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ABSTRACT

Coordination complexes of nitrogen and oxygen functionalized ligands have great
importance in the field of biological and environmental chemistry. These are known to be
potentially useful as catalysts in biomedical applications and a variety of other

applications.

In view of the wide range of applications associated with the complexes of N-O donor
ligands and based on our interest to develop new metal complexes with N-O donor
ligands and explore their applications, work presented in this thesis entitled
“Coordinated Complexes with Functional Chelating Ligands having Nitrogen
and/or Oxygen Donor atoms” contains six chapters including one review, four series of
new metal complexes synthesized and one chapter comprising of biological evaluation of

synthesized complexes.
The work embodied in the thesis has been divided into six chapters.

Chapter 1% is devoted to the basic idea on chemistry, coordination compounds, type of
ligands and brief review on N-O donor chelating ligands and their metal complexes
including their applications in different areas. Amongst various N-O donor ligands 8-
Hydroxyqginoline molecule is one of the most revered N-O donor bidentate chelating
ligand which is known to form simple mononuclear complexes as well as polynuclear
complexes. In this chapter a number of applications such as electron carriers in organic
light-emitting diodes (OLEDs), fluorescent chemosensors, pharmacological and
pharmaceutical fields, etc. of 8-Hydroxyquinoline and its derivatives have been reviewed

along with the aim of the work.

Chapter 2" is focused on the chemistry of cobalt complexes with N-O donor chelating
ligand and their role in the development of coordination chemistry. Further in this chapter
we report the synthesis and characterization of nine new cobalt complexes: [dichlorobis
(8-methoxyquinoline)cobalt(11)](1), [dichloro(8Pyridin-2-ylmethoxy quinoline)Co(I1)](2),
[dichloro{1,3-bis(quinolin-8-yloxy)propane}Co(11)](3), [bis (8-methoxyquinoline)Co(ll)
pentafluorophenolate](4),[(8-pyridine-2-ylmethoxyquinoline)Co(ll)pentafluorophenolate]
(5), [(1, 3 bisquinoxy-8-yloxy propane)Co(ll)pentafluorophenolate] (6), [bis(8-



methoxyquinoline)Co(ll)heptaflurobutyrate] (7), [(8-pyridine-2-ylmethoxy quinoline)
Co(ll) pentafluorophenoxide] (8) and [(1,3-bisquinoxy-8-yloxy propane) Co(ll)
heptafluorobutyrate] (9) with 8-hydroxylquinoline derived bidentate, tridentate and

tetradentate neutral chelating ligands.

Chapter 3" begins with brief introduction of palladium complexes of heterocyclic
ligands, their biological applications, nanotechnology and PdO nanoparticles. Further in
this chapter we report synthesis and characterization of four Pd(ll) complexes:
dichlorobis(8-methoxyquinoline)  Pd(ll) [(MOQ),PdCI;],  dichloro(8-Pyridin-2-
ylmethoxyquinoline) Pd(Il) [(PMOQ)PdCl,], dichloro{1,3-bis(quinolin-8-
yloxy)propane}Pd(I1) [(BQOP)PACI,] and dichloro{1,6-bis(quinolin-8-
yloxy)hexane}Pd(Il) [(BQOH) PdCl;]. One of the synthesized Pd derivatives [(PMOQ)
PdCI;] has been used as precursor for the synthesis of palladium oxide nanostructure

using sol-gel method resulting in the formation of Pd@PdO core shell.

Chapter 4™ starts with brief introduction of TiO, nanoparticles and various techniques
used in the synthesis of nanoparticles highlighting the advantages of sol-gel route over
other techniques. Further we report here, the synthesis and characterization of two Ti(I1V)
complexes [{acac},Ti{OPr'}{ONCgHs}] [1] and [{acac},Ti{ONCsHe}.] [2] by 8-
hydroxyquinoline modification of titanium(IV)bis(acetylacetonate) diisopropoxide.
Further [Ti{OPr'}.] and complexes (1) and (2) were used as precursors for the formation
of nano sized TiO, nanoparticles using low temperature aqueous sol-gel method in

organic medium resulting in the formation of nano-sized anatase titania.

Chapter 5™ starts with description of ionic compounds comprising of organic-inorganic
framework and their applications. lonic compounds comprising of organic cations in
combination with inorganic anions bearing typically diffused charges which have low
melting points are often termed as ionic liquids (ILs). Considering potential applications
of ionic liquids in this chapter we report synthesis, structural characterization of six novel

8-Hydroxyquinolenium based cyclic geminal dicationic ionic compounds.

Chapter 6™ deals with the antibacterial, antifungal and antioxidant studies of compounds
synthesized in chapters 2-5.

Vi



All the synthesized complexes, described in chapters 2-5 were successfully synthesized in
good yield and were fully characterized on the basis of their detailed spectral studies such
as IR, 'H NMR, C NMR, UV-Visible spectroscopy and Mass spectrometry. Geometry

of some of the complexes was confirmed by the single crystal X-ray analysis.
Conclusion

In view of the medicinal and various other applications of the N-O donor ligands derived
from 8-Hydroxyquinoline and their metal complexes, designing of novel metal complexes
has always been the area of interest for inorganic chemists. The present work is an effort
in the direction of the development and study of some new coordinated complexes of
cobalt, palladium and titanium with N-O donor chelating ligands derived from 8-
Hydroxyquinoline.
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1.1 Introduction

Chemistry involves study of compounds formed of atoms, elements and molecules,
i.e. composition, properties, behavior, structure as well as their transformations during a
reaction [1, 2]. Chemistry deals with areas such as how atoms and molecules interact
by forming chemical bonds resulting in chemically new compounds. It is a very broad

subject and for the sake of simplicity it is broadly divided into following five branches:

@&* >

P PR AMNCHES OF CHEMISTRY

Sl

Figure 1.1 Branches of chemistry

(1) Analytical chemistry
It is the branch of chemistry that governs study of the techniques and methods
engaged in formulating the quality, quantity and types of various elements
present in a given substance.

(i) Physical chemistry
This branch of chemistry deals with the principles and laws governing the
combination of atoms and molecules in chemical reactions and study of
physical properties of matter.

(iii)  Organic chemistry
Organic chemistry deals with the study of the composition, structure,
reactions, synthesis and properties of the carbon-containing compounds,

primarily hydrocarbons and their derivatives.
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(iv)  Biochemistry
This branch of chemistry deals with the study of the chemical reactions and
compounds involved in living organism i.e. plants and animals cell.
(V) Inorganic chemistry
Inorganic chemistry governs the properties and nature of inorganic compounds
usually comprising of non-living organisms that consists of minerals, metals,
non-metals, and organometallic compounds.
Historically, inorganic chemistry is the oldest branch of chemistry. Classical inorganic
chemistry was primarily concerned with the preparation and studies of the properties of
all the elements and their compounds. Main branches of inorganic chemistry include:

a) Coordination Chemistry: This branch of chemistry deas with study of
compounds comprising of a metal centre surrounded by ligands which could
be molecules or ions. Ligands bound to the metal centre via coordinate bonds,
where both the electrons involved in bond formation are provided by the same
atom of the ligand.

b) Organometallic chemistry: Organometallic chemistry involves the study of
synthesis, structure and reactivity of complexes containing metal-carbon
bonds.

C) Bioinorganic chemistry: It isthe field of inorganic chemistry which studies the
role of metalsin biology. Bioinorganic chemistry examines both naturally
occuring phenomena for instance the actions of metalloproteinsas well as
artificially introduced metals, including non-essential metals in toxicology and
medicine.

d) Solid state chemistry: It governs the study of the formation, characteristics and
structure of the materialsin solid phase.

€) Nuclear chemistry: Itis the branch of inorganic chemistry which deals

with study of radioactivity, nuclear processes and properties.

Coordination Chemistry is the most active and advanced investigation area in
inorganic Chemistry. It has gained great interest among researchers offering fruitful

results and hence became exceptionaly striking area of research. The study of
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coordination chemistry may be said to have originated in 1704 with the discovery of
Prussian blue by Diesbach, a colour maker. After this one might site the investigation of
the products of oxidation of ammonica cobalt solution of Tassaert (1799). In the years
that followed, Cleve, Wolcott Gibbs, Blomstrand and Fermy did a large amount of effort
towards the study of complexes[3].

By 1870, a great deal of information on the complexes had been gathered and it was Prof.
Jorgenson who for the first time methodized this field to a great extent by the designing

and characterization of several coordination complexes[4].

Coordinated metal complexes were first explored, at the time of Alfred Werner,
in nineteenth century, who is regarded as the father of coordination chemistry since he
started with his work to recognize coordination complexes and their properties [5].
Subsequently, the inorganic chemistry witnessed an immense outpouring of
coordination complexes bearing distinctive structural features as well as miscellaneous
applications. Afterwards, amongst various research areas of the inorganic chemistry,
coordination chemistry dominated due to rapid growth of research work in this area [6-
8].

Coordination compounds are comprised of a centra meta atom or ion
surrounded by ligands. A ligand is an ion or amolecule that is capable of donating one
or more lone pair of electrons to the empty orbital of centra metal atom. When a
ligand can donate more than one electron pair to the central meta ion through more than
one donor atoms, such ligands are termed as polydentate ligands or chelating ligands
and the resulting complexes are said to be metal chelates. A coordination complex is
referred as a binary system if there is only one type of ligand and central metal atom
present in it. While, if there are more than one type of ligands are present then these
complexes are known as mixed ligand complexes, which can be further termed as
ternary or quaternary systems depending on the stoichiometry of the metal and
ligands [9].

The nature of the coordination complexes primarily relies on the central
metal atom as well as donor atoms of the ligand and the structure resulting due to
the interaction of ligand with the metal [10]. The broad applications of coordination
complexes in biological, chemical and industrial fields have lead scientists to carry
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out research inthisfield [11, 12].

Transition metals constitute largest class of coordination complexes owing to
their capability of forming a broad range of coordination complexes. There have
been reported severa coordination compounds of different transition metals as central
metal having various geometries like tetrahedral, square-planar, square-pyramidal and
octahedral [13-17].

Incredible growth of coordination chemistry has been witnessed in several fields
ranging from purely academic synthesis to large-scale industrial production. Various

modern spectra techniques such as 1ynm R, Mass, IR, UV-Vis, X-ray, ESR etc.
and therma techniques like TGA, DTA, DTG and DSC have been extensively used for
elucidating the structures of coordination complexes[18-25].

1.2 Ligands and their types

Ligand is an atom, ion or molecule which can bind with centra metal atom by the
donation of lone pair of electron to form a coordination complex. Ligands can be
classified on several bases, on the basis of denticity ligands may be classified as:

(a) Monodentate Ligands
The term ‘monodentate’ meant ‘one tooth,” and is referred to the ligands which can bind
to the central metal atom through only one atom. Chemically, monodentate ligands are
Lewis bases which can donate a lone pair of electron to a Lewis acid i.e central metal
atom. These ligands can be both ions and neutral molecules. e g. H,O, NH3 CI°, NO,, CN°
etc.

(b) Bidentate Ligands

Bidentate ligands are Lewis bases that donate two pairs of electrons to central metal atom.
These ligands are also termed as chelating ligands because they can grip a metal atom

from two sites.

S S\ 0] @]
i H,N NH,
O O -0 o3
Acetylacetonate ion  ethane-1,2-diamine oxalate 1,10-phenanthroline

Figure 1.2 Bidentate ligands
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(c) Tridentate ligands

A tridentate ligand has three atoms that can function as donor atoms in
acoordination compound. Ligands having three donor groups may act as a tridentate
ligand when all donor groups involve in bond formation, while if only two donor group

participate in bond formation it act as bidentate ligand.

X

_ o
NH, B NH, L
Bisethylenetriamine Terpyridyl 1,4,7-trioxonane

Figure 1.3 Tridentate ligands

(d) Tetradentate ligands

Tetradentate ligands are ligands that bind with four donor atoms to a central atom
to form a coordination complex. Tetradentate ligands are common in nature in the form
of chlorophyll which has a core ligand called chlorin, and hemoglobin with a core ligand
called porphyrin. They add much of the colour seen in plants and
humans. Phthalocyanine is an artificial macrocyclic tetradentate ligand and its complexes
with metal (Fe, Co, Cu, Ru, Mn, Cr, Al, and Zn) used in catalysis and to make blue and
green pigments [26].

[O O]
O O
/

12-crown-4 Chlorin Porphyrin

Figure 1.4 Tetradentate ligands
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1.2.1 Homo donor and Hetero donor ligands

On the basis of types of donor atoms, bidentate or polydentate ligands are classified into
two categories.

(i) Homodonor ligands: In these ligands, all donor atoms coordinated to the metal are
same (one type of donor atoms). e g. non-functional homodonor, with N-donors include
ethylene diammine (en) (N-N), azines (N-N), diketones (O-O), porphyrines (N-N) etc.

0 S. S
VRN >—<
H,N NH, S=N-N= )J\fo( HO OH

ethane-1,2-diamine  1,2-di(propan-2-ylidene)
hydrazine

ethanebis(thioic)

biacetyl 0.0-acid

Figure 1.5 Homodonor ligands

(i)  Hetero donor ligands: These ligands contain more than one type of donor atoms.
For example, oximes (N-O), p-ketoammines (N-O), semicarbazones (N-O),
thiosemicarbazone (N-S) etc. In a way simple approach these types of ligands can be
classified as, hetero N-O donor, O-S donor, N-S donor, N-O-S donor, N-X or N-O-X or
N-S-X (X=P,As,Se etc.)

HO. HO. Q 0
N N N AL JIT
S N Y N™ "NH, H,N™ N2
R “H R R H H
Aldoxime Ketoxime Acetonecarbazide Thiosemicarbazide

Figure 1.6 Heterodonor ligands

Hetero donor ligands, generally termed as mixed donor ligands play very
important role in coordination chemistry. The general mode of coordination of bidentate,
tridentate and tetradentate ligand system is shown in Figure 1.7, where different donor
atoms forming coordinate bonds with the central metal atom M are represented by A, B,
C, and D.
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Figure 1.7 Type of the mixed donor ligands

The metal-donor atom bond lengths in a mixed donor ligand complex are different
which leads to distorted geometries of the complex. Amino acids represemt most
common example of a conventional mixed donor ligand, having N and O donor atoms,
these donor groups behave differently than those present in individual solo N-donor in
diamine or O-donor in dicarboxylate molecules. Conversely, different chelate groups with
N or O atom donor atoms such as an amine or pyridine group, or a carboxylate or alcohol
group in which donor atoms are common these are termed as mixed donor ligands. Such
molecules are considered as mixed donor ligands because of the presence of in equivalent
chemical and structural environment [27].

0
y 0 0
HaN OH HO OH

HaN NH»

Classical

O
N Mixed donor chelates /

/
N NH, =—Dialectical—= HO OH
Figure 1.8 Classical and dialectical mixed donor ligands

Increase in number of donor atoms in a ligand increases the number of ways in
which ligands may be arranged around central metal atom in the complex i.e. ligand
topologies increases. Various possible topologies of a tetradentate A3B type ligand

having three donor sites (A) and a single donor group (B) compared to a single donor
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group (A4) is shown in Figure 1.9. For ligand system A4 there are total six possible
topologies which are prolonged to fifteen for the ligand system A3B. Further for an A2B2
type system possible topology options increases. Although all the topological options
shown may not be possible, but it is clearly evident that in case of mixed donor ligands

the diversity of ligand is enhanced.

A—A—A—A A—A—A—B A—A—B-A

4 A A
A—A—A A—A—B A—B—A A—A—A
TN TN TN
A—A A-A A—A B—-A A—A A—B
S A R
N N
N B A—A—A A B—A-A
A A—A—A N N N
~ A A—B—A A A—A—B
R A
AT B AT AT
(A=A (A=A ( B-A ( A-B
At SA SAL “AS
i Pt
A A (A By
'\A A7 ‘\A A/'
R S

Figure 1.9 Ligand topologies for mixed donor system (A3B) and simple system (A,)

Due to diverse possible structural features hetero donor ligands offer challenge to the
chemists working in this area. Besides, donor atoms of explicitly diverse nature, like a N-
donor or an O-donor group affects significantly the selectivity of metal ions, stability and
other features of the complexes[28].

Polydentate ligands impart extra stability to the complexes as compared to
monodentate ligand complexes; this extra stability is attributed to the chelate effect,
which revedls that the increase in stability of a complex resulting due to replaced
polydentate ligand that is linked to central metal atom by chelate rings. Chelating ligands
are the molecules which have minimum two donor groups capable of forming ring with
metal ion. Such ring structures are termed as chelate ring [29] and the resulting
coordination compounds are known as metal chelates.

Chelating ligands are often categorized depending on the number of donor groups
present, which is known as denticity of the ligand. Chelating ligands bearing two donor
groups are the simplest and termed as bidentate, ligands having three donor groups are
called tridentate. If more than three donor groups are present such ligands are called
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polydentate. Bidentate, tridentate, tetradentate, pentadentate and hexadentate chelating
agents are the most common in coordination chemistry however, chelating ligands with
higher denticity have also been reported. In polydentate ligand metal complexes it is not
essential that all donor groups necessarily participate in forming metal chelate [8]. The
most common donor groups have oxygen, sulphur, nitrogen, or phosphorus atom, referred
as the donor atom and the metal ion is the acceptor group. The bidentate ligands are most
extensively studied category of chelating agents [30]. Chelating ligands of higher
denticity have also been studied selectively [31] and a few such as the amino carboxylic
acids like EDTA have been explored extensively [32-33].

Chelating ligands possessing mixed donor groups interests the researchers
working in the field of coordination chemistry because of their versatile structura
features. Further, if the donor groups present in hetero donor chelating ligands have
different binding ability, it affects their selectivity of metal ions, stability of the complex
aswell as other properties of the coordination compound formed [34].

Table 1.1 Common types of donor groups and ambivalent donors

Donor Atom Donor Group Example

N Amine _NH,. -NHR, -NR,
Heterocyclic N-donor Pyridine, imidazole
Imine HN=CR- -N=CE-
Amido -N--CO-

o] Alcohol HO-C-
Carboxvlate -COO0-
Ether C-0-C
Carbonvl =C=0

5 Thiol -SH
Thioether C-5-C
Thioacid C58-

P Phosphine -PH;. -PEH,. -PR,H, -PR;

Ambivalent donors Thioacid (O or §) HO-C(=5}-
Amide (N or O) -NH-CO-
Thiophosphate (O or §) -PS0,, -5=0
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Although hetero donor ligands possessing two dissimilar donor groups corresponds
to the simplest class of hetero donor ligands still their binding ability and structural range
is vast. All the possible arrangements of prospective hetero donor groups have been
studied practically. Class of hetero donor groups including the most commonly involved
four donor atoms are listed in Table 1.1. In the selection of donor atom metal ions play

vital role in case of both ambidentate ligands and polydentate ligands [ 35].
1.3 Typesof Hetero Donor ligands

A number of donor atoms belonging to the main group elements of the periodic
table constitute several classes of hetero donor ligands. However, the most common
donor atoms are nitrogen (N) and oxygen (O) atoms. Sulphur (S) and phosphorus (P) and
heavier elements like As, Se, and Te atoms are comparatively less common donors. Some
of the commonly used classes of hetero donor ligands are described here,

1.3.1 N-SDonor Ligands

N-S donor ligands represent mixed hard-soft donor class of ligands. A number of
N-S donor ligands that can bind with central metal atom forming chelate ring sizes
ranging from three to six have been reported. Some of the important types of N-S donor
chelating ligands are shown in Figure 1.10 (1-9). Aminothiol represents one of the well
known class of N-S donor ligands, 2-aminoethanethiol (1) is the simplest aminothiol
derivative, this ligand usually offers ssmple ML, (M = Ni, Cu, Pd) type meta chelates,
however polymeric complexes in which the S act as bridging atom have aso been
reported [36].

Another class of N-S donor ligands aminothioethers (2) and aminothiols derived
from S-valine are used as catalysts for asymmetric addition of diethyl zinc (Et.Zn) to
aromatic aldehydes [37].

The aminothioacid (3) and its various N-alkylated analogues constitute an N-S
donor ligand, and forms six-membered chelate rings with metals like Rh(l1l) [38]. The
typical imine-thiol derivative (4) usually form simple ML2 type compounds with metals
Ni(11) and Pd(I1) [39].



Chapter-1 11

Dithiol derivative (5) containing two identical branches represents tridentate (N-S-S)
donor ligands set that forms two five-membered chelate with metals [40]. Ligands (6) and
their analogue with varied number of methylenes in both arms have reported to form

simple mononuclear complexes containing five or six-membered chelate rings with Cu

(1) metal ion [41].
Fe

Et i ~
> MeHM:
HQN SH —N 5—
I

SH

2-aminoethane-1-thiol -di -1- i -2-ami
I I N N-dimethyl-1-(methylthic)butan-2-amine 2-(methylamino)cyclopenta-1,4- 2 ferrccenyl Jbenzothiazoline
1) diene-1-carbodithioic acid
( @ @) )
| N NEt SH
—
N ~ S = NEt
S S— HN NH s
. — 2,2 -1,3-diylbis(ethyl diyl
2,6-bis((phenylthio)methyl)pyridine  bis((5-methyl-1H-imidazol-4-yl)methyl)sulfane (pmpanbeis(ethage-l‘ls-(thiof} azanediyl))
(5) (6) ()
\ 2-(ethylthio)-N-(2-(ethylthio)ethyl)-
1,2-bis((2-(pyridin-2-yl)ethyl)thio)ethane N-{pyridin-2-ylmethyl)ethan-1-amine
(8) (@)

Figure 1.10 Bidentate, tridentate and tetradentate N-S donor ligands

Tetradentate N-S donor linear ligands with an (N-N-S-S) donor set generally consists of
terminal S donor atoms as thiols or thioether groups, example of the thiols is (7), that
gives hexanuclear cluster compounds with Fe (111) [42]. The molecule (8) represent class
of a smple thioether (N-N-S-S) donor set ligand type, which primarily gives
mononuclear complexes with Ni(ll). The diaguanickel(ll) complex of this ligand has
shown to acts as a nickel metalloprotein active site model [43]. Another interesting
tetradentate (N-N-S-S) donor ligand (9) readily forms complex with Cu that act like a

model compound for copper proteins [44].
1.3.2 O-SDonor Ligands

O-S donor chelating ligands have known to show significant antimicrobial activity and

play a key role in the coordination of metas at the active sites of numerous metallo
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biomolecules [45]. Chelating ligands having only O-S donor atoms are relatively few.
Some important O-S donor ligands are shown in figure 1.11 (1-8). Simple O-S donor
ligands are derivatives of hydroxy-thiols (2), thioethers and thioether-carboxylates (2),
these ligands reported to form metal complexes in a fashion similar to corresponding
amine derivatives. Thioacetic acids and their ether derivatives form five-membered
chelate rings. 2-mercaptoethanol usually forms monomeric of five-membered chelate ring
complexes, however their polymeric complexes have also been reported where bridging
through both O and S atoms occur [46].

OH
0 0
— A X Py
HO SEt HO SMe SH SH

2-(ethylthio)ethan-1-ol 2-(methylthio)acetic acid 2-mercaptophenol ethanethioic S-acid
(N (2) 3) (4)
o 0]

)]\ S OH S S

’ OJ\SH SN s - Ny |
| HzN HO OH

carbonothioic 0,S-acid  dimethylcarbamothioic S-acid ~ 2-hydroxypropanethioamide ~ ethanebis(thioic) O,0-acid
G 6) @ @)

Figure 1.11 Bidentate O-S donor ligands

Compound 2-mercaptophenol (3) in its dianionic form represents another simple
category of O-S donor chelate and forms stable complexes with metals [47]. Molecules
like thioacetate (4), monothiocarbonate (5) and monothiocarbamates (6) are the examples
of chelates containing mixed hard and soft O-S donor ligand group which form four-
membered chelate rings [48]. N-hydroxythiohydroxamic acid (7), a derivative of
thiohydroxamic acids is a well known O-S donor ligand having vast range of biological
and analytical applications [49]. It is an ambidentate ligand that can either form five-
membered O-S rings or four membered N-S rings. Dithiooxamide derivatives exemplified
by dithiooxalate (8) represent another example of ambidentate ligands which is able to
coordinate with metals through S-S or via hetero donor atoms O-S [50]. Dithiooxalate (8)
molecule however predominantly behaves as an O-S donor bidentate ligand with various
metal ions such as Cu(l1) Ag(l) and In(l11) [51].
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1.3.3 N-P Donor Ligands

The N-P donor ligands have been widely used in the synthesis of stable transition
metal complexes having very low or very high oxidation states. Simple chelating ligands
containing soft P donor atom in combination with other common donors are well known
[52]. Some of the important N-P donor ligands have shown in figure 1.12 (1-5). Bulky
and inert aminophosphine derived ligands (1) have been extensively employed in the
synthesis of organometallic compounds [53]. Another N-P donor ligand comprising of
iminophosphine moiety (2) have been reported to form Ni(ll) complexes [54]. The 2-
(diphenylphosphanyl)pyridine ligand (3) form four-membered chelate ring with cobalt in
tetrahedral arrangement [55]. The P-N donor aminophosphine ligand (4) have reported to
show 4, 5, and 6-coordination geometries with bivalent metal atoms [56]. Tridentate (P-
N-N) donor ligand (5) act as very good chelating ligand for Pt group metals, it has been
reported to form unusual Cu(l) complex [Cuy(CHsCN), (L)2]** (L=5) where ligand (5)
form chelate with one metal via both N donor atoms and coordinate with other metal
atom through P donor atom [57].

\N,tBu
) L, (L
f‘ NR: P(Ph) l I~
PR, 2 N P(Ph),
(E)-N-tert-butyl-1-(2-(diphenylphosphanyl)

inophosphi i -
aminophosphine ohenylmethaniming 2-(diphenylphosphanyl)pyridine
(1) 2) (3)

X
@NMez -
N

Ph,P rx\1§
P(Ph), N=
2-(diphenylphosphanyl)-N,N-dimethylaniline 2-(diphenylphosphanyl)-6-

(1H-pyrazol-1-yl)pyridine
(4) (5)

Figure 1.12 N-P donor ligands

1.34 O-PDonor Ligands

Some typical examples of O-P donor ligands are given in figure 1.13 (1-4). Most

of the O-P donor ligands like (1) and (2) have known to form strong coordination
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complexes with platinum and palladium metals. The (P-P-O-O) donor tetradentate ligand
(3) has been reported to form complexes with Pt metal via only three (P-P-O) donor
atoms. The tridentate (P-P-O) donor ligand (4) readily forms complex with Pd(I1) which
is soluble in water and act as potential catalyst in hydroformylation of alkenes [58].

PM92 iPtBuz
| Ph,P” | c} \
PPh
OH Ph”” “OH 4 2

2-(dimethylphosphanyl)phenol  (Z)-2-(di-tert-butylphosphanyl)- (oxyb'is(ethane-z,1-diy|))bis
1-phenylethen-1-ol (diphenylphosphane)

(1) (2) (3)

OO
O

PPh,  PPh,

sodium 4,5-bis(diphenylphosphanyl)-7,9,9-
trimethyl-9 H-xanthene-2-sulfonate

(4)
Figure 1.13 O-P Donor Ligands

1.3.5 N-O Donor Ligands

N-O donor ligands constitute largest class of the hetero donor ligands and have been
extensively used in the synthesis of coordinated complexes with various metal atoms.
Metal complexes of nitrogen and oxygen functionalized ligands have great importance in
the field of biological and environmental chemistry [59, 60]. A large number of nitrogen
and oxygen donor ligands and their metal complexes are also of significant interest and
attention due to their significant biological activity [61, 62]. These are known to be
potentially useful as catalysts [63, 64], in biomedical applications [65-70] and a variety of
other applications. These derivatives are also known to show anti-tumor and cytotoxic
activities[71].

