene to Benzaldehyde Using Transition
Metal Complexes Supported by Heptamolybdate Anion

This chapter describes the catalytic applications of polyoxometalate (POM)
supported transition metal complexes (TMCs) in the reaction of oxidation of styrene
that leads to selective product. A new series of polyoxometalate supported transition
metal complexes namely, [2-ampH]4[Co(H20)sM07024]-9H.O (1), [3-
ampH]4[{Co(H20)5}M070-4]-9H,0 (2), [2-ampH]4[{Zn(2-
ampy)(H20)4}M070,4]-4H,0 (3), [3-ampH]4[{Zn(3-ampy)(H20)4}M07024]-4H,0 (4)
have been synthesized according to literature procedure.

Complete catalytic studies of all these compounds (1-4) are performed in
oxidation reactions of styrene. As the catalysts are not destroyed after completion of
the reactions, which has been confirmed by infrared, solid state UV-visible
spectroscopy and powder X-ray crystallography, the catalyst has been used for three

times more for the same conversion. Interestingly, when first two compounds (1 and
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2) are used as catalysts in the oxidation of styrene, the major product was
benzaldehyde. On the other hand, the other two compounds (3 and 4) give benzoic
acid as the major product. It is to be mentioned here that first two compounds are
cobalt complexes supported on POM clusters and the last two compounds are POM

supported zinc compounds.

\ 25 mg Catalyst

H,0,

Benzaldehyde ic aci
Styrene Y/ Benzoic acid

Apart from these two major products, some other products are also formed in these
reactions, that are confirmed by GC-MS. Percentage of conversions are analyzed by
gas chromatography associated with mass spectroscopy. A graphical study of
percentage of conversion with time variation of reaction has been performed. Some
relevant results are shown in the Table 1.1.

Table 1.1 Oxidation of styrene by using all the catalysts (1-4).

Conversion
Catalyst (%)
Selectivity( % )

Benzaldehy | Epoxide Benzyl | Benzoic | Acetophenone
de alcohol | acid
1* 99.3 76 j j 24 j
2* 96 76 3 5 15 1
3t 100 16 0 6 58 20
4% 100 15 3.8 1.2 69 11
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Chapter 3
Polyoxovanadate Based Materials: Synthesis, Structural
Characterization and Catalytic Properties

A new series of polyoxovanadate (POV) compounds, based on decavanadate
{V10026}° anionic cluster, formulated as [Co(H20)s][Nas(H20)16]{V10028}-4H20 (1),
[Zn(HZO)e][Na4(H20)16]{V10028}-10H20 (2), [HMATAH]Q{H4V10028}'8H20 (3),

[HMTAH]2{(H20)4Zn;V10028}-2H,0 (4), [Co(3-amp)(H20)s]2[3-
ampH]g{V10028}-6H20 (5) [4—ampH]5[Na(H20)e]{V10028}-4H20 (6), [4-
ampH]10[Co(H20)6]{V10028}2-10H.0 (7) and [4-

ampH]10[Zn(H20)6]{V10028},:10H,O (8) and [3-ampH]e[V10028]-2H,O (9) have
been synthesized (where HMATAH = protonated hexamethylenetetramine, 3-ampH =
protonated 3-aminopyridine and 4-ampH= protonated 4-aminopyridine) from the
corresponding aqueous solutions of sodium-vanadate, by varying the pH condition
and aminopyridine/Hexamine derivatives. In compounds 1- 9, the common POV
cluster is [V10028]é‘, which is presented in Fig. 3.1. In the crystal structure of
compound 1, this cluster supports alkali metal-aqua complexes that extend to
coordination polymer. Conversely in the crystal structure of compound 2, total moiety
is discrete and the residual negative charges have been compensated by the Zinc hexa-
aqua complex [Zn(H,0)s]*" and sodium-aqua complex [Nas(H.0)14]* acting as
cations. Thus 1 and 2 are totally organic free compounds. In the case of compound 3,
the charges are compensated by [HMATAH] cation and protons. In its crystal
structure, lattice water molecules generate cyclic water tetramers. In the crystal
structure of compound 4, POV cluster anion supports the zinc coordination
complexes, {Zn(H20),}*", in total it is a coordination polymer. The overall negative
charges of the resulting POV supported transition metal complexes, in compound 4,
have been counter-balanced by the [HMATAH] cationic form. In the case of
compound 5, the anionic cluster unit [V10028]6; exists as a discrete moiety, where the
species [Co(3-amp)(H20)s]** and [3-ampH]"* respectively act as mere counter
cations. The crystal structure of compound 6 is constructed by [V10028]6; anion and
[Na(H20)s]"" and protonated 4-aminopyridine [4-ampH]"* cation moieties. Cyclic
pentamer is found to be formed among the lattice water molecules in the crystal

structure of compound 6 because of O-H---O interactions, as shown in Fig 3.2.