There are a number of bidentate, tridentate, tetradentate and polydentate N-O donor
ligands have been designed and further used in the synthesis of variety of meta
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complexes of diverse applications. Some of the important bidentate, tridentate and
tetradentate N-O donor chelating ligands and their complexes have been reviewed.

1.3.5.1 Bidentate N-O donor ligands

Most common and widely studied class of bidentate N-O donor ligands are Amino acids
and their derivatives (Figure 1.15) these ligands have gained interest due to their potential
application as catalysts and bioactive complexes. Glycine (1) and 2-aminoethanol (2) are
the simplest members of a-amino acids and a-amino alcohols respectively, which results
in the formation of five membered chelate rings while their analogues [-amino acid
derivatives, 3-aminopropane (3) and 3-aminopropanol (4) can form chelate rings of six
member with metal atoms [72].

Amino acids mostly chelate with the carboxylate, but in some cases coordination of acid
groups have come into sight. Few metal complexes of amino alcohol have been reported
in which both deprotonated and protonated hydroxy groups coexist [73].

Figure 1.14 L-Alanine, L-Histidine - Cu(ll) complex containing both five membered and

six membered chelate

Characteristic feature of small bidentate N-O donor ligands viz. oxime, N-oxide
and N -hydroxides is of being able to form small chelate rings, including rare three-
membered chelate rings. N-Hydroxides (7) and their N-alkylated derivatives can also
form chelate ring of three members that is highly unstable due to ring strain. Oximes act
as ambidentate ligands which can coordinate to metal ion either through both O atoms or
via O and N donor atoms; however they predominantly coordinate through nitrogen atom.
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Amidoximes molecules (8) are established N-O donor ligands, and have been used as
metal chelating reagent in analytical studies. Malonamide oximes, represented by the
simplest molecule of this class nitrosomal onodiamide (9) that is known to coordinate with
Fe (I1) [74] are well known N-O donor bidentate ligands. The oximes of acetylacetone
have been reported to coordinate with severa metal ions in +2 and +3 oxidation states.
One of the simplest cyanoxime molecules (10), is capable of acting as N-O donor

bidentate ligand but its binding ability have not been explored much.

O

o} NG
L — Y N A
H,N OH H,N OH NH, OH NH; OH HO
glycine 2-aminoethan-1-ol  3-aminopropanoic acid 3-aminopropan-1-ol  (2-aminoethyl)(methyl)
phosphinic acid
(1 2 3) 4 (5)
@)
0] NC\|/
HO. /_Et J\ 3
H,N OH N HON NH, NOH HO”
2-aminophenol  N-ethyl-N-methyl  N'-hydroxyacetimidamide ~ 3-(hydroxyimino) (z)_n-hydroxyacetimidoyl
hydroxylamine pentane-2,4-dione cyanide
(6) ™ ®) ©) (10)

Figure 1.15 Bidentate N-O Donor ligands

There are some examples of N-O ligands reported that posses four donor atom sets, but
act as bidentate ligand while binding to different metal ions instead of tetradentate. These
ligands bind to two different metal ions forming two bidentate chelate rings, these
category of ligands are usually termed as bis chelating ligands. One examples of such
types of ligands shown in fig 1.16 is 2, 5-di(3H-pyrazol-2-yl)benzene-1,4-diol, that binds
with two metals Ru and Os forming two compartments [ 75].
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(bpy)2

,Os\
LA
\ S
7))
L o
=N 0
\ /

(bpy)2Ru

2,5-di(3H-pyrazol-2-yl)benzene-1,4-diol ~ Ru,0s complex of ,
2,5-di(3H-pyrazol-2-yl)benzene-1,4-diol

Figure 1.16 Bis chelating ligand 2, 5-di(3H-pyrazol-2-yl)benzene-1,4-diol and its metal
complex
Another ligand of this category nitronyl nitroxide shown in figure 1.15 (@) is
paramagnetic in nature, and forms linear polymeric complexes with Mn(11) through N-O
atoms in reverse paths. Some of these complexes have shown to exhibit weak
ferromagnetism [ 76].

Figure 1.17 (a) Bis chelating nitronyl nitroxide ligand (b) ORTEP structure of Mn (1)

nitronyl nitroxide complex
1.3.5.2 Tridentate N-O donor ligands

Some typica tridentate N-O donor ligands (1-12) with (N-N-N), (N-N-O) and (N-O-O)
donor atoms are shown in figure 1.19. There are many examples of ligands having N-N-N
or O-O-O donor sets which are dialectical hetero donors. Pyridine derivative (1) is an

example of such type of ligands where the three N-N-N set of donor atoms, one from
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pyridine group in centre and two belonging to imidazole groups attached to the pyridine
are regarded as mixed donor ligand [77]. Fe(ll) complex of this ligand showed a
considerable shift of (~0.5V) in the redox potential upon deprotonation of the imidazole
groups, whereas substitution on the imidazole ring brought changes in the magnetic
properties of its Cu(ll) complex [78]. Compound (2) represents other (N-N-N) donor
diaectical ligands and with metal ions it coordinates through imidazolate resulting in

oligomeric complexes.

Compounds (3) and (4) are typica (N-O-O) donor tridentate ligands originated from a
central aromatic component. The TiCl, complex of the ligand (3) acts as catalyst in olefin
polymerization [79]. In spite of forming 1:1 complexes with metals, ligand (4) forms
M,L, type of complexes (M = Co, Ni, Cu) [4]. 1, 2-Pyrazole derivative (5) acts as
excellent (N-N-O) donor ligand with early tran\]ition metals and forms two six-membered
metal chelate [80]. Potentially chiral (N-N-O) donor ligand (6), contains two types of N
donor which forms ML, type complexes with metal ions Cu(ll) and Co(lll) having
dlightly distorted octahedral geometry [81]. The diethanol (7), dipropanol amines (8) and
the extensively studied ligand 2, 6-pyridinedicarboxylic acid (9) exemplifies the (N-N-O)

donors which consist of two equal side chains attached to a central aliphatic or aromatic

7
;: O
lN
ONCO.\Q

O“\\\f ’O
N
H

amine group [82].

O

Figure 1.18 Co(IV) complex with (O-N-O) donor tridentate ligand

Another ligand of this category having side chains of different length is amidodiol (10),
which forms stable Co(IV) complex [83].Compound (11) behaves as a tridentate

chelating logand and mostly forms binuclear complex with Cu(ll) and other transition
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metals. Methyl sulfoxide substituted amino acid derivatives (12) are unusua tridentate
chelating ligands having ambidentate characteristic and it may bind through (N-O-O) or
(N-O-S) donor sets [84].

N 0]

N-N

\ \
YQ\”/ [N N\ NH
HON OH NOH %

OH

(1Z,1'E)-1,1"-(2-hydroxy-1,3- 1,1'-(oxybis(ethane-2,1-diyl))bis o TN ;
phenylene)bis(ethan-1-one) dioxime (3,5-dimethyl-1H-pyrazole) (2R)-2 (([;3;2?(;262)‘;:1_11eﬂyl)amln0)
4 5 6
| N
NN /j /ﬁ o A0
HO N OH H N
H OH OH OH OH
2,2'-azanediylbis(ethan-1-ol) 3,3'-azanediylbis(propan-1-ol)  pyridine-2,6-dicarboxylic acid
7 8 9
Y .
H @] /NH HN \
N O//S
(:[ o} NH HN"
OH HO \\) HO NH;

2-hydroxy-N-(2-hydroxyphenyl)benzamide N N2-bis(3-(methylamino)

propyl)oxalamide
10 1 12
Figure 1.19 Tridentate N-O donor ligands

(methylsulfinyl)alanine

1.3.5.3 Tetradentate N-O donor ligands

There are severa tetradentate N-O donor chelating ligands and their complexes with
various metals have been reported in literature. Some examples of the tetradentate N-O
donor moieties are shown in Figures 1.26. Linear ligand systems such as molecule (1)
with (N-O-O-O) donor atoms are comprised of simple molecules, and they favorably
binds with metal ions having small size and high charge density [85]. Branched tripodal

ligand systems like (2) and (3) comprise of Nitrogen as central atom and O-donors as
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branched chains, these ligands tend to form trigonal bipyramidal complexes. Example of
thistype of complex with Ti(1V) is shown below [86].

Figurel.20 ORTEP diagram of pentacoordinated Ti(IV) complex with triethanolamine

Tetradentate (N-O-O-N) donor ligand systems containing amino groups attached
with oxo ethers (4) and their analogues having varied chain sizes are extensively studied,
these ligands are primarily used as precursorsin the synthesis of macrocycles [87,88].

Four-stranded aminoalcohol derivative (5) have unusual topology and it tends to
coordinate majorly with first-row transition metal ions [89]. The diacetate derivative of a
diaza heterocycle (6), acts as tetradentate N-O donor ligand [90]. Extensively studied
compound (7) represents a huge category of ligands, which may coordinate with two
separate metal ions, one in an (N-N-O-O) environment and the other in an (O-O-0-0)
cavity [91]. 1, 2-pyrazole-3,5-dicarboxylic acid (8) represents another class of (N-N-O-0)
tetradentate donor ligand that coordinate with two different metal atoms in a binuclear
bis-chelate fashion [92].

The copper complex of the diaminodiol derivative (9) acts as a model for galactose
oxidase [93], structurally similar diamidodiol derivative (10) have shown tendency to
coordinates with high-valent Os and Ru. Formation of hetero meta mixed ligand
complexes of (9) and (10) [Cu{L}M(bipy)2] (M= Co, Ni, Zn) have been also reported
[94].
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Figure 1.21 Model galactose oxidase Cu (11) complex of ligand (9)

Severa diamine-diacid ligands such as (11) have been synthesized from a-amino

acids by a metal-directed route [95]. Amide analogue of this ligand (12) mostly forms
simple mononuclear metal complexes, but it is aso reported to behave as bridging ligand
[96].
Vanadyl complexes which act as halogen peroxidase models have been reported with the
tripodal (N-N-O-0O) and (N-N-N-O) donor ligands derived from iminodiacetic acid. These
ligands exemplify class of ligands which are electronicaly similar to potentia donors to
vanadium(1V) in other biological systems[97].

(N-N-N-O) and (N-N-O-O) donor tetradentate ligands of aminoalcohol are
known to form mononuclear complex with Cu(ll) which have trigona bipyramidal
geometry [98] and Fe(l1l) complex having square-pyramidal arrangement which act as
model catalyst for catechol-1,2-dioxidase [99].

Figure 1.22 ORTEP diagram of hetero metal complex [Cu { L} Co(bipy)2]
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N,N-Bis(2-pyridylmethyl)-N-(2-hydroxybenzyl)
amine

@ (b)

Figure 1.24 (@) 2-(bis(pyrid-2-ylmethyl)aminomethyl)-4-nitrophenol (Hbpnp) (b)
ORTEP drawing of [Cu(bpnp)(CH3COO)]

The sterically crowded ligand 2, 4-big[(R) -2-hydroxy-2-methylbutyramido] -2,4-
dimethylpentan-3-one (HMBA-DMP) forms an exceptiona rare square-planar Co(lll)
complex, shown in figure 1.25 which act as good catalyst in epoxidation of styrene [100].
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Figure 1.25 (@) (-)2,4-big[(R) -2-hydroxy-2-methylbutyramido] -2,4-dimethyl pentan-3-

one (HMBA-DMP) (b) ORTEP structure of Co(l11)- (HMBA-DMP) complex
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Figure 1.26 Tetradentate N-O donor ligands

1.3.5.4 N-O donor ligandsderived from Nitrogen Heterocycles

Ligands derived from nitrogen heterocycles constitute an important class of N-O
donor chelating ligands. A common potential bidentate N-N donor molecul e derived from
nitrogen heterocycles is exemplified by (1). This molecule is capable of forming chelate
aswell as may act as bridging ligand forming multinuclear complexes[101]. Bidentate N-
O donor ligands in which the aromatic N donor group is present for example pyridine,
imidazole, pyrazine, pyrimidine etc. are common. Pyridines and its derivatives constitute
broad category of this type of ligands. The 2-hydroxypyridine derivative is also known to
form stable four-membered N-O or N-S chelates [102, 103].

Another such category of N-O donor bidentate ligand, 2-pyridinecarboxylic acid
(2) has been reported to form severa five-membered chelate rings complexes [104].
Pyridine N-oxides derivatives (3) that act as N-O donor bidentat ligand generally form
six-membered chelate rings. The molecule pyridine-2-sulfonic acid (4), a sulfonate
analogue of picolinic acid, interestingly known to acts as an N-O chelating ligand with
Ag(l) forming polymeric complex. Pyrazole and imidazole are other important
heterocyclic rings constituting category of mixed donor ligands.

There are severa ligands containing pyrazine ring have been reported, for
example pyrazine-2-carboxylic acid (5) that works as N-O bidentate ligand with transition

metals forming five-membered chelate rings [105].
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Figure 1.27 Bidentate chelates containing N-heterocycles

1.4 8-Hydroxyquinoline as potential N-O donor ligand

Quinoline derivatives, suitably substituted at the 8-position formulate brilliant N-
O donor chelating ligands and were extensively used in analytica studies. The 8-
hydroxyqinoline (6) molecule is one of the most revered N-O donor bidentate chelating
ligands derived from quinoline that is known to form mostly simple mononuclear
complexes and sometimes forms polynuclear complexes for instance a tetranuclear
complex with Mn(111) [106].

8-Hydroxquinoline (8-HQ) is the most versatile and trendy organic compound. It is a
colorless crystalline organic compound which structurally consists of a phenol group
attached to a pyridine ring. There are a number of applications such as electron carriersin
organic light-emitting diodes (OLEDS), fluorescent chemosensors, pharmacological and
pharmaceutical fields, etc. where 8-Hydroxyquinoline and its derivatives have been used
[107].

In the field of medicine, 8-hydroxyquinoline and its derivatives have been used as
antibacterial, fungicidal, insecticides, neuroprotective, and also anti-HIV agents. Besides
these medicinal applications, owing to their excellent binding ability for variety of metal
ions, 8-hydroxyquinoline and its derivatives have established numerous applicabilty in
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sensing metal ions such as Zn*and Al** which are of biological and environmental
importance [108]. 8-hydroxyquinoline and its derived ligands have been widely used for
analytical and separation techniques. Some of these ligands act as exceptionaly good
agent for quantitative determination of analytes and therefore have been used for various
metal extractions[109].

8- hydroxyquinoline molecule shows weak fluorescence due to the intermolecular proton
transfer of the excited state proton of the hydroxyl group to the low lying nitrogen atom
of the pyridine ring. Upon chelation of 8-hydroxyquinoline with metals ions fluorescence
emission greatly increases. Thisincrease in the emission can be attributed to the increased
rigidity in the 8-hydroxyquinoline molecule after chelation [110].

1.4.1 Synthetic methods for the preparation of 8-hydroxyquinoline and its

derivatives

There are three most convenient synthetic routes are available for the synthesis of
8-hydroxyquinoline and its derivatives. Skraup or Friedlander methods involve synthesis
of 8-hydroxyquinoline and its derivatives via construction of the heterocyclic ring [111].
In the Skraup method, substituted aromatic amines are reacted with o, -unsaturated
aldehydes and in the Friedlander reaction derivatives of 8-hydroxyquinoline are
synthesized by reacting substituted o-aminobenzaldehyde/ o-aminoacetophenone with

suitable carbonyl compounds (Scheme-1.1).

0
O T /\( Skraup method O N
H >
NH, 7

N

OH OH
3-amino-[1,1"-biphenyl]-4-0l ~ acrylaldehyde 5-phenylquinolin-8-ol
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0 Friedlander method AN

NH, + \/\’&O N/

H OMe

OMe

1-(2-amino-3-methoxyphenyl . L
( ethan_q_oneyp v butyraldehyde 8-methoxy-3,4-dimethylquinoline

Scheme 1.1: Preparation of 8-hydroxyquinoline by Skraup and Friedlander methods

Another synthetic route for synthesis of 8-hydroxyquinoline involves introduction
of —OH group to the quinoline moiety. It can be achieved either by diazotization reaction
of amine substituted quinoline or by reacting 8-sulphonic acid with alkali (Scheme-1.2)
[112].

NaHSO3 A Alkali fusion N
~ ~
N N
OH SO3zH
qumolm-S-amme quinolin-8-ol quinoline-8-sulfonic acid

Scheme 1.2: Preparation of 8-hydroxyquinoline by diazotization and alkali fusion
methods

Suzuki cross-coupling reaction is the most versatile and widely used method for the
synthesis of 8-hydroxyquinoline. In this reaction a new substitution at position 5 or 7 or

both of the 8-hydroxyqguinoline moiety can be commenced (Scheme-1.3) [113, 114].

Ph

1. PhB(OH),, Pd(PPhg),, K,CO3 X
b
N
, Pd/IC

OH

8-(benzyloxy)-5-br0moqumol|ne 5-phenylquinolin-8-ol
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Ph Ph
N 1. PhB(OH),, Pd(PPh3),, K,CO5 X
i~ —
N 2. NaOH, HCI N
OTs OH
4-phenylquinolin-8-yl 4-methyl 4-phenylquinolin-8-ol
benzenesulfonate

Scheme 1.3: Preparation of 8-hydroxyquinoline by Suzuki coupling reaction

1.4.2 Structural aspects of 8-hydroxyquinoline

8-hydroxyquinoline (8-HQ) consists of two ring systems of quinoline having
substituted -OH group at 8™ position (Figure-1.26). Due to the presence of phenol ring 8-
hydroxyquinoline has characteristic phenolic properties such as, it gives violet color with
ferric chloride, involve in Reimer-Tiemann and Bucherer reactions, undergoes coupling
with diazonium salts and its acetate ester easily undertake Fries rearrangement in

presence of Lewis acids resulting in its acetyl derivative [115].

4 5
3 = 6
=
2 i |
N Ts S
OH N
quinoline

8-Hydroxyquinoline

Figurel.28 Structure of 8-hydroxyquinoline and quinoline

8-hydroxyquinolines are present in the form of an equilibrium mixture of the hydroxyl-

form and the N-protonated zwitterionic form like other hydroxyquinolines.
O H
Figure 1.29 Zwitterionic form of 8-hydroxyquinoline

Due to the existence of -OH group within the vicinity of the aromatic nitrogen, 8-

hydroxyquinoline work as excellent bidentate N-O donor chelating ligand and forms
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chelats with a number of metal ions like Mg®*, Cu*, Bi*", AI**, Mn**, Fe**, Ni*" and Zn**
[116]. 8-hydroxyquinoline forms chelate with metal ions in the ionic form removing its
hydroxyl hydrogen and coordinated through oxygen and nitrogen donor atoms. Pyridine
derivatives are frequently used as building blocks in the designing of suitable ligands
[117]. In the monoionic form 8-hydroxyquinolinate consists of one N-donor atom of
bipyridine and an O-donor atom belonging to phenolate and hence possesses the
propertieas of both bipyridine as a neutral ligand as well as doubly charged catecholate
ligands.

Therefore tetravalent metals react with two 8-HQ molecules and hexavalent meta

complexesinvolve three 8-HQ molecules.
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Figure 1.30 Four and six covalent metal complexes of 8-hydroxyquinoline

In the begining 8-hydroxyquinoline ligand was mainly used for quantitative
analysis and separation techniques. But in recent time 8-hydroxyquinoline has been
extensively used towards the synthesis of luminescent coordination complexes which are
used for sensors, light emitting devices [118] and diagnostics [119]. 5-chloro-8-hydroxy-
7-iodoquinoline (Clioquinol) is commercialy available on highly effective antisepticum
[120]. This compound is a potent chelator for Cu(ll) and Zn(ll) and restrains the
asparagine and ubiquitination hydroxylation of the hypoxia-inducible factor-1 o (HIF-1 a)
[121].

1.4.3 Applications of 8-hydroxyquinoline and itsderivatives

A brief study of the metal complexes of 8-hydroxyquinoline and its derivatives
applicable in several fields outlined here.
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1.4.3.1 8-hydroxyquinoline derivativesin organic light emitting diodes (OLEDYS)

In 1987 a 3:1 complex (Alg3) of 8-hydroxyquinoline with Al(I11) reported by
Tang and Van Slyke for the very first time [122]. From the time of itsinvention Alg3 has
been the most widely explored substance used in transport of electron and in organic light
emitting appliances. Invention of this complex opened an entirely new research area
towards development of organic electroluminescence devices. There have been several
light emitting materials and devices with enhanced performance designed till date. So far
avariety of derivatives of Alg3 and their conductance and optical properties were widely

investigated [123-125]. The structures of some important electroluminescent 8-

hydroxyquinoline Al(l11) metal complexes are shown in Fig.1.31.
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Figure 1.31 Al complexes of 8-Hq derivatives dISpl aying light emitting property

Other than Aluminium complexes, organo boron quinolate complexes have also
been reported to display high photoluminescence [126].This discovery opened up
possibility to explore novel organo boron derived complexes exhibiting enhanced
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luminescence properties. Kappaun et. a. in 2006 designed a stable polymeric 5,7-
disubstituted organoboron quinolinolate complex having tunable photoluminescence

[127].

= B
N /N// \©\tBu

o)
X= CgFs, H, Cl, CgHsOMe

Figure 1.32 Organoboron quinolinolates

Further Beryllium complexes with 8-hydroxyquinoline exhibiting light emitting
properties were reported by Sano group in 2000 [128]. Some of the examples are:

\
7:<\ /; ON
O, /N

e
/ \

Be\
N O / "\
g
bis(quinolinate)Be(ll) bis(5,7-dimethylquinolinate)Be(ll)

Figure 1.33 Be complexes of 8-Hq derivatives displaying light emitting property

A lithium complex with 8-hydroxyquinoline showing good electron injecting
properties was reported by Hua Wang et. al.[129] Amit et. al. reported synthesise of white
light emitting devices with lithium complex of 8-hydroxyquinoline which efficiency was

improved by coating DCM dye between the emissive layers [130].
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Figure 1.34 Li complexes of 8-HQ derivatives displaying light emitting property

Green luminance at 520 nm showing Mg complex of 8-hydroxyquinoline,
magnesi um-bis(5-chloro,8-hydrxyquinoine) was reported by Anitaet. al. [131].
Jeng Keun Park et. a synthesized Sn complexes with 8-hydroxyquinoline, 2-(2-
hydroxyphenyl)benzoxazole (HPB) and diphenyl [132].

cl
X
0 .
N
0,7 N”
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Figure 1.35 Sn & Mg complexes of 8-HQ derivatives displaying light emitting property
Zinc complexes with 8-hydroxyquinoline have been used in OLEDs for the first time in

2000 [133]. Further green light emitting zinc complexes with 8-hydroxyquinoline ligand,
bis(2- methylquinolin-8-olato)-bi g (acetato)-(methanol)zinc(I1)] was reported [134].

0 —
Ly O
N\ /

Zn\
N/ \O N/ O
[N [ Y

Figure 1.36 Zn(11) complexes of 8-Hq showing light emitting property
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1432 Complexes of 8-hydroxyquinoline derivatives used in chemosensors
applications

Molecules which upon bonding with an analyte exhibit significant indication of

the bond formation are regarded as chemosensors. As a consequence of excellent ability
of 8-hydroxyquinoline molecule to form stable chelate ring with various metal ions, it has
been widely used as fluorescent chemosensor for detection of several metal ions of
biological and environmental interest [135].
There are a number of bidentate 8-hydroxyquinoline derivatives have been designed and
studied for their complexation and sensitization properties for group 13 elements and
lanthanides. Since very long 8-hydroxyquinoline has been known as an efficient sensitizer
for europium metal and it forms Eu (8-HQ)3; complex [136].

The 8-hydroxyquinoline benzoates substituted at 2 and 7 positions have been
investigated as fluorescent chemosensors for transition metal ions such as Cu®* and Hg**
[137], apart from these various derivatives with substituted at the C-5 position have also
been reported [138].

Recently, highly sensitive and selective fluorescent chemosensors
(methleneimino-1-phenyl-2, 3-'-hydroxyquinolin-5' and 4-(8 dimethyl-5-pyzole) for Al**
ion synthesized by Schiff-base condensation reaction of 4-aminoantipryrine and 8-
hydroxyquinoline-5-carbaldehyde have been investigated [139].

0
N N/@
OH ~ ﬁrﬁ
N = \
N
NS
_ N
OH

Cl
Figure 1.37 Fluorescent chemosensor methleneimino-1-phenyl-2,3'-hydroxyquinolin-5'&

4-(8 dimethyl-5-pyzole

The pH based study of photoluminescence properties suggested that this ligand
could serve as an excellent chelator in weakly acidic aqueous medium for highly toxic

aluminium ions. Literature reports that monopodal bidentate 8-hydroxyquinoline and its
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derivatives bind with variety of metal ions. Even though the synthesis, electronic
absorption and redox properties of Ru(ll) complexes of various 8-hydroxyquinoline
derivatives have been reported long time before [140], yet binding capacity of bidentate
8-hydroxyquinoline for Ru(ll) has not received much attention [141].

G ey — oé*

(9H-flucren-9-yl)methyl
carbonochloridate (9H-fluoren-9- yl methyl ((8-hydroxyquinolin-5-
yl)methyl)carbamate

5-(aminomethyl)quinolin-8-ol

Scheme 1.4: Synthesis of C-5 substituted 8-hydroxyquinoline derivatives
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Figure 1.38 8-Hq derivatives as bidentate chelaters
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Lately, tridentate (N-N-O) donor ligands derived from 8-HQ were reported. These
ligands were synthesized by incorporating 8-HQ unit to the polypyridine ligand unit using
Friedlander condensation method [142]. 2-(pyridin-2-yl)-8- hydroxyquinoline shown in
Figure 1.37 represents the parent component of this category of new tridentate ligand
series and have been extensively used in chelation [143]. These class of tridentate ligands
have been reported to form interesting complexes with several metal ions specifically
with Ru(ll) metal ions.

=
NS
| N
_N OH
2-(pyridin-2-yl)quinolin-8-ol bis {2-(pyridin-2-yl)quinolinate}Ru(ll)

Figure 1.39 Ruthenium complex of tridentate derivative of 8-Hq

Chelating properties of the ligands, bis(oxine) comprising of two units linked with
various spacer group or linkages has been broadly investigated [144]. Various ligands of
this caltegory were designed by linking two 8-HQ molecules with the methylene (-CHy-),
sulfonyl (-SO»-), dimethylene sulfide (-CH,-S-CH,-) and ether (-CH,-O-CH,-) groups
[145,146]. Further synthesis and characterization of polymeric coordination complexes
with the bis(oxine) ligand designed by bridging two 8-HQ units with -H,C-O-Ph-O-CH>
(Ph = 1,3 phenylene) and -H,CO-Ph-C(CHj3),-Ph -OCH, were reported [147].

Recently, chelating ability of bis 8-HQ derived ligands were enhanced by the introduction
of N,N’-diethyl-1,3-propane diammine as a bridge between two 8-HQ subunits.
Synthesis of polymeric coordination complexes of this ligand with Cu(ll), Ni(Il), Co(ll),
Zn(11) and Mn(11) metal ions were reported [148].

The chemosensor based on two 8-methylene-dianiline through imine hydroxyquinoline
chromophores connected with 4, 4 linkage has been reported [149]. The complexation
and photophysical properties of this ligand with group 13 metal ions Al** |, Ga* and In®*

have been investigated using fluorescent emission spectroscopy and UV -vis spectroscopy
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and reported the formation of helicate type structure. Two chelators of this category
derived from 8-hydroxy quinoline and 1,5-bis(2-aminophenoxy)-3-oxopentane have been
investigated for both bivalent metal ions Cu?*, Zn*" and trivalent metal ions Sm** and

Eu?* [150].
N\ \N N/ | N\
= =

2,2'-methylenebis(4,1-phenylene)bis(azanylylidene) bis(methanylylidene)bis(quinolin-8-

Figure 1.40 Chemosensor bis(oxime) ligand and its helical polymeric complex with Al®*

Furthermore, coordination complexes of lanthanide metals with chelating 8-HQ
derived ligands have attracted numerous investigations due to their appealing
luminescence emission properties in NIR region [151]. These lanthanide complexes of 8-
hydroxyquinolinate based ligands act as excellent candidates owing to their high stability,
low cytotoxicity, remarkable luminescence quantum yield in water as well as their
capability to interact with proteins for the designing of NIR-emitting luminescent
materials for biomedical applications [152].

1.4.3.3 Applications of 8-HQ derivativesin pharmaceuticals

8-HQ and its numerous derivatives have been found to be applicable in
agricultural and medicinal fields due to their distinctive chemical properties. There are a
number of compounds comprising of 8-HQ which have shown to exhibit compelling

pharmacologica activities against a number of bacteria, fungi and insects. In addition,
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some of the other 8-HQ derivatives have known to show antitumor and antioxidant
activities too.

1.4.3.3.1 Antiviral activity of 8-Hydroxyquinoline derivatives

In order to show antiviral activity RNA-dependent-DNA polymerase inhibition is
essential and for this ability to bind with nucleic acid is avital factor. 8-hydroxyquinoline
showed approximately 50 times higher antiviral activity among the various investigated
metal-chelating compounds. It has been reported that the nucleic acid binding ability for
the complexes of Cu(ll) with 8-hydroxyquinoline and its analogues were considerably
greater than their particular free ligand. This activity was observed to be enhanced

notably upon addition of equimolar concentration of Copper [153].

Albert et a reported that the ratio of free ligand and their metal complex has shown
significant effect on their antimicrobial activities, activity was prominently exhibited only
when the ratio was 1:1. Further it was concluded that the increase in the quantity of

ligands decrease the activity, this phenomenon is known as concentration guenching

o B

5-chloro-7-iodoquinolin-8-ol bis(5- chloro 7-iodoquinolate-8-ol) Cu(ll)

Figure 1.41 8-HQ derivative and its Cu(l1) complex showing antiviral activity

The antiviral activity of 8-HQ and its derivatives can be attributed to its binding
ability with viral nucleic acid while the other possible mechanism for exhibiting antiviral
activity proposes that they bind to Zn present in enzymes, thus resulting in the deactiva-
tion of viral enzymes [155,156]. The Cu complex of 8-HQ is reportedly much more than
that of the Zn complex [157], further the investigation demonstrating RNA -dependent-

DNA polymerase inhibition and inactivation of herpes simplex and Rous sarcoma virus
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using 8HQ-Cu(ll) complex with equal potential as compared to free 8-hydroxyquinoline
ligand supported this mechanism [158].

1.4.3.3.2 Fungicidal and Insecticidal Properties of 8-HQ Derivatives

8-hydroxyquinoline and its derived molecules act as potential metal chelator with
lipophilic nature. Copper complex of  8-hydroxyquinoline Cu(8Hq),, has been
extensively used as fungicide in several countries in order to prevent the symptom of
diseases like scab, black spot and brown patch found in several fruits and vegetables
[159]. Significant antifungal activity have been reported to shown by 8-hydroxyquinoline
substituted at 2, 3, 4, 5, 6, and 7 positions by chloro or bromo groups against Aspergillus
oryzae, Aspergillus niger, Trichoderma viride, Trichophyton mentagrophytes and
Myrothecium verrucaria. Among the various tested derivatives of 8-HQ, the 5, 7-dibromo
and 5, 7-dichloro derivatives have shown the highest fungicidal activity [160].

X X
X N
N7 SO
O'C’U\O N X N/
| AN OH OH
= X=Clor Br X=Cl or Br

Figure 1.42 8-hydroxyquinoline derivatives bearing fungicidal activity

8-HQ derivative 8-hydroxy-2-methylquinoline have shown to have high
insecticidal effects against Sogatella furcifera, Nilaparva talugens and Laodelphax
striatellus  suggesting that these derivatives may serve as new potential agents for
prevention and controlling the damages by various category of bugs found in paddy
cultivating areas [161]. The substituted 8-HQ derivatives; 5-bromo-7-sulfonic acids, 7-
bromo-5-sulfonic acids and 7-chloro derivatives showed much higher antifungal activity
than that of smple 8-HQ [162].
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Figure 1.43 8-hydroxyquinoline derivatives showing insecticidal activity

1.4.3.3.3 Antibacterial activities of 8-hydroxyquinoline Derivatives

8-hydroxyquinoline and its derivatives have been used as antibacterial agents
since long time. Several antibacterial drugs derived from them have been used in
medicinal field as chemotherapeutics before 120 years. Bivaent metal complexes of 8-
hydroxyquinoline have been extensively used as antimicrobia agent. [163]. The proposed
mechanism suggest that due to high lipophilicity 8-HQ pierce membranes of bacterial
cell and arrive at its target site, where it possibly binds with metal present in bacterial
enzymes. It is assumed that the metal-8-hydroxyquinoline complex break into a 1:1 ratio
of 8HQ free ligand and 8-hydroxyquinoline - metal charged complex [164]. The charged
metal- 8-hydroxyquinoline complex hinders the sites on bacteria enzymes for metal-
binding via bond formation; this resulted into the antimicrobia effect [165]. According to
this mechanism of action the lipophilicity (logP) of the compound is considered to be an
important factor in order to show antimicrobial activity. Additionally, the dissociated 8-
hydroxyquinoline ligand has very strong chelating ability and it can bind with metallic
prosthetic groups of microbial enzymes thus resulting in the inhibition of enzymatic
activity [166].

Lately, 8-hydroxyquinoline- uracil metal complexes were known to exhibit potential
antimicrobia activity (Figure 1.44). These complexes were shown to inhibit growth of
many Gram-positive and Gram-negative bacteria strains for example Candida albicans, S.
aureus, and Enterococcus faecalis including resistant pathogens [167].

4-[ (8-hydroxyquinolin-5-yl)methylJaminobenzenesulfonamide (HQMABS), shown in
Figure 1.45, is a derivative of 8-hydroxyquinoline that act as chelating ligand for various
metals [168]. HOQMABS has been reported to exhibit effective antimicrobial activity

against Gram-positive bacteria in comparison to their individual parent compounds
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sulfanilamide and 8-hydroxyquinoline. This study reveals that there is a synergistic effect
of 8-HQ and sulfanilamide which assists the diffusion of HQMABS into the site of action
in bacterial cell membranes. Consequently, the mode of action for HQMABS exhibiting
antimicrobial effectsis similar to that of 8-HQ [169]. On the contrary, metal complexes of
HQMABS show weak to moderate activity as compared to their respective free ligand,

HOMABS.
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0] | X ~
ﬂ)ﬂmﬂ 7 = w0
N
0 N
N 0
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Figure 1.44 Mixed ligand complexes of 8-hydroxyquinoline bearing antibacterial

M = Mn, Cu, Ni

activity
The antimicrobial activity of 8-HQ derived complexes depends on the several factors
such as the environment of the ligands, lipophilicity and concentration of the compound,

character of metal ions, coordination sites and geometry of the complex [168].

H,O
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7/ \M\‘l/’
M‘\\N NH
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A H,N
~
N O:?:O
OH NH,

HQMABS metal complex
HQMABS M = Mn(Il), Fe(ll), Co(ll), Ni(ID),
Cu(ll) and Zn(l1)

Figure 1.45 8-Hydroxyquimoline metal complexes showing antibacterial activity
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Some of the newly designed derivatives of 8-HQ were reported to show greater

antimicrobial activity. [170]. A derivative 5-alkoxymethyl-8-quinolinol (a) (Figure-1.46)
shows higher activity against bacteria strains and fungal strains than that of simple 8-HQ,
however shows moderate activity as compared to standard drugs [171].
7-Morpholinomethyl-8-hydroxyquinoline (b) (Figure-1.46) is an additiona 8-HQ
derivative which is known to show potent antimicrobial activity. It was observed to
display higher activity against Gram positive bacteria than Gram negative bacteria.
Effectiveness of this compound was correlated with its chelation ability with iron. 7-
M orpholinomethyl-8-hydroxyquinoline (b) forms a chelate with Fe in of 2: 1 ratio and
this complex displayed higher antibacterial activity than freeligand (b) [172].
Another 8-HQ derivative 5-nitro-7-((4-phenylpiperazine-1-yl-)methyl)quinolin-8-ol (c)
(Figure-1.46) has been used to hinder type Ill secretion (T3S) in the Gram-negative
pathogen Yersinia pseudo tuberculosis. This molecule (c) targets both the extracellular
bacterium Chlamydia trachomatis and the intracellular pathogen Y. pseudo tuberculosis
in cell-based infection models[173].

j @\ NO,
X O/\ X N/\ X
K/NM(O;H\/NJ LN N

OH
5-(sec- butoxymethyl quinolin-8-  7-(morpholinomethyl)quinolin-8-ol 5-nitro-7-((4-phenylpiperazin-1-yl)
ol methyl)quinolin-8-ol

@ (b) (©)

Figure 1.46 8-Hydroxyquinoline derivatives bearing antibacteria activity

\
\

1.4.3.3.4 Anti HIV and Antitumor Activities of 8-HQ Derivatives

Gallium complex of 8-hydroxyquinoline, Tris (8-quinolinolato) Ga(lll) have been
reported to show potentia inhibition against growth of carcinoma cells (A549) which
causes lung cancer in human 10 times higher than that of GaCls [174]. In the course of
antitumor treatment, chelation of Iron with cancer cells was proved to be very effective.

Incidentally, an efficient new generation iron chelator quilamines (b) was designed by
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incorporating 8-HQ moiety with a linear polyamine system. These newely designed
derivatives of 8-HQ were confirmed to exhibit potent antitumor activity in the
micromolar range while, cytotoxicity was observed at higher concentrations as much as
100 uM [175].

Another derivative of 8-HQ, 8-quinolinyl-B-D-glucopyranoside (c), was reportedly
cleaved B-glucosidase in vitro. In the presence of Cu(ll) ions it is reported to display
antiproliferative activity against various tumor cell lines [176]. Poly hydroxylatedstyryl
quinolines derivatives (SQLS) represented by the compound (d), are known to check
HIV-1 replication in vitro at very low concentrations and hence can act as potent HIV-1
integrase (IN) inhibitors [177].
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tris(8-quinolinol)Ga(lll) amino methyl derivative of quinolin-8-ol
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O OH
OH
HO Br
(2R,3R,5S)-2-(hydroxymethyl)-6-(quinolin-8-yloxy) (E)-2-(3,5-dibromo-4-hydroxystyryl)
tetrahydro-2 H-pyran-3,4,5-triol -8-hydroxyquinoline-7-carboxylic acid
(c) (d)

Figure 1.47 8-hydroxyquinoline derivatives acting as Antitumour agent

1.4.3.3.5 8-Hydroxyquinoline derivatives as Anti-Neur o degener ative Agents
Actual reasons causing neuro degenerative diseases like Alzeheimer’s,

Huntington’s, Prion’s and Parkinson’s is yet difficult to find however, for their
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complications and progress life style, trace metals and radicals are usually said to be
responsible. One of the most lethal neurodegenerative is Alzheimer’s disease which
mostly affects the old persons, mainly causes behavioural abnormalities and memory loss.
The magjority of the therapeutic approaches for treating Alzheimer’s disease function by
targeting a small amyloidogenic peptide known as amyloid-B peptide, which gets
accumulated in the brain affected by Alzheimer’s disease [178]. These therapies comprise
inhibition of amyloid-f formation, anti amyloid-B immunotherapy and treatment
promoting clearance of amyloid-p peptide. However, these therapeutics have eventually
been unsuccessful in slowing down the development of Alzheimer’s disease.

Another approach for Alzheimer’s disease therapy include targeting the interaction
among amyloid-p and the metal ions by means of chelating compounds that can bind
with iron, zinc, and copper metals that are responsible for stabilization and accumulation
of amyloid-f3 in the brain [179].

Compound clioguinol (5-chloro-7-iodo-8-hydroxyquinoline) shown in figure-1.48
(a) was the earliest reported 8-hydroxyquinoline derivative which was tested in vivo due
to its high chelating ability for Zn?* and Cu®* metals as well as its permeability to the
blood-brain barricade [180].

Use of clioquinol compound in transgenic mice having Alzheimer disease signs
has reported to decrease 49% amyloid-f3 deposition in brain resulting in improvement of
the disease. However, further expansion of using clioquinol as a efficient drug for
treatment of Alzheimer’s disease could not be progressed since, in the process of large
scale production of clioquinol little amount of diiodo-8- hydroxyquinoline which is a

known carcinogen, contamination occurred [181].
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Figure 1.48 8- hydroxyquinoline derivatives showing Anti-Neuro degenerative property
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Further, a novel 8-HQ derivative, 5, 7-Dichloro-2-
[ (dimethylamino)methyl]quinolin-8-ol (PBT2) have been designed and used as a
therapeutic drug for treatment of Alzheimer’s disease as a succesor of clioquinol [182].
Recently, molecule 5-[ (ethynyl (methyl)aminomethyl)quinolin-8-ol] (M30

dihydrochloride) have shown significant activity against Alzheimer’s disease [183].

1.4.3.4 8-Hydroxyquinoline based quater nary cationic surfactant

Synthesis of quaternary cationic surfactants derived from 8-hydroxyquinoline
(Figure 1.49) have been reported by the reaction of 8-HQ with alkyl halides containing
long chain [184]. These quaternary cationic salts having both hydrophilic and lipophilic
nature permitted their interaction with the bacterial phospholipid bilayer membrane [185].
This interaction may affect either the cell membrane or may cause toxicity to the
membrane and hence resulting in bacterial cell death [186].

Both the size and electronic charge distribution on polar heads as well as the
length of non polar hydrocarbon chain affects the activity shown by these 8-
hydroxyquinolium salt derivatives [184]. It has been observed that from C-12 to C-14
carbon atoms activity increases while for the system having C-16 carbon atoms activity
decreases surprisingly [184]. This study proposed that long chain hydrocarbons of

suitable length and cationic charge may support the killing of bacteria through membrane.

N Br
+/

N
OH R

R = n-dodecyl, n-tetradecyl and n-hexadecyl

Figure 1.49 Quarternary salt of 8-Hydroxyquinoline

15 Polydentate (N-O) donor neutral ligand Systems derived from 8-
Hydroxyquinoline

Most of the N-O donor ligands comprised of 8-hydroxyquinoline coordinate with metals
in monoanionic fashion while, relatively fewer research have been conducted towards the
synthesis of neutral ligand system derived from 8-hydroxyquinoline. O-alkylated
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guinolinates are one of the most studied neutral ligands of this category. Quinolinate
substituted tripodal ligands have been used for the chelation of several meta ions
selectively since 1970s. Ether linked derivatives of quinoline such as compound (a) shown
in figure 1.47, were used for the detection of alkaline group metal ions and structures of

these complexes formed have been thoroughly studied by V~ogtle and Weber [187].

8,8'-((oxybis(alkane-2,1-diyl))bis(oxy))diquinoline
n=0-6

(a)
Figure 1.50 O-akylated 8-Hq derivative

In recent times such types of ligands have experienced a new start. Polymeric
Ag(l) complexes of ligands (b) and (c) have been reported in which both the ligands link
two tetracoordinated metal centers having highly distorted geometry and additionally bind
with each other. This results in the formation of unique trinuclear cyclic Ag(l) complex
[{Ag(b)}s]*" where three ligands draping helically the triangular framework of silver
metal ions ( Scheme 1.5). These types of structures are regarded as circular helicates
[188]. Ligand (c) forms a one dimensiona polymeric complex [{Ag(c)}n]™ having

alternate configuration at the metal centre [189].
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Scheme 1.5: Synthetic route for Linear polymeric complex of Ag with neutral 8-

hydroxyquinoline derived ligand

Other than above mentioned ether linked two quinolinate ligands, tripodal(d) and
tetrapodal (e) ligands containing three and four quinolinate moieties respectively have
also been reported and their chelating ability with several metal cations like Ag*,Cu®"
Ni%*, Co*, Zn**, and Cd** were investigated using fluorescence measurement techniques

P8 2208
o e

(d)
Figure 1.51 Ether bridged neutral ligand derived from 8-hydroxyquinoline

Mandhary et. a. reported Ag(l), Cu(ll) and Ni(ll) complexes of neutral tetradentate
ligand 1,3-bis(quinoloxy)propane derived from 8-HQ where, with Ag(l) and Cu(ll) this
ligand acted as N-N donor bidentate ligand while with Ni(Il) it behaved as N-O-O-N
donor tetradentate ligand [188].
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Figure 1.52 (@) 1,3-bis(quinoloxy)propane (b) ORTEP view of Ag(l) complex ()
ORTEP view of Ni(ll) complex

Further, Munaet. al. reported a potential neutral tridentate N-O-N donor ligand 8-
(2-pyridylmethoxy)quinoline and its Pd(11), Ni(ll1) and Cu(ll) complexes. This ligand
works as a flexible ligand and can either act as bidentate or tridentate, depending on the
metal. With Pd(11) it acts as N-N donor bidentate ligand forming eight membered chelate
ring while with pentacoordinate Cu(ll) and octahedral Ni(ll) behaves as N-O-N donor
tridentate ligand and forms two five membered fused chelate rings [191].

X | X KOH, DMF
+
N” N 37% d
OH

quinolin-8-ol 2-(chloromethyl)pyridine 8-(pyridin-2-yImethoxy)quinoline

Scheme 1.6 Synthetic route for ligand (2-pyridylmethoxy)quinoline

Figure 1.53 Perspective view of pentacoordinated Cu(ll) complex of -(2-
pyridylmethoxy)quinoline
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Even though there have been enormous research work carried out towards
synthesis of N-O donor ligands derived from 8-hydroxyquinoline and their metal
complexes, in the field of coordination chemistry yet there are lots of scope remaining
specialy in the direction of synthesis of neutral N-O donor ligand systems derived from
8-hydroxyquinoline and their metal complexes as well as exploring their applications in
various fields.

Keeping al these aspects in mind and considering potential of 8-hydroxyquinoline based
N-O donor ligand metal complexes, in the present work novel metal complexes of N-O
donor chelating ligands were synthesized and screened for various applications like
antibacterial, antifungal and antioxidant properties. Some of the complexes synthesized

were further used for the synthesis of metal nano particles using sol-gel technique.

1.6 Aimsand objectives
The major objectives of the current study are:

0] Synthesis of bidentate, tridentate and tetradentate neutral N-O donor chelating
ligands derived from 8-hydroxyquinoline. The complexes incorporating 8-
hydroxyquinoline derivatives are known to exhibit photocatal ytic activity.

(i) Synthesis of coordinated complexes with the above ligands using metals Co,
Pd & Ti.

(@iti)  In the present investigation (1) synthesis of some new complexes in which
neutral 8-hydroxyquinoline ligand incorporated have been accomplished. (2)
The synthesis of some ionic complexes with neutral ligands derived from 8-
HQ have been reported and the complexes were prepared using metal such as
Co, Pd and Ti.

(iv)  Characterization of the synthesized ligands and their metal complexes and
their structure elucidation by using spectral techniques like FTIR, NMR, UV,
Mass and single crystal X-ray.

(V) To explore the applicability of complexes towards biological studies such as

antifungal, antibacterial and antioxidant activity.
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(vi)

To synthesize metal oxide nano particles of Ti and Pd from 8-

hydroxyquinoline substituted ligands by using sol-gel technique.

1.7 Future scope

Present work consists of several future aspects some of which are:

(i)

(i)

(iii)

(iv)
(v)

(vi)

Various other derivatives of 8-Hydroxyquinoline will be synthesized and
screened for their anti neuro degenerative diseases, anti HIV antitumor agents
and anti carcinogenic activity.

The 8-hydroxyquinoline derivatives used in the present investigation are
promising precursor for the synthesis of diverse nano structures. Further
investigation in this area needs to be explored.

Synthesis of some new N-O donor chelating ligands with flexible coordination
ability.

Synthesis of metal complexes using different metals of various valencies.

Growth of single crystal of the remaining complexes and elucidation of their
structure by single crystal X-ray.

To explore the luminescence properties of the synthesized ligands and metal

complexes.
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2.1 Introduction

Metal complexes of nitrogen and oxygen functionalized ligands have great importance in
the field of coordination chemistry [1, 2]. A large number of nitrogen and oxygen donor
ligands and their metal complexes have shown potential biological activity and hence
gained interest of researchers [3]. These are known to be potentially useful as catalysts, in
biomedical applications and a variety of other applications. These derivatives are also
known to show anti-tumour and cytotoxic activities [4].

The chemistry of cobalt metal complexes with O, N donor chelating ligand has played
imperative part in the advancement of coordination chemistry. Cobalt is an essential
element even though required in a very small amount (approx 1 mg) [5]. Mostly Cobalt is
obtained from green vegetables and cereals [6], and is aso a common supplement in
vitamins [7]. Cobalt plays key role in vitamin B12, cobalamin [8], some of the enzymes
have also been identified which have cobalt [9].

Cobalt shows various oxidation states ranging from +1 to +5. The most common
oxidation states are +2 and +3 [10]. Complexes of cobalt exhibit variable coordination
number, geometry, stability etc. From the literature it reveals that Co(ll) is associated
with different type of stereochemical configurations such as tetrahedral, octahedra and
square planar [11,12]. Coordination complexes of Cobalt exhibit interesting redox and
magnetic properties that make them suitable for a remarkable extent of applications in
biology and medicine [13].

A large number of references in literature are available on the chemistry and the

biological activities of transition metal complexes containing O, N donor atoms [10-13].

Figure 2.1: Doxovir
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Even though cobalt complexes are versatile, they have not been explored well in the field
of inorganic pharmaceuticals in comparison to other metals. So far, Doxovir is the only
cobalt complex which has reached clinical trials. Doxovir is a Co(ll11) complex of Schiff
base and is highly active against drug-resistant herpes simplex virus 1 [14].

In the recent years, a significant amount of research has been done towards study of

bioactive cobalt complexes and their application in medicinal field [15, 16].

In order to explore role of Cobalt in medicinal field, small bioactive molecules
which are of therapeutic use for example, non-steroidal anti-inflammatory drugs
(NSAIDs) [17-19], antifungal agents [24, 25], antiprotozoal agents [22, 23], antibacterial
agents [20,21] and antihelmintic agents [26], were interacted with cobalt complexes to get
better or to change their therapeutic efficiency. Though mechanisms of action for most of
these complexes have not been established so far however, complexation of cobalt
moitiesis considered to alter the therapeutic ability of these bioactive ligands [ 26, 27, 28].
For instance, bioactive agents were attached with Co(l11) complex, cobalamin (Vitamin
B12) which is found in nature for drug delivery. Further, this idea was extensively studied
[28, 29]. Peptides, proteins and some other small molecules like Rh-based CO-releasing
molecules [30] and cisplatin analogues [31] were joined to cobalamin in order to improve
their stability, biocompatibility and their uptake..

Upon coordination of small bioactive molecules with binuclear cobalt cluster
Co,(CO)g through an akyne bond activity of the resulting complex ([alkyne]-Cox(CO)e)
gets modified. There have been a number of studies done for evaluating the result of
[akyne]-Co,(CO)s on the antitumor potency of the nonsteroidal anti-inflammatory drug
(NSAID) aspirin (Figure 2.2). Aspirin shows intermediate pro-apoptotic property via
cyclooxygenase (COX) enzymes inhibition [27, 32]. When coordinated to [akyne]-
Co,(CO)s activity of aspirin significantly increases towards inhibition of COX enzymes
and the resultant cytotoxicity levels were analogous to cisplatin. Ott et al. and Rubner et
al. systematically modified the akyne bond, the bioactive agents and the
C0o,(CO)g cluster and showed that apart from NSAID which direct the complex towards
the COX enzymes, cobalt cluster was essential for the significant activity [33, 34].
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Figure 2.2 NSAID aspirin

8-Hydroxyquinoline is a prominent N, O donor chelating ligand extensively used in
coordination chemistry. 8-Hydroxyquinoline (8-HQ) and its derivatives are excellent
chelating agents because of their high ability towards coordination to various metal ions
[35-37] consequently, have been broadly used for extraction of metal ionsin industry and
analytical field [38, 39]. Complexes of 8-HQ have been widely explored from both
applied and theoretical point of view [40-42]; Cu(ll), Co(ll) and Zn(Il) complexes were
used in industrial applications because of their ability to protect wood and textiles from
rot-producing fungi [43, 44]. Several 8-HQ complexes have been used as the emitting
elements in electroluminescent devices [45-48]. Electroluminescent devices with Al(111),
Zn(11) and Be(l1) complexes of 8-HQ as emitters show high external quantum efficiency
and brightness at less than 10V driving voltage.

The organic compounds coordinated with metals cause drastic change in the
biological property of the ligand [49]. Therefore, keeping in mind broad biological
applications of 8-hydroxyquinoline derivatives and cobalt complexes, herein, we herein
report the synthesis and characterization of nine cobalt complexes (1-9) with 8-
hydroxylquinoline derived bidentate, tridentate and tetradentate neutral chelating ligands
and investigated their biological properties.

2.2 Experimental
2.2.1 General methods and materials

All reagents and solvents used were of anaytical grade and purified by conventional
methods prior to use. CoCl,.6H,O and 8-hydroxyquinoline (99%) were procured from
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Sigma-Aldrich and were used as received. HPLC grade DM SO-ds and CDCl; were used
for NMR spectroscopic studies and ethanol, methanol were used for synthesis of ligands
and metal complexes. IR spectra were recorded on a Perkin-EImer Spectrum RXI
spectrometer as dry KBr pellets. *H and **C NMR spectra were recorded with a JEOL FX
400 FTNMR spectrometer using SiMe; as an internal standard, at 399.78 MHz and 75.45
MHz frequencies, respectively. Absorption spectra of al the cobalt complexes were
recorded on a Lamda25, PerkinElmer spectrophotometer 200 to 800 nm wavelength
ranges. ESI mass spectra of some complexes were recorded using a Xevo G2-SQ TOF
Waters, USA spectrometer in the electron spray mode using methanol solvent. The C, H,
N analyses were performed on Thermo scientific Flash 2000.