4
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Compounds 7 and 8 are isomorpous where decavanadate cluster exists as anion and it
is counter balanced by {Co(H20)s}** and {Zn(H,0)s}*" respectively. Compound 9 is
simple salt of decavandate with protonated 3-aminopyridine. In compound 9, lattice
water molecules noncovalently interact with surrounding cluster, leading to one
dimensional chain as shown in Fig. 3.3. All the compounds (1-9) are synthesized at
an ambient temperature and are characterized by X-ray crystallography. Synthesized
compounds are additionally characterized by elemental analyses, infra-red and diffuse
reflectance spectropy including emission studies. All the compounds show good
catalytic activity in the oxidation of styrene leading to the major product as
benzaldehyde. These catalysts are reused in the same transformation as catalyst
doesn’t lose the activity. Due to the higher activity of vanadium, these reactions are
successful even at room temperature. Percentage of conversion with respect to the

duration of the reaction has been discussed in the present chapter.

Fig. 3. 1 Decavanadate {V1002s}°" anionic cluster as a ISIS Chem draw and

polyhederal representation
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Fig. 3.2 Generation of dumbell like network due to O—H--O interaction in compound

6. Color codes: O, red; Na, grey; H, purple.

Fig. 3.3 Hydrogen bonding situation around lattice water molecule of compound 9.
The isopolyanion is shown in green polyhedral representation. Color code: V, blue

violet; O, red; C, gray; N, blue; H, Purple;
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Chapter 4
Synthesis and Structural Characterization of Anderson Type

Heteropolyanion based Inorganic-Organic Hybrid Materials and

Their Catalytic Applications.

This chapter is mainly focused by the solid state characterization of inorganic-
organic hybrid materials based on Anderson anionic cluster isolated. They are
formulated as [2-AmpH]2[{Na(H20).-{AIMog(OH)s015}]-4H.0(1), [3-
AmpH].[HAIMo0g(OH)6015]-4H,0(2), [4-AmpH,]s[AIM0g(OH)015]2-18H,0(3) and
[2-AmpH]5[IM0§O24]-2H,0(4). Compounds 1, 2 and 3 are synthesized starting from
AICl3-6H,0 and respective cation under wet condition at pH 3. Several reports have
shown that Anderson anion plays key factor for making the building blocks for the
formation of 1-D to 3- dimensional networks. Compound 1 is a coordination polymer

of Anderson anion with sodium aqua complex which is shown in Fig. 4.1.

Fig.4.1 1- Dimensional coordination polymer in compound 1. Color code: Na

polyhedra, blue; Aluminium, megenta and Molybdenum, green.

Even though, compounds 1, 2 and 3 contain the common Anderson anion; due
to the variation of counter cation, their supramolecular structure is completely varied
including their packing diagram.

Compound 4 is isolated under the same condition, which is based on Anderson
anion with iodine as a central atom by using the 2-aminopyridine.This compound is
formulated as [2-AmpH]s[IM0gO24]-2H,0(4). Structure of iodine based Anderson
anion is represented in Fig. 4.2. Catalytic activities have been performed in the

oxidation of styrene for selective conversion.
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Fig. 4.2 The picture of Anderson anion with iodine central atom. Color code: I,

magenta; O, red; Mo, grey.

Chapter 5

Isolation of Bismuth-Chloroderivatives (Bi,Cls>, BiClg> and Bi,Clio*
) by using various organic precursors and physical properties of their
respective Inorganic-Organic Hybrid materials

In the present chapter, we describe the syntheses, crystal structures and properties of
ion pair compounds [CsH/N2]5[BIiClg] (1), [CsH/N2]J[CsHsN2][BiClg] (2)
[C10H10N2]2[Bi2Cl1g] (3), [C12H17N2]3[Bi.Clg]-2EtOH 4) and
[C12H17N2]3[Bi2Clg]-2(2-PrOH) (5). Compounds 1, 2, 4 and 5 crystallize in triclinic
system (space group, P-1), whereas compound 3 crystallizes in monoclinic system
(space group, P2i/c). In their crystal structures, supramolecular hydrogen bonding
interactions between bismuth-chloro anion and organic cation play an important role
in the stabilization of [BiCls]* , [Bi,Clo]* and [Bi,Cls]*" anions. All the
compounds are characterized by routine spectral analyses and elemental analyses,
besides crystal structure determinations. Compounds 1, 2 and 3 are additionally
characterized by thermogravimetric  analyses. Interestingly, compounds

[C5H7N2][C5H8N2][BiC|e] (2), [C12H17N2]3[Bi2C|g]'2EtOH (4) and
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[C12H17N2]5[Bi2Clg]-2(2-PrOH) (5) exhibit emission signal at room temperature in the
visible region.