2.2.2 Synthesisof ligands

2.2.2.1 Preparation of bidentate 8-methoxyquinoline ligand (MOQ)
8-methoxyquinoline (MOQ) was prepared as previously reported method by using 8-
hydroxyquinoline [50]. A weighted amount of 8-hydroxyquinoline (3 mmol), methyl
iodide (1 mmol) and potassium carbonate (10 mmol) were dissolved in anhydrous acetone
(=20 ml). The reaction mixture was refluxed for 24 hrs and cooled at room temperature.
Excess of the solvent was removed under reduced pressure to dryness. To this mixture
water and dichloromethane (CH,Cl,) were added and the organic layer extracted 2 to 3
times. At last the organic layers of resulting mixture were combined, washed with brine,
dried on N&SO,, filtered and evaporated resulting in reddish brown colored oily product.
This oily product was further purified by column chromatography. Synthetic and
analytical data of ligand (MOQ) are summarized below:

Yield: 70%. ESI-MS: m/z, 160.0 [M+H]", 182.0 [M+Na]*. *H NMR (CDCls, 400 MH2):
d: 4.08 (s, 3H), 7.17(m, 1H), 7.51 (m, 3H), 8.1 (m, 1H), 8.84 (m, 1H).

N LI K,CO3, Dry Acetone A
+ -
N/ 3 Reflux, 24 hr N/

OH @)

8-Hydroxyquinoline Methyl iodide 8-Methoxy-quinoline (MOQ)

Scheme-2.1 Synthetic route of 8-Methoxyquinoline
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2.2.2.2 Preparation of tridentate ligand 8-(Pyridin-2-ylmethoxy)-quinoline
(PMOQ)

Tridentate 8-(Pyridin-2-ylmethoxy)-quinoline (PMOQ) ligand was synthesized by the
earlier reported method [51] from the reaction of 8-hydroxyquinoline (Immol), picolyl
chloride (Immol) and potassium hydroxide (2mmol) in DMF. The reaction contents were
refluxed overnight and cooled it at room temperature. The final resulting oily product was
obtained was purified by the procedure discussed for the purification of MOQ. Synthetic
and analytical data of ligand are summarized below:

Yield: 37%. *H NMR (CDCl3 400 MHz) &: 8.98, 1H; 8.61, 1H; 8.11, 1H; 7.64, 2H; 7.42,
1H; 7.36, 2H; 7.19, 1H; 7.05, 1H; 5.56, 2H.

X
N X KOH, DMF Z
P Sl | P Cl > N
N N Reflux, 12 hr o N
OH \ /
8-Hydroxyquinoline  Picolyl chloride 8-(Pyridin-2-ylmethoxy)-quinoline
(PMOQ)

Scheme- 2.2 Synthetic route of 8-(Pyridin-2-ylmethoxy)-quinoline (PMOQ)
2.2.2.3 Preparation of tetradentate ligand 1, 3-Bis(8-quinoxy)propane (BQOP)

Tetracoordinating ligand 1,3-bis(8-quinoxy)propane (BQOP) was synthesized from 8-
Hydroxyquinoline (2 mmol), 1,3-dibromopropane (1 mmol) and potassium carbonate (10
mmol) in anhydrous acetone. The reaction contents was refluxed with constant stirring for
12 hrs on a hot plate magnetic stirrer and then cooled at room temperature. The resulting
white solid was filtered, recrystallized from ethyl acetate/pet ether mixture and
characterized by proton NMR. The synthetic and analytical data of ligand are summarized
below:

M. P.- 140 °C, Yield: 58%. 'H NMR (CDCl3 400 MHz) &: 8.918 dd 2H; 8.06 dd 2H; 7.35
m 6H, 7.135 dd 2H; 4.53 t 4H; 2.703 quintet, 2H.
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N K,COs3, Dry Acetone CQ)
+ Br Br -
; :N/: VN Reflux, 24 hr N )

N
OH \_

8-Hydroxyquinoline 1,3-dibromopropane .3-Bis(8-quinoxy propane)

(BQOP)
Scheme- 2.3 Synthetic route for 1, 3-bis(8-quinoxy)propane

2.2.24 Preparation of sodium salt of pentafluorophenol (NaOCgFs) and
heptafluorobutyric acid (C3F,COONa)

Sodium sat of pentafluorophenol (NaOCgFs) was prepared by the reaction of
pentafluorophenol with freshly prepared sodium methoxide using earlier reported method
[52]. Similarly, sodium salt of heptafluorobutyric acid (CsF,COONa) was obtained by
reacting heptafluorobutyric acid with sodium methoxide in anhydrous condition as
reported in literature [53].

2.2.3 Synthesisof cobalt (I11) complexes
2.2.3.1 Synthess of [Dichloro bis (8-methoxyquinoline) cobalt (11)] [Co(M OQ).Cl3]

D

8-methoxy quinolin (MOQ) (0.213g, 1.3 mmol) was added to the methanolic solution of
CoCl,.6H,0 (0.151g, 0.63 mmol in ~5 ml of methanal). This reaction mixture was stirred
at room temperature for 48 hr on a magnetic stirrer. The excess of solvent was removed
under reduced pressure; resulting blue colored solid washed with pet ether and
recrystallized by slow evaporation of the methanolic solution of the complex to give

transparent blue crystals.

[(C20H18CI2N202) Co] (1): Yield: 74%, M.P.: 210°C, decomposed; analyses (%) obs.
(calc.): C: 53.57 (53.60), H: 4.01 (4.05), N: 6.21 (6.25); FT-IR (KBr, v cm™): 2950 (C-H),
1262 (C=N), 1535 (C=Car,asym), 1463 (C=Car, sym), 1390 (C-N-akyl chain), 1276(C-
O-akyl chain), 1110(C-Oar); ESI-MS (m/z):[M-H]" 446, [CoCl(CgHsNO)(CsHsN)]*
352, [CoCl(CoHeNO)]* 237, [C10HoNO]* 160. UV: Amax-600 nm.
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N CoCly.6H,0, MeOH O\ e
= Co
N rt, 12 hr _»Cow
o) \ / \ N\ 7
- cl  C
Moa (MOQ),CoCl, (1)

Scheme-2.4 Synthesis of [Dichloro bis (8-methoxyquinoline) cobalt (11)] complex

2.2.3.2 Synthess of [Dichloro (8 Pyridin-2-ylmethoxy quinoline)Co(ll)]
[Co(PMOQ)CI,] (2)

Solution of 8-(Pyridin-2-ylmethoxy)-quinoline (PMOQ) (0.2g, 0.84 mmol in ~5
ml of methanol) was slowly added to a methanolic solution (~5 ml) of CoCl, (0.11g, 0.84
mmol) and the mixture was stirred at room temperature for 12 hr. The blue color
precipitate obtained was filtered, washed with pet-ether and dried under vacuum. The
product obtained was recrystalized by slow evaporation of its methanolic solution

resulting in the formation of transparent blue crystals.

[(C1sH12CI2N20O)Co] (2): Yield 61%, M.P.. 270°C, decomposed; analyses (%) obs.
(calc.): C: 49.20 (49.21), H: 3.30 (3.30), N: 7.61 (7.65); IR (KBr, v, cm™): 2926 (C-H);
1273 (C=N); 1535 (C=Car, asym); 1463 (C=Car, sym); 1322 (C-O-akyl chain); 1104(C-
Oar). ESI-MS (m/z): [M-CI]* 331, [CoCl(CisH10N2)]" 299, [CoCl(CoHsNO)]* 237,
[(C1sH12N20)]* 237. UV: Amax-630 nm.

X
NG CoCl,.6H,0, MeOH
O N= t, 12 hr
\ 7
PMOQ Co(PMOQ)Cl; (2)

Scheme-2.5 Synthesis of [Dichloro (8 Pyridin-2-ylmethoxy quinoline) Co(11)] (2)
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2.2.3.3 Synthesis of [dichloro{1,3-bis(quinolin-8-yloxy)propane}Co(l1)]
[((BQOP)CoCl] (3)

To a solution of CoCl,.6H,0 (0.084 g, 0.3532 mmoal) in methanol (~5 ml) was
added a solution of 1, 3-bis(quinolin-8-yloxy)propane (BQOP) (0.2 g, 0.6060 mmol in ~5
ml methanol) and it was observed that the color of the reaction mixture instantaneously
changed from light blue to dark purple. The solution was stirred continuously for 12 hr,
and resulting purple colored solid obtained was filtered and dried. Good quality crystals
of the product were obtained by slow evaporation of a methanolic solution of the

complex, which were characterized by single crystal X-ray analysis.

[(C21H18CIoNL02)Co] (3): Yield: 48%, M.P.: 230°C, decomposed; analyses (%) obs.
(cac.): C: 54.78 (54.81), H: 3.96 (3.94), N: 6.05 (6.09); IR (KBr, v, cm™): 2949 (C-H);
1262 (C=N); 1535 (C=Car,asym); 1463 (C=Car, sym); 1378 (C-O-akyl chain); 1106 (C-
Oar). ESI-MS  (m/2):[M-CH]® 446, [CoCl(CgHsNO)(CgHsN)(C2Hs)]" 392,
[CoCl(CgH7N)(CoH7N)]™ 352, [(CoHsNO)(CoHeNO)(CHa)s]™ 331, [(CoHeNO)]™ 160. UV:
Amax-562 nm.

m@ CoCl,.6H,0, MeOH o, 0O
Co
rt, 12 hr N/ NN
N \
NN \_/ \_/" ¢/ o

BQOP (BQOP)CoCI2 (3)

Scheme-2.6 Synthesis of [(BQOP) CoCl] (3)

2.2.4 Reactions of the quinoline Co(l1) complexes
The reactions of the prepared complexes (1-3) with sodium salt of pentafluorophenol and
heptafluorobutyric acid were conducted.
2.2.4.1 Reactionsof Co(I1) complexeswith sodium pentafluor ophenoxide

The general procedure for the reaction of cobalt complexes and sodium
pentafluorophenoxide is outlined in the preparation of [bis (8-methoxyquinoline) Co(ll)
pentafluorophenoxide] (4). For al other reactions a similar procedure was employed.
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2.2.4.1.1 Preparation of bis (8-methoxyquinoline)Co(l1) pentafluorophenoxide (4)

Solid sodium pentafluoro phenoxide (NaOCgFs, 0.114 g, 5.5 mmol) was added to a
dichloromethane solution of [dichloro bis (8-methoxy quinolin) Co(ll)] complex (0.05g,
0.1 mmol) and the mixture was stirred at room temperature for 3 hr. The precipitated
NaCl was filtered off and excess solvent was removed under reduced pressure to give a
dark blue solid, which was purified by washing with minimum amount of cold
dichloromethane and dried in air. The observed analytical and spectral data are given
below

[(MOQ)2Co(CeFs0)2] (4): Yield 46%, M.P.: 246°C, decomposed; analyses (%) obs.
(calc.): C: 51.61 (51.70), H: 2.42 (2.44), N: 3.71 (3.77); IR (KBr, Cm™): 2900(C-H); 1250
(C=N); 1130 (C-F); 1535 (C=Car,asym); 1463 (C=Car, sym); 1120(C-O-akyl chain);
1107 (C-Oar). ESI-MS (m/z): [M-OCgFs]” 560, [C1oHoNO]* 160, [OCeFs]™ 182. UV:

Amax-550 nm.
[
O\ /O
CstoNa N/CO\N
“byoem .\, / \ N/
rt, 8 hr
CgF50 OCg4F5
(4)

Scheme 2.7 Synthesis of [(MOQ).Co(CsFs0),]

2.2.4.1.2 Preparation of (8-pyridine-2-ylmethoxy quinoline)Co(l)
pentafluor ophenoxide (5)

The complex was prepared by the reaction of sodium pentafluoro phenoxide
(NaOCgFs, 0.114 g, 5.5 mmol) and [dichloro bis (8-pyridine-2-ylmethoxy quinoline)
Co(I)] (2) (0.036 g, 0.1 mmol) using similar procedure discussed in section 2.2.4.1.1.
The observed analytical and spectral data are given below
[(PMOQ) Co (CeFs0)] (5): Yield 51%, M.P.: 190 °C, decomposed; analyses (%) obs.
(calc.): C: 49.0 (49.04), H: 1.83 (1.83), N: 4.20 (4.24); IR (KBr, Cm™): 2926(C-H); 1250
(C=N); 1130 (C-F); 1535 (C=Car,asym); 1463 (C=Car, sym); 1120(C-O-alkyl chain);
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1107 (C-Oar). ESI-MS (m/z): [M-OC(;FE,]+ 479, [CO(OC6F4)(C9H6NO.C6H4N)]+ 446,
[Co(O)(C(‘;HsNO.CeHle)]+ 298, [CgHGNO.CHz.CeHle]+ 237 ,[OCGF5]+ 182, [ClngNO]+
160. UV: Amax-599, 557, 504 nm

S
S
P
N CeFsONa Ny _-OCsFs
v 7 TSOCF
S N/CO\CI Dry DCM Q N= 65

\_O rt, 8 hr \—Q

(2 (5)
Scheme 2.8 Synthesis of [(PMOQ) Co (CsFs0),]

2.2.4.1.3 Preparation of (1,3 bisquinoxy-8-yloxy propane) Cobalt (I11) phenoxide (6)

The complex was prepared by the reaction of sodium pentafluoro phenoxide
(NaOCgFs, 0.114 g, 5.5 mmol) and [dichloro (1,3 bisguinoxy-8-yloxy propane) Cobalt
(IN] (2) (0.045 g, 0.1 mmol) using similar procedure discussed in section 2.2.4.1.1.

The observed analytical and spectral data are given below

[(BQOP)Co(CgFs0),] (6): Yield 40%, M.P.: 247 °C, decomposed; analyses (%) obs.
(calc.): C: 52.45 (52.47), H: 2.40 (2.40), N: 3.70 (3.71); IR (KBr, Cm™): 2900(C-H); 1250
(C=N); 1725 (C=0); 1535 (C=Car, asym); 1463 (C=Car, sym); 1120 (C-O-akyl chain);
1107 (C-Oar). ESI-MS (m/z): [M-OCgFs]® 572, [(CoHeNO)(CoHsNO)(CH>)s]" 331,
[(CoHsNO)]" 160. UV: Amax-601, 562, 505 nm

C5F50Na N)CO
N~'CO DryDCM 8 5

i, 8 hr CSF5O OCSF5
(3) (6)

Scheme 2.9 Synthesis of [(BQOP)Co(CgFs0)-]
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2.2.4.2 Reactionsof cobalt complexeswith sodium heptaflurobutyrate
The genera procedure for the reactions of the cobalt complexes with sodium
heptaflurobutyrate is outlined in the preparation of [bis (8-methoxyquinoline) cobalt (1)
heptaflurobutyrate]. Similar process was employed for all the reactions.
2.2.4.2.1 Preparation of bis (8-methoxyquinoline) cobalt (I1) heptaflurobutyrate (7)
To a solution of complex [dichloro bis (8-methoxyquinoline) cobalt (11)] (1)
(0.051 g, 0.11 mmoal) in dichloromethane, solid sodium heptafluorobutyrate (0.132 g, 0.05
mmol) was added. This reaction mixture was stirred continuously for 3-4 hr at room
temperature. Wine red colored solid obtained by filtration was washed with cold
dichloromethane and dried in air.
The observed synthetic and analytical details are summarized below
[(MOQ)Co(C3F,C0OO0),] (7): Yield 43%, M.P.: 225 °C, decomposed; analyses (%) obs.
(calc.): C: 41.81 (41.86), H: 2.25 (2.26), N: 3.44 (3.49); IR (KBr, Cm™): 2900(C-H); 1250
(C=N); 1725 (C=0); 1535 (C=Car, asym); 1463 (C=Car, sym); 1120 (C-O-akyl chain);
1107 (C-Oar). ESI-MS (m/z): [M-OOCC3F;]" 590, [Co(OOCCsF7)(CioHgNO)]™ 430,
[OOCC3F;]" 212, [C1oHgNO] ™ 160. UV: Amax-542 nm.

[
L] (O]

o0 C4F;,COONa /‘Cé\
$ /N»r/CC\’\N\ ) Dry DCM NN N/
cl cl . 8 hr C3F,00  OOCsF;
(1) (7)
Scheme 2.10 Synthesis of [(MOQ)Co(C3F,COQO),]
2.2.4.2.2 Preparation of (8-pyridine-2-ylmethoxy qguinoline)Co(ll)

pentafluor ophenoxide (8)

The complex was prepared by the reaction of sodium heptafluorobutyarate (0.132
g, 0.05 mmol) and [dichloro bis (8-pyridine-2-ylmethoxy quinoline) Co(l1)] (2) ( 0.036 g,
0.1 mmol) using similar procedure discussed in section 2.2.4.2.1.
The observed analytical and spectral data are given below
[(PMOQ)Co(C3F,CO0),] (8): Yield 37%, M.P.: 198 °C, decomposed; analyses (%) obs.
(calc.): C: 38.25 (38.30), H: 1.65 (1.68), N: 3.85 (3.88); IR (KBr, Cm™): 2900(C-H); 1250
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(C=N); 1725 (C=0); 1535 (C=Car, asym); 1463 (C=Car, sym); 1120 (C-O-akyl chain);
1107 (C-Oar). ESI-MS (m/z): [M-OOCC3F;]" 508, [Co(OOCCsF7)(CoHsNO)(CsHaN)]*
495, [Co(0) (CoHeNO) (CsH4N)]* 298, [Co(CaHsNO)(CsH.N)]* 258, [OOCCF,]* 213,
[C1oHoNO]* 160. UV: Amax-599, 557, 504 nm

AN
A
~_00CCyF
Ni _c C;F,COONa N\Co/ 37
~
O L0~ Dry DCM Q N, ©QOCCsF;
N rt, 8 hr N\ //

(2) (8)

Scheme 2.11 Synthesis of [(PMOQ)Co(CsFCOO),]

22423 Preparation of (1, 3 bisquinoxy-8-yloxy propane) Cobalt (I1)
heptafluor obutyrate (9)

The complex was prepared by the reaction of sodium heptafluorobutyrate (0.132 g,
0.05 mmol) and [dichloro (1,3 bisquinoxy-8-yloxy propane) Cobalt (11)] (3) (0.045 g, 0.1
mmol) using similar procedure discussed in section 2.2.4.2.1.
The observed analytical and spectral data are given below:

[(BQOP)Co(C3F7COO0),] (9): Yield 41%, M.P.: 220 °C, decomposed; analyses (%) obs.
(calc.): C: 42.70 (42.72), H: 2.22 (2.23), N: 3.41 (3.44); IR (KBr, Cm™): 2900(C-H); 1250
(C=N); 1725 (C=0); 1535 (C=Car, asym); 1463 (C=Car, sym); 1120 (C-O-akyl chain);
1107 (C-Oar). ESI-MS (m/z): [Co(OOCC3F;) (CoHsNOCH,)(0)]" 446, [Co(OOCCsFs)
(CoHeNOCH)]" 391, [Co(OOCCsF3)(CoHsNOCH,)]" 353, [Co(CoHeN)]™ 186,
[Co(C7HgN)]" 166, [C10HNO] " 160, UV: Amax-560 nm.
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O O
NN ) T oybow VAN
Cl Cl rt, 8 hr C3F;COO 0OOCC;F;

3) ©)

Scheme 2.11 Synthesis of [(BQOP)Co(C3FCOOQ),]

2.2.5 Crystal and molecular structures of [ (PMOQ)CoCl;] (2) and [(BQOP)CoCl;]
©)

When complexes (2) and (3) were subjected to re-crystallization in methanol with
slow evaporation, blue colored crystals of (2) and light purple colored crystas of (3) were
obtained. The single crystal X-ray data for (2) and (3) were collected at 150 K on Bruker
APEX-II CCD system equipped with a low-temperature attachment. Data were collected
at 150(2) K using graphite-monochromated Mo Ka radiation (ka = 0.71073 A). The
strategy for the Data collection was evaluated by using the Bruker APEX2 software. The
data were collected by the standard ‘-1 scan techniques and were scaled and reduced
using CRYSALISPRO RED software. The structures were solved by direct methods
using SHELXS-97 and refined by full matrix least squares with SHELXL-2014, refining
on F2. The positions of all the atoms were obtained by direct methods. The positions of all
the atoms were obtained by direct methods. All non-hydrogen atoms were refined
anisotropically. The remaining hydrogen atoms were placed in geometrically constrained
positions and refined with isotropic temperature factors, generally 1.2x9 Ueq of their
parent atoms. All the H-bonding interactions, mean plane anayses, and molecular
drawings were obtained using the program Ortep. Atomic coordinates, bond lengths and
angles, and thermal parameters have been deposited at the Cambridge crystallographic
data center. Symmetry transformations used to generate equivalent atoms: 'x, y, z '-x+1/2,
y+1/2, -z+1/2' '-x, -y, -Z° 'X-12, -y-1/2, z-1/2'. The crystal data and refinement are
summarized in table 2.1.



Chapter-2 73

Table 2.1 Crystal data and structure refinement for complex (2)

Complex (PMOQ)CoCl,
Empirical formula Ci5H12Cl1,CoN0O
Formulaweight 365.09

Temperature 100 K

Wavelength 0.71073 A

Crystal system, space group Monaoclinic, P 2(1)/c
Unit cell dimensions a=13271(NA a=90°

b=8.674(4)A [ =115.788(6)

c=14.099(7)A y=90°

Volume 1461.3(13)A3

Z, Calculated density 4, 1.659 gcm

Absorption coefficient 1.537 mm-1

F(000) 736

Crystal size 0.31x 0.28 x 0.16 mm3
Thetarange for data collection 2.84 10 28.94°

Limiting indices -17<=h<=18, -11<=k<=11, -19<=I<=19
Reflections collected / unique 3800/1980 [R(int) = 0.1847]
Completeness to 6 = 28.73 98.4%

Absorption correction Multi-scan

Max. and min. transmission 0.6472 and 0.7910

Refinement method Full-matrix |east-squares on F2
Data/ restraints / parameters 3800/0/190

Goodness-of-fit on F2 0.971
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Final R indices [I>20(1)] R1 = 0.0549, wR2 = 0.1427
R indices (all data) R1=0.1402, wR2 = 0.1848
Absolute structure parameter 0.83(4)

Largest diff. peak and hole 0.698 and -0.452e.A-3

Table 2.2 Crystal data and structure refinement for complex (3)

Complex (BQOP)CoCl,

Empirical formula Cz1 Hig Cl2 CoN2 O,
Formulaweight 460.20

Temperature 273K

Wavelength 0.71073 A°

Crystal system, space group Monoclinic, C 2/m

Unit cell dimensions a=15.154(13)A o =90°

14.650(14)A P =118.20(2)

10.076(9)A y=90°

Volume 1971(3)A3

Z, Calculated density 4, 1.551gcm™

Absorption coefficient 1.161 mm-1

F(000) 940.0

Crystal size 0.4x0.2x 0.3mm3

Thetarange for data collection 2.063 to 26.589°

Limiting indices -18<=h<=18, -18<=k<=18, -12<=I<=12

Reflections collected / unique 21955/2131 [R(int) = 0.0373]
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Completeness to 8 = 28.73 98.4%

Absorption correction Multi-scan

Max. and min. transmission 0.7454 and 0.5325

Refinement method Full-matrix |east-squares on F2
Data/ restraints / parameters 3800/0/190

Goodness-of-fit on F2 0971

Final R indices [1>20(1)] R1=0.0284, wR2 = 0.0790

R indices (all data) R1=0.0331, wR2 = 0.0790
Absolute structure parameter 0.83(4)

Largest diff. peak and hole 0.698 and -0.452e.A-3

2.3 Resultsand discussion

2.3.1 Synthesisand characterization

The preparation of some new cobalt (II) mixed chloro complexes from quinoline
derivatives have been achieved. The quinoline derived ligands in the present studies
include di, tri and tetradentate chelates. The X-ray crystal structures of the complexes
have revealed interesting and diverse modes of coordination.

The reactions of the complexes with sodium salt of pentafluorophenol and
heptafluorobutyric acid have also been carried out. In both cases products with chlorides
replaced was obtai ned.

To confirm structure of the synthesized compounds and characterize the complexes
various analytical and spectral techniques including microanalysis (CHN), IR, Mass, UV
and single crystal X-ray analysis were performed. All these metal complexes are non-
hygroscopic in nature, stable at room temperature. These metal complexes are insoluble
in water and partially soluble in chloroform, dichloromethane, ethanol and methanol but
completely solublein DM SO.
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2.3.2 Elemental analysis

The observed elemental (C, H, N) analytical data of all the complexes are consistent
with their compositions. It appears from the formulation of the complexes that the ligand
1, 2 and 3 are serving as bidentate, tridentate and tetradentate ligands respectively in
them. In order to authenticate the coordination mode of the ligands in these complexes,

structure of the complexes (2) and (3) have been determined by X-ray crystallography.

2.3.3 Description of X-ray structureof complex (2)

The atom numbering schemes for this complex is given in Figure 2.1 with the relevant
bond distances and angles collected in Table 2.2. The structure shows that the complex
consists of a molecule of PMOQ coordinated to CoCl, unit in a distorted trigonal
bipyrapidal environment. The ligand formally acts as an N, N’- bidentate ligand with the
formation of eight membered chelate ring. However, the ligand contorts itself that brings
the non-coordinated ether oxygen atom closer to the cobalt atom. The Co(1)-O(1)
interatomic distance is 2.342 A° which is significantly less than the Vander Waals radii,
viz. 3.15 A° [51, 53]. This interaction is shown as a dotted line in fig. 2.3. Similar
interaction of this ligand has been reported with PdCl; [53].

The cobalt (I1) chloride complex (2) crystallizes in the monoclinic space group p21/c and
consists of ligand (PMOQ) chelating the CoCl, unit. Thus the ligand acts as (N- O- N’)
tridentate donor and forms two fused rings. The coordination environment around the Co
atom is best described as distorted trigonal bipyramidal with a tetragonal component of
structural index Tt = 0.43[= (B-0)/60, where B = 115.788° & o = 90°]. For perfectly
tetragonal geometry T is equal to zero while it becomes unity for perfectly trigonal
bipyramidal geometry [51]. The ether O(1) and CI(2) occupy axia positions while two
nitrogens N(1), N(2) and ClI(1) occupy the equatorial positions. The bond distances in
equatoria plane are not equal in length: Co(1)-N(1)= 2.094(3) A°, Co(1)-N(2)= 2.074(4)
A° and Co(1)-Cl(2)= 2.2717(15) A°. Also bond length for the axial atoms are not equal in
length: Co(1)-O(1)= 2.342(3) A°and Co(1)-Cl(2)= 2.2850(3) A°. The axia angle CI(2)-
Co(1)-O(1) = 171.68(8) ° deviates slightly from the ideal co-ordination angle of 180°. The
equatorial bond angles [N(2)-Co(1)-CI(1)] = 120.92°, [N(1)-Co(1)-Cl(1)] = 119.35° and
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[N(2)-Co(1)-N(1)] = 105.26° revea distortion from the perfectly trigonal bipyramidal
geometry.