The crystal structure of compound 1 shows a 2-dimensional supramolecular network
due to the existence of further strong C—Hee+Cl hydrogen bonds and n—r interactions
among the 2-aminopyridine, which is shown in Fig.5.1. In compound 2, the packing
of the organic cations shows an head-to-head pattern, in which every two organic
moieties are very closed to each other (3.170A) due to n—n interaction (see Fig. 5.2).
On the other hand, compound 3 exhibits C—HeeeCl hydrogen bonds. The
supramolecular interactions between [Bi,Clio]* anion and [4, 4"-bipyH,]** cation led
to the 2-dimensional supramolecular network as shown in Fig. 5.3.

n-x interaction
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Hydrogen bonding

Fig. 5.1 Two dimensional network due to C—Hee<Cl interactions and n—n interactions
in the crystal of compound [CsH7N2]s[BiCle] (1).



Synopsis

Fig. 5.2 3-Aminopyridine (3-Amp) molecules are arranged in parallel directions in
[CsH7N2][CsHsN2][BiClg] (2) which are viewed through C-axis.
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Fig.5.3 Two dimensional network because of C—HeeeCl interaction between

bipyridinium salt and [Bi2C|1o]4_ in [C1oH1oN2]2[Bi2C|1o] (3)

Survey of literature reveals that condensation reaction between a 1,2-diamine (e.g.,

opda) and a ketone (e.g., acetone) in the presence of a suitable reagent/catalyst, as

10
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shown in scheme 5.1 ¥, affords 1,5-benzodiazepine. In the present synthesis, we have

used ethanol instead of acetone (ketone).

|
o reagent / catalyst N
+ 2 )K L.
NH2 —
N

Thus, we believe that acetone, formed in situ in our synthesis, reacts with opda (1,2-

diamine) leading to 1,5-benzodiazepine (Scheme 1). In the present study, the only
evidence that acetone "may" have been formed is the formation of the
benzodiazepine. The amount of acetone required to form the compound 4 is not much
(ca. 0.25 mmol or so0), so may be hard to detect in blank reactions. Thermal ellipsoidal
diagram of the compound 4 is shown in the Fig. 5.4. Compound
[C12H17N2]3[Bi2Clg]-2(2-PrOH) (5), that has been isolated using 2-propanol, is

isostructural with compound 4.

Fig. 5.4 The thermal ellipsoidal plot of compound [C;i2H17N2]3[Bi.Clg]-2EtOH (4).
The hydrogen atoms and solvent molecules are not shown for clarity.(The located

hydrogen atoms on nitrogen are shown).
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Compounds 2 & 4 exhibit emission property at room temperature. Compound 2
exhibits emission behavior at room temperature in the visible region as shown in Fig.
5.5. It shows emission at 358 nm (when it was excited at 327 nm) and 437 nm (when
it was excited at 398 nm). It prompted us to investigate the emission behavior of 3-
aminopyridine itself and it indeed exhibits emission property in the visible region at
room temperature. Since its protonated form is present in compound 2, we intended to
check its emission behavior in its protonated form by adding HCIO4 / HCI to its
solution. The emission behavior was found to be quenched after adding HCIO, / HCI
to its solution. Surprisingly, the emission feature of compound 2 (even it contains
protonated form of 3-aminopyridine) is not much quenched (Fig. 5.6) It is described
in terms of quantum vyield calculations. Similarly compound 4 shows the emission

behavior at room temperature.
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Fig. 5.5 (left) Emission spectra when excited at 327nm and (right) emission spectra
when excited at 398nm for [CsH/N2][CsHsN2][BiCls] (2) in DMSO with 0.25X10*
M.

Summary: Future Scope

This chapter will demonstrate the future scope of this thesis work. In second
chapter of the thesis, we have described catalytic studies of POM clusters in the
oxidation of styrene. The crystal structures and properties of decavanadate based
materials with organic cations have been demonstrated in the Chapter 3. Chapter 4

describes the isolation and supramolecular property of inorganic-organic hybrid
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materials based on Anderson anion by changing the counter cations like
aminopyridines. The final working chapter describes the isolation of bismuth-
chloroderivatives by using aminopyridines and 4, 4-bipyridine as cations. Quenching
of emission behavior by protonating the aminopyridine is described. Synthesis of 1,5-
benzodiazepine in the presence of BiCls is the new class of catalytic reactions. The
catalytic applications of all the materials form chapter 2 to 4 have been demonstrated
using oxidation of styrene. Oxidation of higher alcohols are being progressed in our
laboratory. Synthesis of Anderson based materials with chiral amines and their
catalytic studies of enantiomeric reactions is our future dream. We like to extend our
work concerning bismuth chemistry. The synthesis of bismuth compound with sulfur
donors can be attempted because sulfur donor containing bismuth compounds are
important in drug industry. The relevant effort has already been undertaken in our

laboratory and the results will be published in near future.

****************************End Of Syno psis***************************
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