Table 2.3 Important bond length and angles of complex [(PMOQ)CoCl;] (2)

Bond lengths

Co(1)-N(2) 2.074 (4) C(4)-C(5) 1.412(6)
Co(1)-N(2) 2.094 (3) C(4)-C(6) 1.407(6)
Co(2)-Cl(2) 2.2717(15) C(1)-C(2) 1.399(6)
Co(1)- CI(2) 2.2850 (15) | C(4)-C(3) 1.414(6)
Co(1)-0(2) 2.342 (3) C(10)-H(10) 0.9300
O(1)-C(9) 1.387(5) C(2)-H(2) 0.9300
O(1)-C(15) 1.450(5) C(5)-C(4) 1.433(5)
C(14)-C(13) 1.383(5) C(6)-C(7) 1.361(6)
C(14)-C(15) 1.494(5) C(7)-C(8) 1.403(6)
C(13)-H(13) 0.9300 C(15)-H(15A) 0.9700
C(1)-C(2) 1.399(6) C(15)-H(15B) 0.9700
C(4)-C(6) 1.407(6) C(12)-C(11) 0.9300
Bond Angles

N(2)-Co(1)-N(1) 105.26(13) | C(8)-C(9)-C(5) 120.7(4)
N(2)-Co(1)-ClI(1) 121.92(10) 0O(1)-C(9)-C(5) 114.5(3)
N(1)-Co(1)-ClI(1) 119.35 (10) N(2)-C(1)-C(2) 122.0(4)
N(2)-Co(1)-CI(2) 100.70(9) C(6)- C(4)- C(5) 118.3(4)
N(1)-Co(1)-CI(2) 102.45(10) | C(6)- C(4)- C(3) 123.4(4)
C(11)-Co(1)-CI(2) 103.62(5) C(5)- C(4)- C(3) 118.3(4)
N(2)-Co(1)-O(1) 73.61(11) N(1)- C(10)- C(11) 122.0(4)
N(1)-Co(1)-O(1) 73.80(11) N(1)- C(10)- H(10) 119.0
Cl(1)-Co(1)-0(2) 84.63(8) C(11)- C(10)-H(20) 119.0
Cl(2)-Co(1)-O(2) 171.68(8) C(3)- C(2) C(2) 120.8(4)
C(9)-O(1)-C(15) 117.9(3) C(3)- C(2) -H(2) 119.6
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C(9)-O(1)-Co() 106.1(2) C()- C(2) -H(2) 119.6
C(15)-0(1)-Co() 106.1(2) C(7)- C(6)- C4 120.1(4)
C(14)-N(1)-C(10) 118.2(3) C(7) —=C(6)- H(6) 119.9
C(14)-N(1)-Co(2) 119.9(3) C(4) -C(6) -H(6) 119.9
C(10)-N(1)-Co() 121.9(3) N(2)- C(5)- C(9) 118.6(4)
N(1)-C(14)-C(13) 122.2(4) N(2)- C(5)- C(4) 121.6(4)
N(1)-C(14)-C(15) 116.0(3) C(9)- C(5)- C(4) 119.8(4)
C(13)-C(14)-C(15) 121.7(4) C(6) -C(7) -C(8) 121.6(4)
C(1)-N(2)-C(5) 118.5(4) C(6)- C(7)- H(?) 119.2
C(1)-N(2)-Co(1) 121.9(3) C(8)- C(7)- H(?) 119.2
C(5)-N(2)-Co(1) 119.6(3) C(2)- C(3)- C(4) 118.9(4)
C(12)-C(13)-C(14) 119.2(4) C(2)- C(3)- H(3) 120.6
C(12)-C(13)-H(13) 120.4 C(4)- C(3)- H(3) 120.6
C(14)-C(13)-H(13) 120.4 O(1)- C(15) -C(14) 110.2(3)
C(8)-C(9)-0(1) 124.6(4) O(1)- C(15)- H(15A) 109.6
C(14)- C(15)- H(15A) 109.6 C(9)- C(8)- C(7) 119.4(4)
O(1)- C(15)- H(15B) 109.6 C(9)- C(8)- H(8) 120.3
C(14)- C(15)- H(15B) 109.6 C(7)- C(8)- H(8) 120.3
H(15A)- C(15)- H(15B) | 108.1 C(12)- C(11)- C(10) 118.8(4)
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Figure 2.3 Perspective view of the structure of the cobalt complex [(PMOQ) CoCl;] (2)
2.3.4 Description of X-ray structure of complex (3)

Figure 2.2 shows atom numbering scheme and perspective view of the X-ray structure of
the complex 3, which crystallizes in the monoclinic space group C 2/m with a
crystallographic mirror plane passing through the centra methylene carbon and the
CoClI2 unit. The ligand acts as N,0,0’,N’-tetradentate forming two five membered and
one six membered chelate ring. The coordination geometry of the complex shows most
likely octahedral coordination of the cobalt atom. The basal plane is described by two N
atoms of quinoline at distances [Co(1)-N(1)=2.0931A°] and [Co(1-N(1a)= 2.0931(2) A
and two ether bridged O atoms at distances of [Co(1)-O(1)= 2.1859 A°] and [Co(1)-O(1)=
2.1859 A°]. The apical positions are occupied by two Cl atoms at distances [Co(1)-Cl(1)=
2.3914(18) A° and [Co(1)-Cl(2)= 2.4451 (18) A°]. The distortion from octahedral
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geometry is evident from deviation in bond angles viz. bond angles [N(1)-Co(1)-N(1)=
116.13(10)7, [N(1)-Co(1)-O(1a)= 76.76 (8)°] instead of ideal 90°. Largest deviation from
optimal octahedral coordination isin the N-Co-N angle [116.13(10)°], which is increased
by the adjacent three fused chelate rings and in order to avoid steric interactions between
the quinoline rings[15]. Bond angles [O(1)-Co(1)-O(1a)= 90.03(10)°], [N(1)-Co(1)-
Cl(1)= 92.75(5)°], [N(1a)-Co(1)-Cl(1)= 116.13(10)°] are close to ideal 90°. Trans axia
bond angles of the complex [N(1)-Co(1)-O(1)= 166.29(5)°, [CI(1)-Co(1)-CI(2)=
175.38(2)°] diverge from perfect angle 180° showing slight distortion from octahedral
geometry.

Table 2.4 Important bond length and angles of complex [(BQOP)CoCl,] (3)

Bond lengths

Co(1)-N(2) 2.093(2) C(7)-C(6) 1.497(3)
Co(1)-N(1a) 2.093(2) C(7)-H(8B) 1.00(3)
Co(1)-0(2) 2.1859(18) C(7)-H(8A) 0.95(3)
Co(1)-0(2) 2.1859(18) C(6)-H(4B) 0.98(2)
Co(1)-Cl(2) 2.3914(18) C(6)-H(4A) 0.88(3)
Co(1)-Cl(2) 2.4451(19) C(5)-C(4) 1.341(4)
0O(1)-C(10) 1.368(3) C(5)-H(5) 0.98(3)
O(2)-C(6) 1.456(2) C(4)-H(6) 1.02(3)
N(1)-C(9) 1.328(2) C(3)-C(2) 1.417(4)
N(1)-C(11) 1.362(2) C(3)-H(2) 0.90(3)
C(11)-C(8) 1.415(3) C(2)-C(1) 1.345(5)
C(11)-C(10) 1.430(3) C(2)-H(3) 0.95(3)
C(10)-C(3) 1.369(3) C(D)-H() 0.99(3)
C(9)-C(4) 1.400(3) C(8)-C(5) 1.419(4)
C(9)-H(7) 0.98(2) C(7)-C(6) 1.497(3)
C(8)-C(2) 1.410(4)

Bond Angles

N1Col N1 116.13(10) C4 COH7 117.0(12)
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N1 Col O1 166.29(5) Cl1CsCll 118.6(2)
N1 Col O1 76.76(8) C1C8C5 123.7(2)
N1 Col O1 76.77(8) C11C8C5 117.67(19)
N1 Col O1 166.29(5) C6C7C6 118.7(3)
01 ColO1 90.03(10) C6 C7 HSB 110.3(7)
N1 Col Cl1 92.75(5) C6 C7 HSB 110.3(7)
N1 Col Cl1 92.75(5) C6 C7 H8A 105.7(9)
01 Col Cl1 91.16(6) C6 C7 H8A 105.7(9)
O1 Col Cl1 91.16(6) H8B C7 H8A 105(3)

N1 Col CI2 89.69(5) 01C6C7 109.60(18)
N1 Col CI2 89.69(5) O1C6 H4B 108.1(13)
O1 Col CI2 85.58(6) C7 C6 H4B 111.2(14)
O1 Col CI2 85.58(6) O1 C6 H4A 108.0(17)
Cl1Col CI2 175.38(2) C7 C6 H4A 108.7(17)
C1001C6 119.24(15) H4B C6 H4A 111(2)
C10 01 Col 113.36(12) C4C5C8 120.01(19)
C6 O1 Col 124.71(14) C4C5H5 117.2(14)
CON1Cll 118.24(16) C8 C5 H5 122.7(14)
C9 N1 Col 126.75(12) C5C4C9 119.0(2)
C11 N1 Col 114.85(13) C5 C4 H6 122.5(16)
N1C11C8 121.41(18) C9 C4 H6 118.5(17)
N1 C11C10 118.79(16) Cl0C3C2 119.5(3)
C8 C11 C10 119.80(17) C10 C3 H2 118.5(19)
O1C10C3 125.8(2) C2C3H2 121.8(19)
01 C10C11 114.57(15) C1C2C3 121.8(2)
C3C10 C11 119.6(2) C1C2H3 122.2(17)
N1 C9 C4 123.65(19) C3C2H3 116.0(17)
N1 C9H7 119.3(12) C2C1C8 120.6(2)
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Figure 2.4 Perspective view of the structure of the cobalt complex [(BQOP)CoCl;] (3)
2.3.5 Spectral Characterizations
2.3.5.1 IR spectroscopy

Infrared spectroscopy is a well known technique which is used to characterize the
complexation of the transition metal ions by the organic ligands. The polydentete ligands
normally coordinate with metal ions through nitrogen of the pyridine ring and oxygen of
the carbonyl group [18, 19]. The IR spectra of some representative complexes are shown
in Fig. 2.3-2.5. Infrared spectra of the ligands and their complexes have been assigned
and described in the experimental section as shown in figures.

The IR spectra of 8-methoxyquinoline ligand containing Co(ll) complexes displays
characteristic bands with the significant shifts due to complex formation. The band
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observed at lower frequencies as compared to free ligand (1581-1604 cm™) due to (C=N)
stretching vibrations showing coordination of nitrogen of the pyridine rings to the cobalt
metal. This observation is further supported by the new bands appeared in the region
(471-450 cm™) assigned to v(Co—N) in the above-mentioned complexes [46, 47]. Shifting
of bands than free ligand (1104-1107) cm™ for C-O of phenoxy ring at slightly higher
wave number in complexes indicating the coordination of the phenolic oxygen atom to
the cobalt ion [8]. Further strong bands appeared near 498 cm™ is attributed to v(Co-O)
vibrations and supports the coordination of metal to oxygen in complexes. The other
bands displayed near 3045-3050, 1107-1110 cm™ are attributed to v(CH,) and v(C-O)
vibrations of alkoxy group. In the IR spectra of complexes (4) and (5) bands observed at
1130 cm™ are assigned to the v(C-F) stretching vibration —CgFs as well as CFs groups.

In the IR spectral data of the 8-(Pyridin-2-ylmethoxy)-quinoline derived cobalt complexes
(2), (6) and (7) also displayed in experimental section. In the spectrum, the appearance of
v(C=N) stretching vibration at 1640-1665 cm™ is shifted to the lower-frequency region
(1568-1616 cm™) in the corresponding cobalt(ll) complexes, and suggest the
involvement of the nitrogen atom to the cobalt. The complexes also exhibits band at
1104-1107 cm™ which assigned to the v(C-O) of O-CH, group which attached to the two
pyridine rings. This band shows a dlight shift to lower or higher wave number by 6-51
cm-1 suggesting the coordination of the oxigen atoms to the cobalt metal ion in a
tridentate fashion [13, 20]. The new bands appeared in the region (420-429 cm™) and 575
cm™ assigned to V(Co-N) and (Co-O) vibrations, respectively, also support the
coordination of N and O to the metal atom in complexes (2), (6) and (7). The study and
comparison of infrared spectra of ligand and its metal complexes imply that in the cobalt
complexes (2), (6) and (7), ligand is coordinated to the metal atom by three sites and
suggesting that ligand is acts as a tridentate ligand.

The characteristic bands of the complexes (3), (8) and (9) appeared at 1560-1580
cm™*and 1265-70 cm™ are due to the azomethene nitrogen (C=N) of pyridine ring and (C-
O) of the phenalic ring. In the free ligand these bands shifted to slightly higher frequency
(5-7 cm™) compare to complexes indicating the coordination of N and O atom to meta
ion. This fact was further support by appearance of new absorption band in the region
(420-429 cm™) and 575 cm™ assigned to V(Co-N) and (Co-O) vibrations in al these
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above mentioned complexes. The observed shifts in band positions in the above
discussion are a clearly indicate that all the ligands are coordinated to the respective metal
centers and formed chelating compl exes.

2.3.5.2 M ass spectr oscopy

The ESI-mass spectral studies of some of the representative cobalt complexes, (1)-
(9) suggest monomeric nature for these derivatives. The characteristic signals for the
fragmentation of these compounds are summarized in experimental sections. On the basis
of the fragmentation pattern of the complexes (1-3) are clearly indicating the loss of
chlorine atom, which is present outside the coordination sphere and showed peaks,
attributed to the molecular ion m/z at 413 [M™ - ClI], 331 [M™ - Cl] and 543 [M*-Cl]. The
parent organic ligands peaks are appeared in the mass spectra of al the complexes at 160,
237 and 330 amu also confirmed the complex formation. This data is in good agreement
with the proposed molecular formula for these complexes.  Although, it is difficult to
rationalize the fragmentation pathways without an appropriate MS technique, yet
appearance of some molecular ion peaks at higher m/e value than the molecular ion in the

ESI mass spectra could be due to reassociation of the molecular fragments [15, 43-45].
2.3.5.3 UV-visible spectra

The UV-vis absorption spectra of all the above free ligands (MOQ, PMOQ and
BPOP) and their cobat complexes (1-9) were recorded in methanol solution against
ligands blank in the wavelength range 200-800 nm (Fig. 2.6- 2.7). The UV spectra of free
ligand as shown in fig. 2.7 indicate the absorbance at 305 nm. It supported by literature

and related to the m—m* transitions of the pyridine and benzene rings.

In the cobalt complexes of ligand MOQ (1), (4) and (5), the broad absorption band
observed at 590-540 nm which can be attributed to the n—m* transition. This band was not
appeared in free ligand UV spectra, which can be ascribed to the binding of these
coordination centers to the central metal ions. These types of band are also observed in
the previously reported cobalt complexes and confirmed the complexation of cobalt metal

to ligand.
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In the absorption spectra of the 8-(Pyridin-2-ylmethoxy)-quinoline derived cobalt
complexes (2), (6) and (7) are shown in fig.2.7. The UV spectra of the free ligand and its
cobalt complexes showed that, the appearance of absorption at 260 and 309 nm in
ultraviolet for free ligand disappear in corresponding cobalt(ll) complexes and suggest
the involvement of the ligand to the cobalt metal. The bands appeared at 260 and 309 nm
in free ligand are also due to the m—m* and n-m* transitions of the benzene and pyridine
rings, respectively. Similar to the above complexes, The cobalt complexes (2), (6) and (7)
also showed a similar broad and weak absorption bands in the UV range of 501-607 nm
was due to n—m* transition and these band are also disappear in the free ligand. Upon

complexation, the bands undergo a bathochromic shift as compared to ligand.

The UV spectra of the another complexes of cobalt derived from 1,3-bis(quinolin-
8-yloxy) propane ligand (3), (8) and (9) against ligand were also recorded in methanol at
200-800 nm region at room temperature and shown in figure 8. The UV spectral data of
the ligand and its cobalt complexes are also presented in experimental section. The
aromatic band of the ligand observed at 238 was due to the n—m* transition of benzene
and pyridine ring. Another intense band appeared at 308 nm was observed to the n-n*
transition of the non-bonding electrons present on the nitrogen of the C=N group in the
pyridine ring of ligand. As similar to the above complexes, the complexes (3), (8) and (9)
also exhibit broad and weak bands in the UV range 498-617 nm which are not observed

for ligands.

All the complexes of the cobalt(ll) (1-9) show broad and less intense shoulders at
ca 565-660 nm, which are assigned to d-d transition of the cobalt ions. The former band
is probably due to the *A-*T; (P) for Co(l1) transition of tetrahedral geometry. The above
results of UV-vis spectra are also supported by single crystal results and confirmed the
coordination of N and O to the metal atom.
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Figure 2.5 FTIR of complex (1)



Figure 2.6 FTIR of complex ( 2)
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Figure 2.7 FTIR of complex (3)
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Figure 2.17 ESI mass spectra of complex (7)
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3.1 Introduction

The synthesis and biological investigation of inorganic complexes is an interesting
developing area of bioinorganic chemistry [1-5]. In metal complexes, the central metal
ion attached to the surrounding array of anions (ligands) has an important role in the

development of anticancer metallodrug.

The interest in field of new transition metal based compounds are growing
continuously after an incredible discovery of cisplatin [6] and lead to the synthesis and
biological evaluation of palladium based heteroleptic derivatives containing oxo or
chelating ligands. The palladium (I1) complexes as nonplatinum metal complexes have
drawn its attention of the recent researchers because of its significant biological activity
aswell as better anticancer properties with less side effects along with higher lipophilicity

or solubility compared to cisplatin [7-10].

Generally Complexes of palladium with heterocyclic ligands are known to be potent
anticancer agent [11]. Some palladium complexes derived from heterocyclic aromatic
N/O-containing ligands e.g. derivatives of pyrazole, pyridine, quinoline, 1, 10-
phenanthroline and hydroxyquinoline have shown highly proficient antitumor properties
[12, 13]. Out of the many of the hydroxyquinoline ligands, 8-hydroxyquinoline is
explored as the most interesting and efficient bidentate chelating ligand due to its

multifunctional properties such as diverse bioactivities and therapeutic potentials [14].

Recently, various ligands bearing high flexibility have been designed and used to
acquire non-rigid stereochemistries which could not be accessed by using lesser flexible
ligands [15]. Various spacer groups like alkyl, ether and thioether are mostly bridged
between two donor sites to establish this flexibility of the ligands, which alow the
existence of variety of conformations of ligand [16].

Normally akyl chains were widely employed for linking two monomer units of
nitrogen heterocyclic ligands directly or via donor sites[17]. More recently, alarge range
of bridging ligands are reported in which a different spacer group propylene has been
used to associate two pyridines [18] pyrazoles [19] and other heterocycles [20].
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Covaently linked extra donor sites allows chelation at each of the metal centers which
increase the stability of the resulting complexes due to multiple coordination. One of the
well known subunit of this type of ligand is 2, 2'-bipyridine, which is one of the best
known ligand among the bridged and N-heterocyclic systems with limited flexibility
condition 2,2’-bipyridine is perhaps the most widely used chelating ligands [21-23].

7 N— /' N\
=N  N=

Figure 3.1 2,2’-bipyridine

Complexes of thisligand have been studied extensively for the photocatal ytic activity
e.g., tris(2,2"-bipyridine)iron(l1) (Fe(bpy)s %) and Ru(bpy)s ** complexes represents an
important class of compounds that possess a rich range of photocatalytic properties [24-
25].

Figure 3.2 2,2’-bipyridine complexes with Fe** and Ru?* showing photocatalytic
property

Among the other ligands of this category used for coordination studies of bispyrazole
derivatives have also been undertaken. The ligands of this type employed are both
directly linked pyrazoles and pyrazoles linked via an alkyl group. The chemistry of linked
pyridine ligands have also been studied extensively among which tripyridine is
significant. Among the class of flexible ligands with bridged heterocyclic ligands the
chemistry of quinoline has received limited attention [26]. This type of ligands has
recently been well appraised [27]. Only few examples on linkage N-O donor chelating
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subunits are described previously, however, N-O donor chelating ligands like 8-
hydroxyquinoline were extensively used in coordination chemistry as ligands since very
long time [28].

Figure 3.3 Ag, Ni and Cu complexes of bridged 8-hydroxyquinoline ligands

Synthesis of inorganic nanomaterials have drawn considerable attention in materia
science and nanotechnol ogy over the last few decades owing to their distinctive properties
as well as their utility in a number of fields for instance catalysis, optoelectronics,
microel ectronics, magnetic objects and many more [29-32].

The properties of inorganic nano materials such as catalytic activity and selectivity,
thermodynamic, chemical and electrical properties mostly depend on the size of the
particles and are quite dissimilar from the bulk material as a result of huge surface area
and lesser volume of the nano particles [33]. Consequently, development of synthetic
routes resulting in controlled particle size, highly dispersed and finely distributed

morphology is very important.

Palladium oxide (PdO) is a significant metal oxide of Platinum group metals and the
only well characterized oxide of palladium. It was usualy used as catalysts for catalytic
hydrogenation in organic synthesis. In recent years, the Palladium oxide (PdO) in its
modified form was mainly used as cataysts in catalytic combustion of natural gases and

liquid-phase oxidation of alcoholsin presence of oxygen [34-38].

Various traditional methods have been explored for the synthesis of nanosized PdO
including heat decomposition [39], oil-bath heating [40], Microwave irradiation [41] and
biosynthesis methods [42]. The synthesis of PO was mostly done by heat decomposition
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of PA(NO3), which required a prolonged heating at higher temperature, during oil-bath
heating considerably agglomerated particles were produced while the microwave method
needs specific chemicals. The biosynthetic route may cause difficulty during purification
and could manipulate the properties of the target nano materials [43]. However, so far
there were very few synthetic routes reported for size-controlled preparation of PdO
nanoparticles. Although some of the synthetic methods are available for the preparation
of PdO nanoparticles some of which are discussed above, yet there is necessity for
development of more a convenient and versatile technique for the synthesis of

nanoparticles of desired sizes.

Currently, the synthesis of nanostructured material via sol gel method is attracting
great interest because of the obvious benefits, such as economics, energy efficiency, and
environmental friendliness [44-47]. Thisisawidely accepted method for the development
of nanostructures like nanorods, nanowires and nanobelts as a consequence of the
simplicity, easy handling process as well as ability of controlling particle size. This
method can aso control the structure of the crystal crystal as well as morphology of the
particle by means of varying different parameters such as electronic environment of the

precursor, pH, concentration and processing temperature [47-49].

Besides these parameters there are some other factors like nature of the ligands,
coordination number of the central metal atom as well as rate of hydrolysis which also
control the size of nano particles and their morphology [50, 51]. In the field of material
chemistry, so far there is no report on synthesis of Palladium oxide using sol gel

technique.

Palladium(I1) complexes have been widely explored due to their remarkable structural
variations and coordination geometries, which makes them prospective precursors for
sol-gel method. Although, for the synthesis of nano particles of various metal oxides sol-
gel method has been widely used however, the potential of this method for the
preparation of nanosized palladium oxide has not been efficiently studied.

Consequently, in this chapter we have worked on the synthesis, characterization and
the biological application of palladium complexes with bis(quinolinum) ligands in which
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ligands contain two quinoline-oxo subunits linked by akyl chains. One of the Pd
derivatives from the above complexes was used as precursor for the synthesis of palldium
oxide nanostructure using sol-gel method. It is worthy to mention that the preparation of
stable palladium oxide (PdO) nano particles using sol—-gel method, from bis(quinolinum)
modified palladium complexes as precursors, is being reported here for the very first time
to the best of our knowledge.

3.2 Experimental
3.2.1 General procedure and materials

Analytical grade 8-hydroxyquinoline (99%) was procured from Sigma-Aldrich and
were used as received. Palladium (1) chloride was obtained from Thermo-fisher
Scientific (India). Analytica grade solvents purchased from Rankem, India used in the
experimental work and were purified by standard methods prior to use [52]. The
preparation of the complexes (1-4) was carried out in anhydrous conditions under
nitrogen. Ligands were synthesized using previously reported methods [53]. Palladium
was estimated as PdO and nitrogen was estimated using Kjeldahl’s method [52]. IR
gpectra [4,000-400 cm-1] were recorded using dry KBr pellets on a PerkinElmer
Spectrum Version 10.4.00, FT-IR spectrometer. NMR ['*H and *C{'H}] data were
collected on JEOL FX 300 FT-NMR spectrometer in CDCl3; or DMSO-ds solution at
400.4 MHz and 75.45 MHz frequencies for *H and *C{*H} NMR spectra, respectively.
ESI-mass spectra of the complexes were obtained from Water Xevo G2S Q-TOF with
Ultra Performance Liquid Chromatography system, model UPL C-class using methanol as
solvent. Thermogravimetric analyses (TGA) of palladium complexes were carried out on
Perkin Elmer Pyris. The measurements were done under flowing nitrogen environment at
a heating rate of 10°C/min from 30 to 800 °C. The XRD pattern of the samples were
performed on Panaytica X’Pert PRO MPD diffractometer (model 3040). X-ray of
wavelength 0.154 nm were generated using a sealed tube and the (Cu K-a). SEM and
EDX were performed using powder samples on Carl-Zeiss (30 keV) make and model
EVO. TEM was carried out on TECHNAI G? 20 (FEI) North America, and Bruker,
Germany. For TEM analysis particles of the sample were dispersed in the methanol and a
drop of this dispersion was placed on the copper grid coated by carbon. This copper grid

was further alowed to dry overnight before the TEM analysis. Raman spectra were
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performed using STR-500CONFOCAL MICRO RAMAN SPECTROMETER (Raman
system, USA) having excitation laser of k = 532 nm. Raman spectra were recorded in the
range 200-1500 cm™. Absorption spectra of all the samples were obtained using
LAMBDA 750 (Perkin EImer) UV-Vis NIR spectrophotometer of wavelength range 400
to 800-nm. The C, H, N anayses were carried out using Thermo scientific Flash 2000.

3.2.2 Synthesisof ligands
3.2.2.1 Synthesis of 8-methoxyquinoline (MOQ), 1,3-bis(quinolin-8-yloxy)propane
(PMOQ) and 8-(2-Pyridylmethoxy)quinoline (BQOP)

Synthesis and characterization of ligands 8-methoxyquinoline (MOQ), 1,3-
bis(quinolin-8-yloxy)propane (PMOQ) and 8-(2-Pyridylmethoxy)quinoline (BQOP) were
already discussed in the experimental section of previous chapter.

3.2.2.2 Synthesis of 1,6-bis(quinolin-8-yloxy)hexane (BQOH)

Tetracoordinating ligand 1, 6-bis(quinolin-8-yloxy)hexane (BQOH) was
synthesized from 8-Hydroxyquinoline (2 mmol), 1,3-dibromopropane (1 mmol) and
potassium carbonate (10 mmol) in dry acetone. The reaction mixture was refluxed with
constant stirring for 12 hr on a hot plate magnetic stirrer and cooled. The resulting white
solid was recrystallized from ethyl acetate/pet ether mixture. This ligand was
characterized by proton NMR and single crystal X-ray anaysis.

N /\/\/\/Br K,CO3, Dry Acetone
= Rellux 24 hr
N
OH

8-Hydroxyquinoline 1,6-dibromohexane 1.6-Bis(8-quinoxy octane)
(BQOH)

Scheme 3.1 Synthesis of 1,6-bis(quinolin-8-yloxy)hexane

The synthetic and analytical data of ligand (BQOH) are summarized below:

M.P.- 110 °C, Yield: 58%. Anal. (%) obs. (calc.) for CoHxuN>O, (372.18): C, 77.34
(77.39); H, 6.47 (6.50); N, 7.50 (7.52) %: *H NMR (CDCl3 400 MHz) &: 8.43 (dd, 2H, -
CH=N); 8.09 (dd, 2H, -CH=C-0O); 7.40 (m, 6H, Ar proton); 7.05 (dd, 2H, -CH); 4.25 (t,
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4H, -OCH,); 1.65 (quintet, 4H, -CH,-CH,-CH,). *C NMR (CDCl3, 400.4 MHz): 3 154.9
(C-8); 5 149.4 (C-2); & 140.5 (C-10), & 135.9, & 68.9 (C-11), 29.0 (C-12), 26.0 (C-13),
129.5, 126.7, 121.5, 1119.4, 108.7 (Ar. Carbon).

Crystal and molecular structure of 1, 6-bis(quinolin-8-yloxy)hexane, CzsH24N202
(BQOH)

Transparent colorless good quality crystals of ligand (BQOH) were obtained from
recrystallisation with isopropanol. A block crystal of Cy4H24N2O, was mounted on glass
fibres. X-Ray Crystallography data were collected on a 150 K on Bruker APEX-I1 CCD
fitted with graphite-monochromated Mo-K, radiation so that 6 = 29.01°. Data
collection and cell refinement gave cell constants corresponding to monoclinic cells
whose dimensions and other experimental parameters are given in Table 3.1. The
structures were resolved by direct methods and refinement was done on F? using data
which had been corrected for absorption effects with an empirical procedure, with non-
hydrogen atoms modeled with anisotropic displacement parameters with hydrogen atoms

in their calculated positions. Molecular structure was drawn using ORTEP.

Table 3.1 Crystallographic data, data collection and structure refinement parameters for
C24H24N202

Compound Ligand (BQOH)
Empirical formula CaaH2aN20;
Formulaweight 372.45

Temperature 100 K

Wavelength 0.71073 A

Crystal system, space group Monoclinic, P2(1)/n
Unit cell dimensions a=14.816(6)A o =90°

7573(3)A B =90.797(5)

17.874(8) A y=90°
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Volume 2005.3(14)A3

Z, Calculated density 4, 1.234gcm?

Absorption coefficient 0.079 mm-1

F(000) 792

Crystal size 0.32x 0.22 x 0.18 mm3
Thetarange for data collection 1.77 to 29.010°

Limiting indices -19<=h<=19, -10<=k<=10, -24<=I<=24
Reflections collected / unique 5238/2179 [R(int) = 0.1608]
Completeness to 8 = 28.73 98.4%

Absorption correction Multi-scan

Max. and min. transmission 0.9860 and 0.9752

Refinement method Full-matrix |least-squares on F2
Data/ restraints/ parameters 3800/0/190

Goodness-of-fit on F2 0.971

Final R indices [1>2a(1)] R1 =0.0549, wR2 = 0.1427

R indices (all data) R1=0.1402, wR2 = 0.1848
Absolute structure parameter 0.83(4)

Largest diff. peak and hole 0.698d -0.452e.A-3

3.2.3 Synthesisof palladium (I1) complexes
3.2.3.1 Synthesisof palladium complexes of 8-methoxyquinoline [(MOQ), PdCl ;]

To asolution of 8-methoxyquinoline ligand (MOQ) (0.105g, 0.66 mmol in ~15 ml
of methanoal), PdCI, (0.058g, 0.33 mmol) was added. The mixture was stirred for 12 hours
at atmospheric temperature. Resulting mixture was filtered using whatman quality filter
paper yellow colored solid (2.43 g) obtained was re-crystallization from hot methanol and

dried under reduced pressure.
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|
X PdCl, Q O

\V4
Z MeOH Pd
N N7 /\"N
t12hr N\ /N
_0 Rt ol o
8-methoxyquinoline [((MOQ)2 PdCI2]

(MOQ)

Scheme 3.2 Synthesis of palladium complexes of 8-methoxyqguinoline

[(MOQ),PdCl,): [Yield: 4.72 g, 58%], mp. 293°C, Elemental analysis (%) obs. (calc.) :
C: 48.45 (48.46), H: 3.62 (3.66), N: 5.63 (5.65); M.W.: 501.21 (493.98), FT-IR, v, cm-1:
2924 (C-H of O-CHg); 1616 (C=N); 1510 (C=Car, asym); 1467 (C=Car, sym); 1372 (C-
N-alkyl chain); 1270 (C-O-alkyl chain); 1052 (C-Oar), 537 (Pd-O), 420 (Pd-N), *H NMR
(300.13 MHz, DM SO-dg, at 25°C, & ppm): 8.21 (d, H, H%); 8.99 (d, H, H"); 7.50-7.08 (m,
3H, other aromatic protons); 4.10 (t, 2H, H)

3.2.3.2 Synthesis of palladium complexes of 8-(2-Pyridylmethoxy)quinoline [(PMOQ)
PdCl;]

PdCl, (0.32g, 1.35 mmol) was added to the MeCN solution of ligand 8-(2-
Pyridylmethoxy)quinoline (0.24g, 1.35mmol in ~20 ml of MeCN) in 1:1 molar ratio and
stirred for 5 minutes at atmospheric temperature. The resulting mixture was filtered and
washed with dichloromethane and dried under vacuum to give dark orange colored solid,
which was used as the source materia for synthesizing PA@PdO. Characterization of this

sort of precursor has been reported in the literature [53].

[(PMOQ)PACI,]: [Yield: 0.43g, 76 %], mp. 231.4°C, analyses (%) obs. (calc.) : C: 43.55
(4356), H: 2.93 (2.92), N: 6.73 (6.77); M.W.: 402.87 (411.94); FT-IR, v, cm-1: 2926
(C-H); 1553 (C=N); 1613 (C=Car, asym); 1468 (C=Car, sym); 1386 (C-O-akyl chain);
1111(C-Oar). 575 (Pd-0), 423 (Pd-N), 'H NMR (400.13 MHz, DMSO-dg, at 25°C, &
ppm): 8.11 (d, H, H?); 8.98 (d, H, H'); 8.61 (d, H, H of C=N Py); 7.64-7.05 (m, 7H, other
aromatic protons); 5.56 (s, 2H, H of —O-CH>-).
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o | X PdCl,
N~ MeOH pdA——N
C

N
\ /, rt, 12 hr [ CI
8-(pyridin-2-ylmethoxy)quinoline [((PMOQ)PdCI5]
PMOQ

Scheme 3.3 Synthesis of palladium complexes of 8-(2-Pyridylmethoxy)quinoline

3233 Synthess of palladium complexes of 1, 3-bis (quinolin-8-yloxy)propane
[(BQOP) PdCly]

An amount of 0.038g (0.21mmoal) of PdCl, was added to the methanolic solution of
ligand 1,3-bis(quinol-8-yloxy)propane (0.072g, 0.21mmol in ~20 ml of methanol) and
stirred at atmospheric temperature overnight. The resulting yellow colored solid was
filtered, washed with dichloromethane and dried under vacuum to give dark yellow
colored solid.

Yield: 53%; mp. 274°C.

% % Theon %
MeOH N
i, t?I2h /\

1,3-bis(quinolin-8-yloxy)propane (BQOP)PACI2
BQOP

Scheme 3.4 Synthesis of palladium complexes of 1, 3-bis(quinolin-8-yloxy)propane

[(BQOP)PACI,]: [Yield: 4.72 g, 98.80 %], analyses (%) obs. (calc.) : C: 49.60 (49.68),
H: 3.55 (3.57), N: 5.50 (5.52); M.W.: 498.87 (505.98); FT-IR, v, cm-1: 2923 (C-H of O-
CHyj); 1579 (C=N); 1511 (C=Car, asym); 1459 (C=Car, sym); 1378 (C-N-akyl chain);
1267 (C-O-akyl chain); 1051 (C-Oar), 535 (Pd-0), 423 (Pd-N), *H NMR (300.13 MHz,
CDCls, at 25°C, & ppm): 8.14 (d, H, H?; 8.60 (d, H, H"); 7.52-7.24 (m, 3H, other
aromatic protons); 4.81 (t, 2H, H'), 3.02 (m, 2H, H*9).
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3.2.3.4 Synthess of palladium complexes of 1,3-bis(quinolin-8-yloxy)hexane
[(BQOH)PdCI;]

A weighted amount of palladium dichloride (0.035g, 0.19 mmol) dissolved in
methanol (~15 ml) to this mixture ligand (BQOH) 0.073 g (0.19 mmol) was added and
stirred at room temperature. Stirring was continued for 12 hours at room temperature then
bright yellow colored crystalline solid obtained was filtered, recrystallized with methanol

and dried under reduced pressure.

[(BQOH)PACI,]: [Yield: 4.72 g, 58%], mp. 293°C, analyses (%) obs. (calc.) : C: 52.39
(52.43), H: 4.45 (4.40), N: 5.10 (5.10); M.W.: 540.42 (548.02), FT-IR, v, cm-1: 2924 (C-
H O-CHa); 1568 (C=N); 1535 (C=Car,asym); 1466 (C=Car, sym); 1372 (C-N-alkyl
chain); 1256 (C-O-alkyl chain); 1092 (C-Oar), 535 (Pd-0), 429 (Pd-N), *H NMR (300.13
MHz, DMSO-ds, at 25°C, & ppm): 8.25 (d, H, H?); 8.80 (d, H, H"); 7.52-7.65 (m, 3H,
other aromatic protons); 4.14 (t, 2H, H'); 2.46 (m, 2H, H*®); 1.86 (m, 2H, H*®). *C NMR
(CDCl3, 400.4 MHz): 5 155.1 (C-8); & 149.3 (C-2); & 140.3 (C-10), 5 136.3, & 69.0 (C-
11), 29.2 (C-12), 25.9 (C-13), 129.6, 127.3, 122.2, 120.0, 110.2 (Ar. Carbon).

PdC|2
MeOH / \\
rt, 12 h CI Cl

1,3-bis(quinolin-8-yloxy)hexane (BQOH) PdCl,
BQOH

Scheme 3.5 Synthesis of [dichloro{1, 3-bis(quinolin-8-yloxy)hexane} Pd(11)]

3.2.4 Sol-gel transformation of PACI, and [(PMOQ)PdCI;] to pure palladium oxide
(PdO) and Pd@PdO

[(PMOQ)PdCI;] (0.32 g, 0.77 mmol) was dissolved in a mixture of ethanol (~ 20 ml)
and THF (10 ml). Ammonia solution (2 ml) was added to this dirty yellow solution, color
of mixture turned to dark yellow and instantaneously gelation occured. The reaction
mixture was stirred for 24 hrs and then ~ 5 ml ammonia solution was added to it and was

allowed to stir for two days to make sure hydrolysis completed. The resulting gel was
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dried in a preheated oven (~100°C), dark greenish colored solid obtained was washed
with deionized water several times followed by a mixture of acetone and n- hexane. This
solid was sintered for 3 hrs at 600 °C resulting in dark green colored powder, which was
characterized as pure Pd@PdO.

PdCl, was also hydrolyzed by the above discussed method and sintered at 600°C to
yield the dark green colored powder and characterized as PdO.

3.3 Resaultsand discussion

3.3.1 Synthesisand characterization

A systematic study of the reaction of palladium dichloride with ligands (L) in 1:1 molar
ratio in MeOH have been carried out to give products of the type, [PdCI,L] in quantitative
yield . The general reaction scheme can be represented by the following equation:

MeOH
PACl, +L —————> [PdCLL]
“ Stirring
[\’\’here, L=C 1 OHQNO(MOQ). Cz]H [ SNEOQ(BQOP), C [ 5H [ EC]ZNQO(PMOQ) and
Co4Hp4N,0,(BQOH) ]

To characterize the complexes various analytical and spectral techniques were used
including microanalysis at elemental level i.e. to detect the presence of Carbon, Hydrogen
and Nitrogen, spectral studies NMR, IR, mass (ESI), UV-vis and TGA. All the thesized
metal complexes are stable at room temperature, non-hygroscopic, partly soluble in
ethanol and methanol but completely soluble in DM SO.

332 ES| massspectra

The ESI mass spectral studies of all the complexes [1-4] indicate their monomeric
nature. The distinctive fragmentation peaks for these compounds are listed in
experimental section. Some peaks appeared at higher m/e as compared to the molecular
ion peak can be assigned to reassociation of ions after fragmentation.
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3.3.3 IR Spectra

The characteristic IR bands along with their assignments are shown in experimental
section. These bands were assigned by evaluating IR spectra of metal complexes with IR
spectra of their corresponding ligands. IR spectra of ligands exhibit strong bands near
2990-3050 cm™, attributing the symmetric stretching of O-CH, group vibrations. In the
spectra of the ligands, the appearance of v(C=N) stretching vibration at 1640-1665 cm™
observed to be moved to region of lower-frequency (1568-1616 cm™) in the spectra of
corresponding palladium complexes, signifying formation of coordinate bond of the
nitrogen atom with the palladium, the appearance of new bands in the region (420-429
cm™) assigned to v(Pd—N further support coordination of ligand to the metal [54]. The
band appeared in the region 535-537 cm™ suggesting (Pd-O) vibrations, support the
coordination of oxygen atom to the metal atom [55]. The band appeared in the region of
1256-1270 cm™* of medium intensity in IR spectra of al the complexes is attributed to
V(C-0) of the alkoxy chain. The study and comparison of infrared spectra of ligands and
their metal complexes imply that all the ligands behave as dibasic ligands.

3.34 NMR spectra

The *H-NMR spectra of ligands and their metal complexes were performrd in CDCl5
and DMSO-ds. The spectral data of all these palladium complexes are summarized in
experimental section and interpreted by comparing with the spectra of parent organic
ligands (MOQ PMOQ, BQOP and BQOH) with their metal complexes. These
comparisons indicate that -CH=N proton of the pyridine rings and proton of the phenoxy
rings in ligands shifted to downfield in the complexes, thisis consistent with coordination
of nitrogen and oxygen. The other protons of the ligands did not show significant
differences between ligands and its metal complexes and reveal characteristic signals at

the expected positions with desired multiplicity.

The °C NMR spectra of ligands and their Pd(I1) complexes were recorded in CDCl5
and DM SO-ds, are accessible in experimental section. The *C resonance signals have
been assigned according to chemical shift theory. The considerable shielding (~2-3 ppm)
takes place in the position of C-O and C=N in spectra of the above complexes as
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compared to ligands, indicating coordination through the oxygen and the nitrogen to
metal. These NMR spectral data uphold the informations acquired from IR data. All the
other signalsin the *3C NMR spectra, appeared in the anticipated regions.

3.35 UV-Visible Absorption spectra

The UV-vis spectra of al the synthesized complexes (1-4) were recorded against
their corresponding ligands (MOQ PMOQ, BQOP and BQOH) blank. The absorption
spectra of the ligands (MOQ PMOQ, BQOP and BQOH) and their metal complexes are
shown in Figure 3.4. The obtained spectra indicated that the complexes have maximum
absorbance at 305 nm and ligands have maximum absorbance at 307 nm, respectively.
The ligands have minimum absorbance at the maximum absorbance of its complexes and

confirm the complexation between ligands and their complexes.

—— Pd(BQOP)
] —MOQ . -
" — PUMOQ) " BQOP
S - g ]
5 2
g | B 1
< | < ] n
_-M& ] T 7 7 T T T T T
200 300 400 500 600 700 800 mmﬁdmﬁm‘fﬁ)‘)mm
Wavdength (nm)
] 1 ——BQOH
] — (PMOQ) - —— Pd(BQOH)
8 1 —— Pd(PMOQ)
g 8
8 ]
8
g . 8
= 2 .
<
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Figure 3.4 Absorption spectra of ligands and its complexes (against ligands)
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Good quality Crystal could not be obtained for single crystal X-ray
crystallography of al the complexes. However on ageing good quality crystals of the
ligand (BQOH) were seprated out. In the absence of the single crystal structure of at |east
one of the complexes, it is hard to state upon the solid state structure of complexes.
Nevertheless, the above studies signify the possible structures for all the synthesized

palladium complexes shown in figure 3.5.

|
g\ /ENC Ng ; z N Cl CI p

[(MOQ)2PdCI2] [(BQOP)PdCI2]

T
_N— IF*,QA/N “
cl cl
[(PMOQ)PACIy] [(BQOH)PACI,]

Figure 3.5 Proposed structures of the complexes [(MOQ).PdCl], [(BQOP)PdCI],
[(PMOQ)PACI;] and [(BQOH)PCI ]

3.3.6 Crystal and molecular structure of 1,6-bis(quinolin-8-yloxy)hexane (BQOH)

When the ligand Cy4H24N20, (BQOH) was recrystallized in isopropanol, crystals
suitable for x-ray analysis were obtained. Single crystal X-ray diffraction study has been
carried out for the ligand (L4) and the selected bond lengths and angles are summarized
in Table 3.2. The ORTEP plot is displayed in Fig 3.6. The crystal system of Cy4H24N20,
Is monoclinic with space group P»(1)/n. The molecular structure of Cy4H24N2O, reveas
presence of one formula units in the asymmetric cell. The crystal structure indicates that
the ligand shows Z conformation and mirror plane symmetry. The structure of this
molecule is approximately planar and demonstrates that two 8-hydroxy quinoline rings
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are joined together by one hexyl linkage chains through two oxygen atoms. The
geometrical parameters of the aromatic rings and other atoms for ligand structure are in
good accord with each other as shown in table 3.2. Most of the important bond lengths

and angles of ligand crystal are very similar to those values reported in literature [56, 57].

Probh = 50
Temp = 100

W
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(7031

20 2017

PLATON-May 25 07:

[

16 btk plé P2lL) s n R = 0.03 HES= [ 48 X

Figure 3.6 Crystal structure of ligand [1,6-bis(quinolin-8-yloxy)hexane]
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Table 3.2 Important bond length and angles of ligand [1, 6-bis(quinolin-8-yloxy)hexane]

118

(BQOH)

Bond lengths

O(1)- C(9) 1.366(3) O(1)- C(10) 1.442(3)
O(2)- C(16) 1.368(3) O(2)- C(15) 1.438(3)
N(1)- C(5) 1.315(3) N(1)- C(2) 1.374(3)
C(1)- C(2 1.424(3) C(1)- C(9) 1.434(3)
C(15)- C(14) 1.515(3) C(15)- H(15A) 0.9700
C(15)- H(15B) 0.9700 C(10)- C(11) 1.519(3)
C(10)- H(10A) 0.9700 C(10)- H(10B) 0.9700
C(21)- N(2) 1.368(3) C(21)- C(20) 1.429(3)
C(21)- C(16) 1.433(4) C(16)- C(17) 1.370(3)
C(14)- C(13) 1.525(3) C(14)- H(14A) 0.9700
C(14)- H(14B) 0.9700 C(11)- C(12) 1.534(3)
C(11)- H(11A) 0.9700 C(11)- H(11B) 0.9700
C(18)- C(19) 1.357(4) C(18)- C(19) 1.357(4)
C(12)-C(13) 1.529(3) C(18)- C(17) 1.416(3)
C(12)- H(12A) 0.9700 C(18)- H(18) 0.9300
C(12)- H(12B) 0.9700 C(19)- H(19) 0.9300
C(8)- C(9) 1.374(4) C(17)- H(17) 0.9300
C(8)- C(7) 1.413(3) C(6)- C(7) 1.362(4)
C(8)- H(8) 0.9300 C(6)- H(6) 0.9300
C(2)- C(6) 1.414(4) C(22)- C(23) 1.353(4)
C(2)- C(3) 1.416(3) C(22)- H(22) 0.9300
N(2)- C(24) 1.323(4) C(7)- H(7) 0.9300
C(20)- C(22) 1.413(4) C(23)- C(24) 1.408(4)
C(20)- C(19) 1.413(4) C(23)- H(23) 0.9300
C(13)- H(13A) 0.9700 C(24)- H(24) 0.9300
C(13)- H(13B) 0.9700 C(5)- H(5) 0.9300
C(4)-C(3) 1.358(4) C(3)- H(3) 0.9300
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C(4)- C(5) 1.403(3) C(4)- H(%) 0.9300
Bond Angles

C(9)- O(1)- C(10) 116.29(19) | C10 C11 H11B 109.9
C(16)- O(2)- C(15) 117.36(19) | C12 C11H11B 109.9
C(5)- N(1)- C(1) 117.0(2) H11A C11H11B 108.3
N(1)- C(1)- C(2) 122.5(2) C13C12C11 114.5(2)
N(1)- C(1)- C(9) 118.8(2) C13 C12 H12A 108.6
C(2)- C(1)- C(9) 118.7(2) C11 C12 H12A 108.6
O(2)- C(15)- C(14) 107.4(2) C13 C12H12B 108.6
O(2)- C(15)- H(15A) 110.2 C11 C12 H12B 108.6
C(14)- C(15)- H(15A) 110.2 H12A C12 H12B 107.6
O(2)- C(15)- H(15B) 110.2 C9C8C7 120.4(2)
C(14)- C(15)- H(15B) 110.2 C9 C8 H8 119.8
H(15A)- C(15)- H(15B) | 108.5 C7 C8H8 119.8
O(1)- C(10)- C(11) 109.2(2) 01C9C8 124.6(2)
O(1)- C(10)- H(10A) 109.8 01C9C1 115.6(2)
C(11)- C(10)- H(10A) 109.8 C8C9C1 119.8(2)
O(1)- C(10)- H(10B) 109.8 C6C2C3 123.1(2)
C(11)- C(10)- H(10B) 109.8 C6C2C1 119.8(2)
H(10A)- C(10)- H(10B) | 108.3 c3cz2C1 117.1(2)
N(2)- C(21)- C(20) 122.5(3) C24 N2 C21 117.1(2)
N(2)- C(21)- C(16) 118.8(2) C22 C20C19 124.1(2)
C(20)- C(21)- C(16) 118.7(2) C22 C20 C21 116.8(3)
0(2)- C(16)- C(17) 124.8(2) C19 C20 C21 119.1(3)
O(2)- C(16)- C(21) 115.0(2) C14 C13C12 110.6(2)
C(17)- C(16)- C(21) 120.2(2) C14 C13 H13A 109.5
C(15)- C(14)- C(13) 114.7(2) C12 C13 H13A 109.5
C(15)- C(14)- H(14A) 108.6 C14 C13 H13B 109.5
C(13)- C(14)- H(14A) 108.6 C12 C13H13B 109.5
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C(15)- C(14)- H(14B) 108.6 H13A C13 H13B 108.1
C(13)- C(14)- H(14B) 108.6 C6C2C3 123.1(2)
H(14A)- C(14)- H(14B) | 107.6 C6C2C1 119.8(2)
C(10)- C(11)- C(12) 109.0(2) C3C2C1 117.1(2)
C(10)- C(11)- H(11A) 109.9 C24 N2 C21 117.1(2)
C(12)- C(11)- H(11A) 109.9 C19 C18 H18 119.6
C(22)- C(20)- C(19) 124.1(2) C17 C18 H18 119.6
C(22)- C(20)- C(21) 116.8(3) C18 C19 C20 120.9(2)
C(19)- C(20)- C(21) 119.1(3) C18 C19 H19 119.6
C(14)- C(13)- C(12) 110.6(2) C20 C19 H19 119.6
C(14)- C(13)- H(13A) 1095 C16 C17 C18 120.3(3)
C(12)- C(13)- H(13A) 109.5 C16 C17 H17 119.8
C(14)- C(13)- H(13B) 1095 C18 C17 H17 119.8
C(12)- C(13)- H(13B) 1095 C7C6C2 119.9(2)
H(13A)- C(13)- H(13B) | 108.1 C7 C6 H6 120.0
C(3)- C(4)- C(5) 118.5(2) C2 C6 H6 120.0
C(3)- C(4)- H(4) 120.8 C23 C22 C20 120.5(3)
C(5)- C(4)- H(4) 120.8 C23 C22 H22 119.7
C(4)- C(3)- C(2) 120.0(2) C20 C22 H22 119.7
C(4)- C(3)- H(3) 120.0 C6C7C8 121.3(3)
C(2)- C(3)- H(3) 120.0 C6 C7 H7 119.3
N(1)- C(5)- C(4) 125.0(3) C8 C7 H7 119.3
N(1)- C(5)- H(5) 1175 C22C23C24 118.4(3)
C(4)- C(5)- H(5) 1175 C22 C23 H23 120.8
C(19)- C(18)- C(17) 120.8(3) C24 C23 H23 120.8

3.4 Sol-gd transformations of PdCl, and [PMOQPACI;] to pure palladium oxides
(PdO) (@) and Pd encapsulated by PdO surface [Pd@PdO core-shell] (b)

nanoparticles.
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Precursors Sol-gel transformations of PdCl, and [(PMOQ) PdCl,] to pure palladium
oxides (a) and PA@PdO core shell (b), respectively have been carried out by following
method:

Hydrolysis (i) Dried >100°C

with stirring (ii) Washing
Ageing (iii) Sintering

Solution of the precursor Formation of
PdCl;+ EtOH+THF+1MI PdO nanoparticles
NH; (a)

(i) Dried =100°C

(ii) Washing f. ® o
Sol-gel process .FH (iii)Sintering L
— —+ e (e
,\r\". [ J
Solution of the precursor / ,\N". I
PdCL,.C,sH,,CL,N,0 +

v . . I(_\
EtOH+THF+IMI NH; Palladium oxide Chelating ligand Pd@PdO
Chelating ligand network Core-shell
nanoparticles

(b)

Scheme 3.6 Formation of PdO and Pd@PdO nanoparticle by sol-gel method

The composition and purity of resulting palladium oxides (a) and (b) were
characterized by FT-IR and EDX spectral analysis. The crystal structure, size of crystal
and phases were studied by XRD and further HRTEM confirmed the results. The
morphologica study of the prepared PAO and Pd@PdO nanoparticle were made by FE-
SEM analysis. The XRD patterns of the samples were recorded in the range 26 = 20-70°
using astep size of 0.02 Degree.

The powder X-ray diffraction patterns of synthesized palladium oxide samples (a) and
(b) are shown in Fig.3.7. A comparative study of the XRD spectra of both the samples
indicate the formation of PdO (tetragonal phase) for (@) and Pd@PdO (cubic and
tetragonal phase for Pd and PdO, respectively) for (b). In the XRD pattern of sample (a),
reflection peaks at 26 = 33.75, 41.80, 54.61, 60.06, and 60.65 belong to the pure
tetragonal phase PdO obtained, indexed to the planes (100), (101), (110), (112), (103) and



Chapter-3 122

(200) (JCPDS#85-0713) [58]. The XRD pattern of the sample (b), indicated both the
formation of cubic (fcc) Pd and tetragonal PdO phase; reflections from the (111), (200)
and (220) planes of Pd(0) and (101), (110), (112), (103) and (200) planes of PdO were
observed (JCPDS # 46-1043 and 85-0713) [58]. The lattice parameters calculated were a=
3.02A b=3.02A c=531A for samples(a & b) (tetragonal) anda=b=c=3.89 A
for Pd of PA@PdO of sample (b) (cubic). The appearance of a core-shell structure

comprising of a PdO shell encapsulating a Pd(0) core (shown by blue trace in Fig.3.6)
suggesting that there is incomplete oxidation of Pd to PdO occured even at high
temperature (600°C). The average crystalline size of both the PdO and Pd@PdO samples
{~30.1 nm (a), and ~33.01 nm (b)} were calculated taking reflections planes (101), (110),
and (111), by using the Debye-Scherrer equation [59]. The full-width at half maximum
(FWMH) of the spectral peaks in both the samples are sharp, which proposes crystalline

nature of the samples.
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Figure 3.7 Powder XRD pattern of (a) PdO and (b) Pd@PdO formed by [PdCl,] and
[(PMOQ)PACI;] respectively using sol-gel technique at 600 °C
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In the FT-IR spectra of palladium oxide samples, the absorption bands observed
around at 606-608 cm™ and at 661-666 cm™ appeared because of the Pd-O stretching and
bending vibrations. These peaks further supported the formation of PdO in both the
samples [56]. The appearance of absorption band between the region of 3430-3439 and
1631-1652 cm™* point out the stretching mode and bending vibrational mode of hydroxyl
group (-OH) because of the absorption of atmospheric moisture during sample handelling
[60].

The surface morphology of the prepared samples were studied using scanning
electron micrographs (SEM) technique, the SEM images are shown in Fig.3.9. These
Images suggest agglomerated granular morphologies for both the samples (a) and (b) with
nano sized crystallite. SEM image shows the homogeneity of particles and the particles of
good quality having approximately consistent diameter, confirming the reproducibility of
the method.

In order to investigate the composition of samples, energy dispersive X-ray analysis
(EDX) (Fig.3.9) of these samples were performed which signified the formation of pure
PdO and Pd@PdO in desired composition.

The formation of core-shell PA@PdO structure was established by using electron
microscopy studies. Further characterization of the core-shell nano materials was carried
out using transmission electron microscopy (TEM) and the selected area electron
diffraction (SAED) pattern as shown in Fig.3.10 (a). The TEM images of the PdO sample
(a) indicates formation of polygonal shaped granules of different sizes ranging from 20 to
90 nm where as the TEM image of Pd@PdO core-shell sample (b) shows the broad
distribution of spherica type morphology with average diameter of varying from 10-100
nm with presence of nano-sized crystallites. The SAED pattern of samples (a) and (b)
indicates polycrystalline nature of both the samples and this result was supported by XRD
data. The SAED pattern of PA@PdO core-shell [3.10(b)] identified the formation of both
Pd and PdO phases.

The HRTEM images of (a) & (b) signify occurrence of multiple crystals signifying
their polycrystalline nature (Fig. 3.11). The d-spacing measured by HRTEM and the
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planes obtained by SAED patterns were corroborated with the XRD results of the
samples. Thus the results obtained from integrated powder XRD and electron microscopy
(HRTEM & SAED) indicated the generation of a Pd@PdO core-shell structure for
sample (b) and tetragonal for (a).

The UV-visible absorption spectra of both the samples are shown in fig.3.13. It
demonstrate that UV absorption data for both the samples are inadequate and unclear so
the comparison with literature data is not possible. However, this data for PdO is

consistent with those reported for PdO obtained from Feng Ling and col [61].

A typical full Raman spectrum for PdO and Pd@PdO samples were recorded at
atmospheric temperature and are shown in fig.3.14. PdO is strongly Raman-active
substance while metallic Pd is Raman inactive, and on the basis of the reported literature,
it is confirmed that PdO can be identified by Raman scattering spectroscopy even without

the use of any supporting factor [62].

As shown in figure 3.14, main three moderately intense Raman active modes
appeared at the Raman shifts: 647 cm-1, 424 cm-1 and 275 cm-1 which were allocated to
the B1g, Eg and Xg modes respectively [63,64]. Commonly, PdO has two Raman active
modes B1g and Eg which are related to the unit cell of the tetragonal phase of PdO crystal
[62, 63]. The main symmetric and sharp peak centered at 647 cm™ is assigned to the B.g
mode, which again confirms the formation of tetragonal PdO particles in the samples.
Another Raman scattering mode at 422 cm-1 is recognized as the Eg mode, also a very
sensitive indicator of the nature of PdO oxide [64].

Energy band gaps for both the samples (a) & (b) were ploted using the Tauc relation
(2) [65]. hu versus (ahu)? plot shown in Figure 3.14 of the PdO samples (a) and (b)
exhibit band gaps at 1.89 and 1.43 eV respectively. The bandgap of the Pd@PdO
nanoparticlesis very near to the optimal bandgap (~ 1.5 eV) of absorber layer in the solar
cell [66] which suggests its possible use in solar applications. According to Brus
approximation the band gap of the substance is decreases with increase in the particle size
[67]. Therefore, here increase in the energy band gap indicates decreased size of the

particle.
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Figure 3.8 Raman shift of PdO and PA@PdO core-shell

3.5 Thermal study

The thermogravimetric analysis (TG) of two representative complexes
[PACI,.(CoHgNO)2(CH2)3] (1) and [PdCl,.CisH12CIoN2O] (3) were carried out under
nitrogen atmosphere, and the TG curves is shown in Fig. 3.12. The onset decomposition
of the precursors started at 170 °C and they decomposed in different steps due to multiple
weight loss steps and organic pyrolysis events. The decomposition appears to be
completed at about 800 °C. Here PdO was obtained as a final products [25.04 % (24.21
%)] and [28.49 % (29.78 %)].
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Figure 3.10 (a) TEM and SAED pattern of Figure 3.10 (b) TEM and SAED pattern of
PdO formed by [PdCl,] by sol-gel method Pd@PdO formed by [PdCl,.Ci5H1,CI2N2O]
at 600 °C (3) by sol-gel method at 600 °C
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Figure 3.11 (a) HRTEM pattern of PO Figure 3.11 (b) HRTEM pattern of

formed by [PdCI;] by sol-gel method at 600 Pd@PdO formed by
°’C [PdC|2.C15H12C|2Nzo] (3) by sol-gel
method at 600 °C
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Figure 3.12 TG curves obtained from [PdCl..(CoHsNO),(CHy)3] (1) and
[PdCI,.C15H12CI2N2Q] (3)
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Figure 3.13 UV-visible spectra of PAO and Pd@PdO from the precursors (a) [PdCl,] and
(b) [PdCI,.C15H12CIoN20](3)

3.0 054
] —PdO | —Rd@rPd
25 1.8%v 143ay
_ 04
~ 204 S 1
% ] 2 034
15- B
] 024
1.0- ]
y 014
054
15 20 25 30 35 40 45

10 15 20 25 30 35 40 45 50

Photon energy (eV) Phatonenergy (V)

Figure 3.14 hu vs (ahu)? plot for samples (a) and (b)



Chapter-3 130

Spectrum
109
105+
100H+—

95

a77.51cm-1

3045.53¢m-1 1915.83cm-1

B5- 2863.3 1568 .46cm-1

2925.22cm-1 640 64cm-1

%T

985.42cm-1
84 .53cm-1
. 1470.58c 813.41cm-1

70- 1372.12cm1 1093.37cm-1  740.67cm-1

B5 1256,51cm-1

60- 1313.44cm-1 R

4000 3500 3000 2500 2000 1500 1000 500400
cm-1

Wavenumber
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4.1 Introduction

Among the various nano sized materias, titania (TiO,) has gained attraction due to its
wide range applications including in solar cells, photocatalysts, gas sensors,
biomolecules, biomaterials, etc. [1-7]. The properties of nano materials are entirely
decided by shape and size of the nano particles, morphology as well as their composition
[8-9]. Titania exhibits three distinct crystallographic phases. anatase, brookite, and rutile.
Out of three, anatase titania has been established to show an excellent catalytic activity in

photodecomposition and solar energy conversion [6, 7].

There have been several methods reported for the synthesis of nano-materials [10-
15], out of which low temperature aqueous sol-gel technique is the simplest and cost
effective [15-18]. This method has been considered to be most useful because
nanoparticles of high homogeneity and good uniformity can be synthesized at calcination
temperature [19, 20].

Usually metal alkoxides have been used as molecular precursors in sol-gel method for
the synthesis of nano particles, owing to their solubility in common organic solvents.
However, most of the metal alkoxides of transition metals are highly moisture sensitive
and they react instantaneously with water, resulting in unwanted products, which causes
the formation of a polymeric gel instead of a colloidal gel that is not suitable for the nano
material preparation [18, 21-23] therefore, adequate precaution have to be taken for using

them as starting metal for nano synthesis.

Designing of new molecular metallo-organic precursors obtained from substitution of
one or more alkoxy groups present in metal alkoxides with chelating ligands such as
Schiff’s bases, B-ketoesters, [-diketones, Oximes 8-hydroxyquinoline etc. [8,24-27]
which may induce remarkable structural changes, are being considered as an aternative
approach for sol gel synthesis of nanoparticles[16,17].

In this chapter, we report the synthesis and optical properties of nano-sized anatse
titania by low temperature aqueous sol-gel technique. It is commendable to mention here

that synthesis of stable anatase TiO, by agueous sol-gel route, using precursors 8-
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hydroxyquinoline modified titanium(IV)bis(acetylacetonate) diisopropoxide, is being
reported for the first time to the best of our knowledge.
4.2 Experimental

4.2.1 Materialsand Methods

Anaytical grade 8-hydroxyquinoline (99%) was procured from Sigma-Aldrich and were
used as received. Analytical grade solvents used in the experimental work were procured
from Rankem, India. All solvents were purified by standard methods before use. The
synthesis of complexes [{acac} ,Ti{ OPr'}{ ONCgHe}] (1) and [{ acac} »Ti{ ONCgHe} 2] (2)
were performed in strictly moisture free environment. All the reagents were dried using
conventional methods prior to use [27]. Titanium(IV) isopropoxide and
[{acac},Ti{ OPr'},] were synthesized as reported in the literature [28, 29] and used
freshly. Estimation of Titanium done as TiO, [27], nitrogen was estimated using
Kjeldahl’s [27] and isopropanol was estimated by benzene azeotrope using oxidimetric
method [30].

IR spectra were obtained from SHIMADZU, FT-IR 8400 spectrometer ranging
400-4000 cm™ using dry KBr pellets. NMR (*H and *3C) data were recorded on JEOL FX
300 FT-NMR spectrometer in CDCl5 solution at frequencies 300.4 MHz for *H and 75.45
MHz for 3C. Molecular weights were measured by determining the freezing point
depressions of anhydrous benzene using a Beckmann’s  Thermometer
(Einstellthermometer n-Bek) fitted in a glass assembly (supplied by JSGW, India). The
XRD patterns were recorded on P’analyticalmake X’Pert PRO MPD diffractometer
(model 3040). The X-ray were produced using a sealed tube and the wavelength of X-ray
was 0.154 nm (Cu K-a). SEM and EDX was performed on Carl-Zeiss (30 keV) make and
model EVO. The powder samples were used for SEM and EDX..TEM was carried out on
TECHNAI 20, FEI, North America and Bruker, Germany. UV-visible spectra of the
samples were recorded using LAMBDA 750 (Perkin Elmer) spectrophotometer of
wavelength range 200 to 800 nm.

4.2.2 Synthesis of Precursors

4.2.2.1 Synthesis of [{acac},Ti{OPr'}{ONCeHe}] (1)
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Solution of [{acac},Ti{OPr'},] (1.78 g, 4.8 mmol in anhydrous benzene) was added
dropwise to the solution of 8-hydroxyquinoline (CgHgNOH) (0.70 g, 4.8 mmol) in
anhydrous benzene. The light Y ellow colored solution obtained was refluxed. Continuous
oxidimetric analysis of the liberated isopropanol in the azeotrope of benzene verified
progress of the reaction. Excess of the solvent was removed upon completion of the
reaction under reduced pressure to give a reddish brown color solid (2.09g). The product

obtained was re-crystallized using n-hexane and dichloromethane mixture.
4.2.2.2 Synthesis of [{acac},Ti{ONCgHg}2] (2)

A similar route as discussed above was employed for the synthesis of
[{ acac} ,Ti{ ONCgHe} 2] (2) derivative using a 1:2 molar ratio of the [{acac},Ti{ OPr'},]
and CyHgNOH. The physical and analytical data of the complexes (1) and (2) are
summarized in Table-4.1.

4.2.3 Hydrolysis of [{acac},Ti{OPr'’{ONCsHe}] (1), [{acac},Ti{ONCgHe},] (2) and
[Ti{OPr'}] (A)

To the transparent solution of Precursor [{acac} ,Ti{ OPr'’}{ ONCgHg}] (1) (1.1 g)
in anhydrous 2-propanol 3-4 drops of (1:1) mixture of water-isopropanol was added and
the resultant mixture was constantly stirred for ~2 h., a brownish color sol formation was
observed. In order to ensure absolute hydrolysis small portions of water added constantly
in stoichiometric ratio (0.18g) {~ 10 ml} with uninterrupted stirring for ~ 5 h. and this
mixture was further allowed to stir for 24 h. The gel formed was filtered and dried in an
oven previously heated (~100°C), resulting in the formation of an off white solid. To
remove organic/inorganic impurities, the solid was washed with distilled water and
subsequently with acetone and sintered at ~600°C for ~4 h yielding a white powder. The

resulting white powdered solid was characterized as pure nano-sized anatase TiO,.

Compound (2) and [Ti{ OPr'}] (A) were also hydrolyzed by using similar method and

the product obtained were aso characterized as anatase TiO;,
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Table 4.1 Physical and analytical datafor 8-hydroxyquinoline complexes of titanium(IV)bis(acetyl acetonate) diisopropoxide

Reactants (Q) Complexes Colour/ Yield (g) Liberated % Analysisfound Molecular
Physical Found Pr'OH(g) (Calculated) weight
A B Molar stateé  [Calculated] [Found opr' Ti N Found
ratio (Calculated)] (Calculated)
1.78 070 1:1  [{acac}.Ti{OPr'} Reddish 2.09 0.30 131 104 30 436 [455]
{ONCgHg}] [1]  brown/ [2.18] [0.29] [13.2] [10.5] [3.1]
solid
091 071 1.2 [{ acac} ,Ti Pale 1.26 0.29 - 88 52 526[540]
{ONCgHg},]  Yellow/ [1.33] [0.29] [89] [5.2]

[2]

solid
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4.3 Result and Discussion

4.3.1 Synthesis and characterization of precursor

Reactions of [(acac),Ti(OPr'),](A) with stoichiometric amount of 8-hydroxyquinoline (B)
in (molar ratios 1:1 and 1:2) were carried out in anhydrous benzene, yielding the

complexes of the type [(acac),Ti{ OPr'} »..{ Q} ] as shown below:

benzene/A

[(acac),Ti(OPr'),] + nQH
Titanium 8-Hydroxyquinoline
diisopropoxide
bis(acetylacetonate)

> [(acac),Ti{OPri}5 ,{Q},] + nPrOH4

Titanium diisopropoxide Isopropanol
acetylacetonate quinolinate

[Where, n=1 (1) or n=2 (2)]

These reactions were observed to be reasonably facile and quantitative, yielding
reddish brown/pale yellow colored solids. Complexes formed are hygroscopic in nature
and found to be soluble in common organic solvents. Progress of the reaction was
examined by analyzing the released isopropanol which formed azeotrope with benzene,
using oxidimetric method [27]. Monomeric nature of both the complexes (1) and (2) were

suggested by measurement of their molecular weight in freezing benzene [30].
4.3.2 IR spectra

Some important IR absorption bands for the complexes are listed in the Table- 4.2.
The IR spectral bands of the compounds (1) & (2) have been inferred by comparing their
IR spectra with the IR spectra of free acetylacetone, free 8-hydroxyquinoline and other
[(acac),Ti(OPr'),] complexes [26,31]. IR spectra of these compounds show strong bands
due to V(C-O) and V(C-C) stretching vibrations at 1505-1490 and 1460-1445 cm™
respectively while in free acetylacetonate it is observed at 1680 cm™ [31]. These observed
shifts in the carbonyl stretching frequencies towards lower frequencies in the formed

derivative suggest chelation of acetylacetonate moietiesin bidentate manner.

Absence of broad band at (3,194-3,358 cm'™) due to hydroxyl group absorption and
appearance Ti-O bond (644-650 cm™) has been observed in the IR spectra of these
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derivatives [18]. v(C=N) stretching frequency observed towards lower frequencies (~
1575-1576 cm™) in comparison to free 8- hydroxyquinoline indicating the coordination
of nitrogen to the titanium. In the region of 535-540 cm™ band observed which can be
assigned to v (Ti-N) mode in both the complexes [18]. The intermediate intensity band

appeared at ~ 1015 cm™ in complex (2) can be allocated to v(C-O) of the 2-propanol
group.

4.3.3NMR spectra

The *H and *C chemical shifts of derivatives (1) & (2) were performed and
evaluated against spectra of free acetylacetone, free 8-hydroxyquinoline and other
[(acac),Ti(OPr'),] complexes [26,31]. Some of the important NMR peaks are listed in
Table- 4.3 & 4.4. The peak for hydroxyl proton (3 8.6-9.23) were absent in *H NMR
spectra of both the derivatives, indicating coordination of 8-hydroxyquinoline with

titanium atom in deprotonated form.

The methyl signals of the acetylacetone moiety appeared as a doublet in the 0
1.92-2.07 and 6 2.02- 2.15 ppm ranges, indicating the non-equivalent nature of the two
methyl groups. Methine signals of the acetylacetone moiety appeared at 6 5.49-6.52 in
both the derivatives.

In the NMR spectra of all the complexes presence of methyl proton observed at &
1.21-1.33 and methine proton in the region of & 4.72-4.74 ppm. Their **C resonances
appear at 3 24.95 and at & 64.53 ppm. The *C NMR chemical shift of C=N and C-O
appeared in the region & 144.73-162.78 ppm respectively indicating formation of Ti-N
and Ti-O bond.

Two signals for the carbonyl carbon of the acetylacetone moiety in both of these
precursors have been observed at  191.15-191.31 ppm. Similarly, two signals for the
methyl and methine carbon of the acetylacetone moiety have also been observed at 0
24.79- 26.35 and 100.43-100.56 ppm, respectively.

Attempts to grow crystals of the complexes suitable for X-ray analysis were
failed. In the absence of single crystal X-ray structures, it is hard to state on the solid state
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structure of the complexes. However, on the basis of the above mentioned spectral studies
following are the possibl e structures of the compounds (Fig.4.1).

o1/ o |
8>T<——\ N N J 8>‘Il'i< : \\
OPr!
./ A
HC— HC)<
(1) 2)

Figure 4.1 Proposed structures for complexes (1) & (2)

4.4 Hydrolytic studies of [Ti{OPr'}], [{acac},Ti{OPr'{ONC¢H¢}] (1) and

[{acac}, Ti{ONCgH¢}2] (2), usng low temperatur e sol-gel routein organic medium

[Ti{OPr'}, and Precursors (1) and (2) were hydrolyzed via low temperature agueous
sol-gel method in organic medium to get titania samples (a), (b) and (c), respectively.
Schematic representation of the hydrolytic processis depicted in fig. 4.2.

— Dried >100°C
LS Cr;r ) { (i) Driec sintered
lmpropanoHH O - m”m(r (II] Washing .
Ty ~ ~6(lll G
‘stll r II'I“'
ol “’“’m "“
Metal Oxid
ﬁ()lut on of the precursor Sol Xerogel Tio2

driisopropanol

Figure 4.2 Schematic representation of the hydrolytic process
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XRD patterns of the formed titania samples (a), (b) and (c) along with standard
pattern (JCPDF # 89-4921) have been shown in Fig. 4.3, suggest the formation of anatase
phase of puretitaniain al the three samples[32]. The lattice parameters calculated area, a
= b =c=5.129 A and the average crystallite size of titania samples were calculated from
the (101) and (200) reflections ~26.47 nm for sample (a), 11.70 nm for sample (b) and
~8.25 nm for sample (c), using Debye Scherrer equation [33]. The observed values of 28
for the main peaks in the XRD patterns of titania samples, d spacing as well as their
anaogous hkl planes are shown in Table-4.5. The crystallite size of oxides indicates that,
the substitution of isopropoxy group by the chelating ligand in the precursor molecule
tends to decrease particle size of the titania. The shifting in the peaks in sample (b) and
(c) can be seen towards low 26 values due to accumulation of strains in the samples due

to presence of the finer particles and smaller crystallites in the samples than sample (a).

Further samples (b) and (c) were characterized by transmission electron
microscopy (TEM) and the selected area electron diffraction (SAED) shown in Fig. 5.
The TEM images of the samples (a), (b) and (c) revea the spherical nano-sized
crystallites formation of titanium oxides of average particlesize~15nm,~9nm & ~7
nm, respectively. The SAED patterns of samples (b) and (c) indicate that both the oxides
are poly-crystalline in nature. All these results obtained from TEM and SAED supported
the findings acquired from XRD data. The size of crystallite obtained from the XRD data
was a little higher than the size of crystal calculated from TEM analysis due to presence

of stressesin the samples.

The surface morphology of all prepared samples was investigated by SEM images
(Fig. 4.4). SEM micrograph of all the samples (a), (b) and (c) indicated the formation of
agglomerated granular morphology formed by nano-sized particles. Though, particle size
in al the samples is of sub-micron range. Energy dispersive X-ray (EDX) anayses were
also performed which indicated the formation of pure TiO, (Fig.4.5). The particle size in
the sample (b) and (c) is much lesser than the particle size in sample (a) as can be seen in
Fig.4. The reduction in particle size is due to presence of the branched chelating agents in
the modified precursors, not allowing growth of titania nuclel thus inhibiting the increase

in particle size.The morphology of the particles in sample (b) and (c) is granular than
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flake-shaped in sample (a). The granular morphology is due to stabilizing the surface
energy of the formed nuclel to particles very swiftly under the influence of chelating
agents which was not present in the precursor of the sample (a).The particle size in the
sample (a) is ~ 1um approximately where in sample (b) and (c), the particle sizeis ~ 100

nm.

The formation of anatase phase of the titanaia samples was further confirmed by
IR spectral studies. The bands around at 400-800 cm ™ are appeared due to O-Ti-O
vibrations in al the sample (@), (b) and (c) in IR spectra as shown in Fig. 6 [18]. In
sample (a) and (b) bands appeared at 470 Jcm * and 7301cm * and in sample (c) bands
appeared at 479 cm™* and 682 lcm™ are the characteristic of O-Ti-O bonding in
contributions of the anatase TiO, nanoparticles [18]. The u(-OH) absorption in the region
of 3,450 cm™ and 1,633 cm™ in sample (a) and (b) indicate the stretching and bending
vibrations, due to the absorption of moisture, possibly owing to the atmospheric H,O,
which could be adsorbed during the preparation and processing of FTIR samples in the
ambient atmosphere [32]. There is no peak in this range was observed for sample (c)
showing absence of moisture in sample (c). Absence of the peak around at 2900 cm
“regarding C-H stretching bands, indicate that all organic compounds were removed
from all the samples after calcinations.

The absorption spectra of samples (a), (b) and (c) shown in Fig. 4.7 illustrates
excellent UV absorption bands for these samples and are in good agreement with anatase
titania as reported in literature [ 18]. Energy band gaps of all the titania samples have been
determined with the help of Tauc relation [34]:

(ahv)" = (hv - Eg)A

Here, a represents an absorption coefficient, Eg is band gap, v is the frequency of incident
light and h signifies Plank’s constant. Graph plotted for hu against (ahu)? shown in Fig.
4.8. All the titania (@), (b) and (c) exhibit energy band gaps 2.9 , 3 and 3.1eV,
respectively. According to Brus approximation the energy band gap is inversely
proportional to the size of the particles [35]. Therefore here, raised energy band gap
proposes decrease in the size of nano particles. At nano scale each particle is constituted
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of very few atoms, subsequently when the size of the particle decreases, the number of
energy levels overlapping tends to decrease resulting in finer width of the band and this
causes rise in energy gap between the valence band and the conduction band. The results
confirm the synthesis of semiconducting nanoparticles [36]. It also suggests possible
synthesis of titania nanoparticles with varied bandgaps.
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Table 4.2 Some important IR spectra data (cm’) assigned for 8-hydroxyquinoline complexes of titanium
(I'V)bis(acetyl acetonate)dii sopropoxide

Complex Acetylacetonate | sopropoxy 8-hydroxyquinoline moiety
moity moiety
v (C-0) v(C-C) v(C-0) V(C-H) v(C=C)/(C=N) V(Ar-0O) V(Ti-O) V(Ti-N)
[tecack2THOPTHONGHGH 490 145 1015 3050 1585/1545(s) 1110(m) 644 (9 535 (vS)
1
[{acac} . Ti{ ONCyHe} 2], [2] 1505 1460 - 3040  1595/1560(s)  1115(m) 650 (s) 540 (vs)
(m)

(vs= very strong, s= strong, m= medium)
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Table 4.3'H NMR data (5 ppm) for for 8-hydroxyquinoline complexes of titanium(lV)bis(acetyl acetonate)diisopropoxide

Acetylacetonate

| sopropoxy moiety

8-hydroxyquinoline

moiety moiety
Compound
-CH3 -CH CHs; -OCH< CH(2) CH(7) OH Other aromatic

protons

[{ acac} . Ti{ OPr'} 2.02,2.14 5.70 1.21-1.25  4.72-4.74 8.05,d(1H) 8.22, - 7.21-7.49,
{ONCoHe}, [4] (d, 12H) (s, 2H) (d, 6H) (m, 1H) d(1H) m(4H)

merged

[{acac},Ti{ONCgHg} 2], 2.07,2.15 5.48 - - 8.02,d(2H) 8.64, - 7.40-7.45,

[2] (d, 12H) (s, 2H) d(2H) m(8H)

s=singlet; d = doublet; m = multiplet



Chapter-4 156

Table 4.4 C{*H} NMR data (5 ppm) for 8-hydroxyquinoline complexes of titanium(IV)bis(acetyl acetonate)diisopropoxide

Compound Acetylacetonate moity | sopropoxy Ligand moiety (8-hydroxyquinoline)
moiety
-CH; -CH -CO - - cC@® CcHO C@ Other aromatic carbons
CH3 OCH<
[{acac},Ti{OPr'} 26.35 1005 191.31 249 6453 1629 1464 1389 129.83(C-4), 129.53 (C-10), 128.41 (C-6),
{ONCoH& [1] 6 5 6 0 1 121.91 (C-3), 117.40 (C-5), 111.14 (C-7)
[{acac},Ti{ONCgHe},] 2479 100.4 - - 162.7 1447 136.9 129.34 (C-4), 129.18 (C-10), 128.12 (C-6),

[2]

3 191.15 8 3 8 120.60 (C-3), 114.50 (C-5), 111.20 (C-7)
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Table 4.5 XRD data of titania samples (a), (b) and (c)

Titania XRD data
(TIGy) 26 d(A) hk crystal type
@ 25.551 3.4841 101 Tetragona
47.947 1.8958 200
(b) 24.706 3.6006 101 Tetragona
47531 19114 200
(©) 25.648 3.4705 101 Tetragonal

48.335 1.8815 200
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Intensity

Figure 4.3 XRD patterns of titania samples (a), (b), (c) and reference pattern PDF# 89-
4921
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Figure 4.4 SEM image of titania samples (a), (b) and (c)
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Figure 4.5 TEM, SAED patterns and EDX images of sample (a), (b) & (c) of nano-sized
titania obtained from sol—gel transformation
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Figure 4.6 IR patterns of titania samples (a), (b) and (c)
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Figure 4.10 FT-IR spectra of the complex Titanium isopropoxide acetylacetonate bis (8-hydroxy quinolinate) (2)
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5.1 Introduction

The design and synthesis of hybrid materials composed of organic-inorganic
framework have involved significant attention in the field of chemistry due to their
interesting structural aspect as well as their prospective applications in various fields such
as medicine, electrical conductivity, photochemistry, surface phenomenon, magnetism
and catalysis[1-4].

lonic compounds comprising of organic cations in combination with inorganic anions
bearing typicaly diffused charges which have low melting points are often termed as
ionic liquids (ILs) [5]. lonic liquids have shown to exhibit numerous distinctive
properties, for instance high thermal stability, exceptionally low vapour pressure, wide
range of liquid-state temperature and non-flammability [6, 7]. Due to these prosperities
currently ionic liquids are broadly used in several areas of electrochemistry and various

other branches of chemistry including organic synthesis and biochemistry [8-13].

Pendleton et. al. in 2015 published a review study paying attention to the potential of
ionic liquids in the field of biological activity [14]. Antimicrobia activities of ionic
liquids were well explored for Bacteria due to short time required for their generation in
comparison to other living micro organisms [15, 16]. This study revealed that several
ionic liquids exhibit potential anti-bacterial activity. Roslonki ewicz et a. [17] and Pernak
et a. [18] have aso studied antibacterial activity of ionic liquids against a variety of
bacteria and identified a tendency of increase in antibacterial activity with the increase in
the length of akyl chain substituent present in the cationic organic part of the compound
[19, 20].

Among various ionic liquids studied to date mostly are derived from organic cations
like pyridinium or imidazolium in combination with simple inorganic anions, for instance
chloride (CI"), pentafluorophosphate (PFs), bis(trifluoromethanesulfonyl) amide (NTf,)
etc. Theseionic liquids do not show adequate thermal stability which is required for their
use in gas chromatography. In order to advance the thermal stability, a number of ionic
compounds have been designed by connecting two cationic moieties resulting in a

dication which is charge satisfied by ssmple anions, these type of ionic salts are called as
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dicationic ionic liquids [21,22]. It has been observed that thermal stability of these
dicationic ionic salts is considerably enhanced. Even though most of these dicationic salts
have melting points more than 100 °C, still for simplicity they are termed as ionic liquids
[23, 24]. Above mentioned dicationic ionic liquids could be classified in two categories
one is germinal, in which two linked monocations forming a dication are identical, such
as a dication formed by bridging two imidazolium with alkyl or ether bridge. Another
category is unsymmetrical, where two different monocations are present such as,

imidazolium and pyridinium ions linked with spacer groups.

X = X 14\
\ + + \ \ + N% N—
Br Br Br Br

1,1'-(propane-1,3-diyl)bis(pyridin-1-ium) 1-(3-(1-methyl-1H-imidazol-3-ium-3-yl)propyl)
bromide pyridin-1-ium bromide
(1) 2)

Figure5.1 (1) Geminal ionic liquid & (2) Unsymmetrical ionic liquid

It has been reported that geminal ionic liquids which have symmetrical cationic
surfactants bears specific properties and have potential applicability in severa fields.
Moreover, studies have shown that the variation in chain length of spacer groups and the
aliphatic chains drastically affect the properties of Gemini ionic liquids [25]. Even though
several geminal ionic liquids containing spacer groups of different chain length have been
reported [11, 14, 26], geminal ionic liquids having longer aliphatic chains have not been
investigated much. Therefore designing of different types of geminal ionic liquids as well

as investigating their applicationsin various fields is an interesting area of research.

Hence, we have attempted synthesis and antimicrobia study of the new type of
geminal ionic liquids having varied alkyl chain length. Here, we report the synthesis,
structural characterization and in-vitro antimicrobia activities of 8-hydroxyquinolenium
based cyclic geminal Dicationic lonic Liquids.
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5.2 Experimental
5.2.1 Material and methods

All the reagents and solvents in used of the best grade available and were used
without further purification. Precursors (PMOQ, HMOQ & BQOP) were prepared using
previously reported method [20]. IR spectra were recorded as dry KBr pellets on a Perkin
Elmer Ultra Two, FT-IR spectrometer [4,000-400 cm™]. *H NMR data were collected on
JEOL FX 300 FT-NMR spectrometer in CDCl; and DMSO-ds solution at 400.4 MHz
frequency. ESI-mass spectrums were obtained on Xevo G2-SQ TOF Waters, USA
spectrometer in the electron spray mode, using methanol solvent. X-ray crystal structures
were performed on Bruker APEX-II CCD system. The elementa anayses were
performed on a Thermo Scientific Flash 2000. The absorption spectra of compounds
(200-800 nm) were recorded in methanol using Perkin Elmer, Lambda 750, UV-Vis
spectrophotometer.

5.2.2 Synthesis of bromide anions salt containing geminal dications
[(CHeNO)(CH,)3]*2Br ™ (1)

1, 3-Bis(8-quinoxy propane) (PMOQ) synthesized by previously reported method
[27]. The excess amount of dibromopropane was added to the solution of compound
(PMOQ) (0.447 g, 1.35 mmol) and refluxed with stirring at 110°C for 8 hr. After stirring
this reaction mixture, a yellow coloured precipitate was filtered off and rinsed with ethyl
acetate followed by hexane several times to obtain pure compound (1).

The synthetic and anal ytical details are summarized below:

[(CoHeNO)o(CH2)s]*2Br] [1]: Yellow solid, yield 88%, mp 240°C, soluble in
chloroform, DMSO, DMF, methanol, and ethanol. CyH24N-O-Br: % Found
(Calculated): C 54.34 (54.56), H 4.41 (4.55), N 5.21 (5.26); FT-IR, v, cm-1: 1599 (C=N);
1535 (C=Car,asym); 1463 (C=Car, sym); 1390 (C-N-alkyl chain); 1285(C-O-akyl chain);
1110(C-Oar). *H NMR (300.13 MHz, DMSO ds, at 25°C, & ppm): 9.46 (d, H, H?); 9.45
(d, H, H%; 8.82 (dd, H, H?); 7.84-7.87 (m, 3H, aromatic); 3.46 (t, 2H, H'Y); 2.35 (m, 2H,
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H'); 5.14 (t, 2H, H'); 2.89 (m, 2H, H™). °C NMR (DMSO-dg): 21.149 (C*); 28.45
(C™), 59.34 (C*), 72.24 (C™), 113.94 (C"), 117.725 (C°), 123.36 (C), 130.87 (CY),
132.49 (C'), 145.79 (C*), 148.45(C°), 150.22 (C?), 152.49 (C®). MS(ESI): 451 [M/z-Br]",
331 [(CoHsNO)2(CH2)4] ", 255 [(CoHsNO)(CH2)3(CsHsN)] ™, 227
[(CoHeNO)(CH2)3(CzH)]", 186 [(CoHeNO)(CH)s]", 158 [(CoHeNO)CH,]", 146
[(CoHeNO)]".

5.2.3 Synthesis of bromide anions salt containing geminal dications
[(CoHeNO)o(CH2)g]> 2Br (2)

Synthesis of compound 1, 6-Bis(8-quinoxy hexane) (HMOQ) achieved by previously
reported method [28].To synthesize gemina dications [(CoHsNO)2(CH2)s]>2Br (2),
compound (HMOQ) (0.100g, 0.26 mmol) was added to excess amount of dibromohexane
(3 ml) and this solution was stirred at 110°C for 8 hr. After stirring this reaction mixture,
a pae yellow coloured precipitate was filtered off and washed severa times with ethyl

acetate and hexane to obtain pure compound (2).

[(CoHeNO)(CH2)s)*2Br™ [2]: Yelow solid, yield 82%, mp 200°C, soluble in
chloroform, toluene, DMSO, DMF, methanol, and ethanol. CzoHssN>O.Br,: % Found
(Calculated): C 58.39 (58.45), H 5.81 (5.89), N 4.51 (4.54); FT-IR, v, cm-1: 1598 (C=N);
1535 (C=Car,asym); 1460 (C=Car, sym); 1385 (C-N-akyl chain); 1283 (C-O-alkyl
chain); 1111 (C-Oar). *H NMR (300.13 MHz, DMSO ds, at 25°C, 3 ppm): 9.48 (d, H,
H?); 9.42 (d, H, H%:; 9.18 (dd, H, H®); 7.78-7.96 (m, 3H, aromatic); 4.32 (t, 2H, H'Y); 2.15
(m, 2H, H); 1.35 (m, 2H, H); 5.17 (t, 2H, H™®); 2.46 (m, 2H, H™); 1.94 (m, 2H, H®).
3C NMR (75 MHz, DMSO-ds): 25.840 (C™), 28.89 (C'), 32.48 (C"), 52.35 (C"),
63.301 (C'), 69.89 (C'), 117.62 (C’), 122.807 (C°), 129.45 (C?), 130.57 (C°), 140.36
(C'9), 145.79 (C%), 148.18 (C°), 150.114 (C?), 152.05 (C®). MS(ESI): 537 [M/z-Br]*, 455
[M/z-Br]*, 414  [(CoHeNO)2(CHo)s(CH2)3]", 372  [(CoHeNO)2(CHo)e]", 350
[(CsHsNO)(CH.)6(C7HsNO)]* 319 [(CoHeNO)(CH_)6(CeH30)] ", 269
[(CoHeNO)(CH2)s(CHO)]", 228 [(CoHeNO)(CHz)e] ", 187 [(CoHeNO)(CHo)s]", 146
[(CoHeNO)]".
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524 Synthesis of bromide anions salt containing geminal dications
[(CsHeNO)2(CeHeN)(CH2)s]*2Br™ (3)

Compound 8-(2-Pyridylmethoxy)quinoline (BQOP) (0.24g, 1.35mmol) was dissolved in
excess of dibromopropane (=3 ml) and this solution was stirred at 110°C for 12 hr. Upon
cooling brown coloured solid precipitated was washed several times with ethyl acetate

followed by n-hexane to get pure compound (3).

[(CoHeNOCH )(CeH4N)(CH2)3]?2Br™ [3]: Dark Brown solid, yield 86%, mp 214°C,
soluble in chloroform, DMSO, DMF, methanol, and ethanol. C;gH1sBr.N,O: % Found
(Cdculated): C 49.37 (49.34), H 4.12 (4.14), N 6.36 (6.39); FT-IR, v, cm-1: 1590 (C=N);
1534 (C=Car,asym); 1465 (C=Car, sym); 1398 (C-N-akyl chain); 1274 (C-O-alkyl
chain); 1114 (C-Oar). *H NMR (400.13 MHz, DMSO ds, at 25°C, 3 ppm): 8.84 (d, H,
H?); 8.56 (d, H, H of C=N Py); 8.29 (d, H, H"); 7.84-7.25 (m, aromatic H); 5.34 (s, 2H, H
of —O-CHy-); 2.84 (t, 2H, -N-CHy,); 2.68 (m, 2H, -N-CH,-CH,-CH,-); 2.46 (m, 2H, -N-
CH»-CH»CH»>). MS(ESI): 451 [M/z-Br]", 331 [(CoHeNO)(CHo)s]*, 255
[(CoHeNO)(CH_)3(CsHaN)] ", 227 [(CoHeNO)(CH2)3(CoH)] ", 186 [(CoHeNO)(CH)s] ", 158
[(CoHeNO)CH,] ", 146[(CoHeNO)] ",

5.2.5 General procedure for synthesis of 8-hydroxyquenolenium based geminal
dicationic ionic liquids [(CoHeNO)o(CH2)3]?>2PFs [1a], [(CeHeNO)2(CH2)el?2PFs
(28) and [(CoHeNO)o(CeHeN)(CH2)3]2PFs (3a)

Dicationic compound (1) (0.447 g, 1.35 mmol) was reacted with NH4PFg in 1:2 molar
ratio in methanol and stirred at room temperature for 24 hr. After stirring, the resulting
solid product was filtered off, washed with distilled water and recrystallised with MeCN

to give a pure compound (1a).

A similar procedure has been applied for preparing other ionic compounds (2a) and
(33). Colorless transparent crystals of only compound (1a) suitable for single crystal X-
ray analysis were obtained from slow evaporation of MeCN solution and characterized by
X-ray analysis.
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The synthetic and analytical details of compounds (1a), (2a) and (3a) are summarized
below:

[(CoHeNO)A(CH2)s]?2PFs [1a]: Off white solid, yield 86%, mp 218°C, soluble in
chloroform, toluene, DM SO, DMF, methanol, and ethanol. CysH24F12N20-P,: % Found
(Calculated): C 43.41 (43.52), H 3.49 (3.65), N 4.21 (4.23); FT-IR, v, cm—1: 1600 (C=N);
1536 (C=Car,asym); 1463 (C=Car, sym); 1393 (C-N-alkyl chain); 1286(C-O-alkyl chain);
1113(C-Oar); 829 (P-F). *H NMR (300.13 MHz, DMSO dg, at 25°C, 3 ppm): 9.35 (d, H,
H?); 9.19 (d, H, H%:; 8.27 (dd, H, H®); 7.98-7.85 (m, 3H, aromatic); 4.57 (t, 2H, H'); 2.03
(m, 2H, H®): 5.39 (t, 2H, H'); 3.34 (m, 2H, H™). *C NMR (75 MHz, DMSO-dg): 21.2
(C™), 28.615 (CY), 59.699 (C*), 72.178 (C™), 117.78 (C°), 123.22 (C%), 129.45 (C°),
130.930 (C™), 132.53 (C*), 148.56 (C°), 149.97 (C?), 152.47 (CP). ** P-NMR (161 MHz),
DMSO-ds: & = -1435 (hept, J = 710 Hz). MS(ESI): 372 [M/z-2PF¢]*, 329
[(CoHeNO)2(CHo)s]", 298 [(CoHeN)2(CHo)sl™, 284 [(CoHeN)(CgHaN)(CHo)5]" 254
[(CoHsN)(CsH3N)(CH2)3] ", 237 [(CoHeN)(C4H3N)(CH2)3 ", 212
[(CoHeN)(C2H2N)(CH2)3] ¥, 200 [(CoHsN)(CH2N)(CH2)3] ", 175 [(CoHeN)(H)(CH2)3] ", 117
[(CeHsN)] "

[(CoHeNO)o(CH2)e]*2PFs [2a]: off white solid, yield 89%, mp 142°C, soluble in
chloroform, toluene, DMSO, DMF, methanol, and ethanol. CzgH3sF12N202P,: % Found
(Calculated): C 48.15 (48.27), H 4.90 (4.86), N 3.69 (3.75); FT-IR, v, cm—1: 1600 (C=N);
1535 (C=Car,asym); 1464 (C=Car, sym); 1389 (C-N-akyl chain); 1288 (C-O-alkyl
chain); 1112 (C-Oar); 831 (P-F). 'H NMR (300.13 MHz, DMSO ds, at 25°C, & ppm):
9.24 (d, H, H?); 9.09 (d, H, H?%; 8.63 (dd, H, H®); 7.33-7.84 (m, 3H, aromatic); 4.20 (t,
2H, H™); 2.21 (m, 2H, H*®); 1.43 (m, 2H, H¥); 5.10 (t, 2H, H'®); 2.46 (m, 2H, H*); 1.82
(m, 2H, H®). ®*CNMR (DM S0): 25.51 (C*), 28.65 (C'?), 32.24 (C"), 52.13 (C®), 63.48
(C*), 70.73 (C™), 117.48 (C"), 122.66 (C°), 129.10 (C?), 130.84 (C%), 132.61 (C),
140.12 (C%), 148.27 (C®), 150.09 (C?), 152.00 (C?). *'P-NMR (161 MHz), DMSO-ds: & =
-143.6 (hept, J = 710 Hz). MS(ESI): 456 [M/z-2PFg]*, 414 [(CsHsNO)2(CH2)6(CH2)2]",
372 [(CoHeNO)2(CHz)e]", 309 [(CoHeNO)(CH2)s(O)]", 228 [(CoHeNO)(CHo)e]", 187
[(CoHeNO)(CH,)2CH3]", 146[(CoHeNO)] ™
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[(CoHeNOCH 2)(CeH4N)(CH2)3]? 2PF¢ [3a]: Dark Brown solid, yield 84%, mp 183°C,
soluble in chloroform, DM SO, DMF, methanol, and ethanol. C;gH18F12N,OP,: % Found
(Calculated): C 38.03 (38.04), H 3.14 (3.19), N 4.89 (4.93); FT-IR, v, cm™: 1593 (C=N);
1536 (C=Car, asym); 1471 (C=Car, sym); 1385 (C-N-alkyl chain); 1273 (C-O-akyl
chain); 1115 (C-Oar). *H NMR (400.13 MHz, DMSO ds, at 25°C, 3 ppm): 8.72 (d, H,
H?); 8.53 (d, H, H of C=N Py); 8.31 (d, H, H"); 7.81-7.32 (m, aromatic H); 5.71 (s, 2H, H
of —O-CHy-); 2.82 (t, 2H, -N-CH,); 2.71 (m, 2H, -N-CH»-CH,-CH>-); 2.51 (m, 2H, -N-
CH,-CH,-CH,-). MS(ESI): 451 [M/z-Br]", 331 [(CgHsNO)2(CH.)3]*, 255
[(CoHeNO)(CH2)3(CaHaN)] ", 227 [(CoHeNO)(CH2)3(CoH)] ", 186 [(CoHeNO)(CH)3] ", 158
[(CoHsNO)CH,] ", 146[(CoHeNO)] ",

5.2.6 Crystal structureanalysis of [(CoHsNO)o(CH2)3]* 2PF¢ (1a)

Transparent crystals of compound (1a) were obtained upon slow evaporation of its
solution in acetonitrile. The single crystal X-ray data for (1a) were obtained at
temperature 150 K on Bruker APEX-II CCD system equipped with a temperature
lowering attachment. All the data were gathered using graphite-monochromated Mo Ka
radiation (ka = 0.71073 A). Bruker APEX2 software was used for the evaluation of
collected data. X-ray data for analysis were obtained from standard “I-[1” scan methods
and CRYSALISPRO RED software was used for reduction and scaling of the data
collected. The molecular structure was resolved by direct methods using SHELXS-97 and
structural refinements were done by using full matrix least squares with SHEL XL-2014,
F2. All the atomic positions were determined using direct methods. All atoms other than
hydrogen were anisotropicaly refined and the hydrogen atoms were positioned in
geometrically hindered sites and were refined isotropically with temperature aspects of
usually 1.2x9 Ueq. Ortep program was used to obtain the H-bonding interactions, mean
plane analyses and foe molecular drawings. Atomic coordinates, bond lengths and angles,
and thermal parameters have been deposited at the Cambridge crystallographic data
center. Symmetry transformations used to generate equivaent atoms: 'x, y, z '-x+1/2,
y+1/2, -z+1/2' '-x, -y, -Z° 'X-1/2, -y-1/2, z-1/2'. The crystal data and refinement are

summarized in table 5.1.



Chapter-5 178

Table5.1. X-ray and structural refinement data for (1a)

Complex [(CoHeNO)2(CH)s]* 2PFs
Empirical formula C24H24F12N202P;
Formulaweight 662.39

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system, space group Monoclinic, P2(1)/n

Unit cell dimensions a=10.145(3) A a=90°

b=15.764(4)A B =103.587

c=17.802(5 A y=90°

Volume 2767.3(13)A3

Z, Calculated density 4, 1.590Mg m™

Absorption coefficient 0.265 mm™*

F(000) 1345.92

Crystal size 0.41x 0.15 x 0.11 mm?®
Thetarange for data collection 2.211028.73°

Limiting indices -13<=h<=13, -21<=k<=21, -23<=I<=23
Reflections collected / unique 7069/3443 [R(int) = 0. 0.0901]
Completeness to 6 = 28.73 98.4%

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9714 and 0.8991

Refinement method Full-matrix | east-squares on F?
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Data/ restraints / parameters 7069/0/ 379
Goodness-of-fit on F? 1.020

Final R indices [I>2a(1)] R1 =0.0626, wR2 = 0.1456
Rindices (all data) R1=0.1402, wR2 = 0.1848
Absolute structure parameter 0.83(4)

Largest diff. peak and hole 0.698d -0.452e A™

5.3 Result and discussion
5.3.1 Synthesis of new quinolinium based ionic compounds

New quinolinium based geminal dicationic ionic liquids were synthesized using a
three steps route as depicted in Scheme 5.1. In the first step, two molecule of 8-
hdroxyquinoline reacted with suitable dibromo alkane to form precursors PMOQ, HMOQ
and BQOP. In the second step, these precursors acting as strong nucleophile was reacted
to the different dibromo akanes to give corresponding quinolinium based geminal
dicationic bromide ionic compounds (1), (2) and (3). In the third step Br ions in the
product of the second step exchanged by hexafluorophosphate ions involving exchange
metathesis by reacting with a small excess of ammonium hexafluorophosphate resulting

in ionic compounds (1a), (2a) and (3a).

The structural elucidations of all these newly designed geminal dicationic ionic
compounds were done by *H NMR, FT-IR, ESI-Mass, UV-Vis spectroscopy, elemental
analysis and X-ray crystal structure. All the characterization data are given in the

experimental section.
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Scheme-5.1 General procedure for synthesis of ionic compounds

All the above reactions were found to be pretty feasible and quantitative, resulting in
off white/yellow powders. All the ionic liquids are stable in air and water and decompose
on heating at ~220-C. These compounds are slightly soluble in common organic solvents
but readily soluble in coordinating solvents like THF and DM SO. Both the compounds
(2a) and (3a) are relatively more stable in solution than their geminal dication bromide
salt. The ionic compound (1a) can be re-crystalized by slow evaporation of MeCN
solution. The ESI-mass spectra data of of compounds (1), (1a), (2), (2a), (3) and (3a)

suggest monomeric nature.
5.3.2 Singlecrystal X-ray analysis of compound (1a)

The ORTEP plot of the ionic liquid [(CoHeNO)2(CH2)3]* 2PFs [14] is shown in Fig.
5.2 Important bond Iengths and bond angles for (1a) are given in Table 2. The crystal
system of compound (1a) is monoclinic with space group P2(1)/n restraining a pair of

ions in the symmetric component [(CoHeNO)-(CH,)s]?* dication and two PFg
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counterions. Both the PR~ demonstrates geometry close to octahedral, where the P atom
Is Situated at the E site symmetry and six fluorine atoms surrounding the P atom. All the
axia and equatorial P-F bond lengths ranging from 1.577 to 1.590 A (average 1.585 A)
and cis-F—P-F angular distortions observed are less than 3°. These data are in good
accord with those ranges observed in other PFg derivatives (1.577 to 1.590 A) [23].

The crystal structure indicates that the [(CsHgNO)»(CH-)s]*" dication has boat like cyclic
configuration. The structure of this dication demonstrated that two 8-hydroxy quinoline
rings are joint together by two propyl linkage chains with two oxygen and two nitrogen
atoms. The bond lengths and bond angles obtained for [(CsHsNO)»(CH.)3]*" moiety are as
per expected. Hydrogen bond formation between a F atom of PFs and the H atom of
dication [(CsHsNO)2(CH,)3]*" has not been observed in the present study. To the best of
our knowledge, this type of ionic liquid has been structurally characterized first time in
which a symmetrical dication observed in cyclic form. The geometrical parameters of the
aromatic rings and other atoms for germinal dication structure are in good accord with
each other as shown in table 5.2. All the important bond lengths and angles of dication are

pretty close to those previously reported values [24 ].

Table 5.2 Important bond length and angles of ionic compound
[(CoHeNO)o(CH2)3]* 2PF¢ [1a]

Bond lengths

P(1)-F(1) 1.590(2) O(1)-C(13) 1.361(4)
P(1)-F(2) 1.579(2) O(1)-C(12) 1.447(4)
P(1)-F(3) 1.583(2) 0(2)-C(9) 1.359(4)
P(2)-F(12) 1.560(3) O(2)-C(10) 1.438(4)
P(2)-F(9) 1577(3) C(5)-C(9) 1.429(4)
P(2)-F(7) 1.585(3) C(18)-C(13) 1.426(4)
N(1)-C(1) 1.329(4) C(5)-C(4) 1.433(5)
C(5)-N(1) 1.409(4) C(18)-C(17) 1.426(4)
N(1)-C(24) 1.497(4) C(9)-C(8) 1.380(4)
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N(2)-C(21) 1.330(4) C(13)-C(14) 1.386(4)
N(2)-C(22) 1.499(4) C(12)-C(11) 1.498(5)
N(2)-C(18) 1.402(4) C(21)-C(20) 1.389(5)
Bond Angles

F(5)-P(1)-F(3) 88.06(15) C(21)-N(2)-C(18) 121.2(3)
F(5)-P(1)-F(4) 90.18(18) C(21)-N(2)-C(22) 114.4(3)
F(4)-P(1)-F(6) 90.59(16) C(18)-N(2)-C(22) 124.4(3)
F(3)-P(1)-F(6) 179.24(16) C(1)-N(1)-C(5) 120.9(3)
F(5)-P(1)-F(2) 179.76(17) C(1)-N(1)-C(24) 115.4(3)
F(11)-P(2)-F(7) 90.42(16) C(5)-N(1)-C(24) 123.6(3)
F(12)-P(2)-F(8) 87.82(14) C(9)-C(5)-C(4) 119.2(3)
F(9)-P(2)-F(8) 91.76(16) C(9)-0(2)-C(10) 117.2(3)
F(11)-P(2)-F(8) 178.58(16) C(13)-0O(1)-C(12) 118.2(3)
F(10)-P(2)-F(7) 176.47(19) O(1)-C(13)-C(14) 123.0(3)
F(12)-P(2)-F(9) 179.58(17) 0O(1)-C(13)-C(18) 118.3(3)
N(1)-C(5)-C(4) 116.4(3) 0(2)-C(9)-C(5) 118.6(3)
N(2)-C(18)-C(17) 116.6(3) 0(2)-C(9)-C(8) 123.0(3)
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Figure 5.2 ORTEP diagram of [(CoHgNO)2(CH,)3]*" and 2PFs™ in the
[(CoHsNO)2(CHa)3]?* 2PFs (2a) structure with an atom numbering scheme

5.3.3 IR and NMR spectra

The IR and *H NMR spectral data of al these ionic liquids are summarized in
experimental section and deduced by comparing them with the spectra of parent organic
compound (PMOQ, HMOQ & BQOP) and 8-hydroxyquinoline. In the NMR spectra of
ionic compounds, al the signals are observed at the desired position with desirable
multiplicities in al the derivatives. The proton NMR spectra did not show significant
differences between parent organic compound and its ionic compounds. In the IR spectra,
al the absorption appeared to the expected position. ATR/FTIR spectroscopy

measurements were carried out to support the occurrence of the anion exchange reaction.
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Since bromide anions are invisible in ATR/FTIR, only the absorption bands of parent
dication can be recorded in the spectra. For ionic compound (1a), (2a) and (3a) carrying
PFe as anion, the broad peak at 830 cm™ can be assigned to the symmetric stretching of
the PFg anion. Therefore, ATR/FTIR spectra offered solid evidence of the anion

exchange.

The 3P NMR spectra of ionic compounds containing PFg (1a, 2a & 3a) were
recorded in DMSO-ds and *P-NMR shift values were approximately the same as
expected in the ionic compounds. The presence of the PFg in ionic compound were
confirmed by the one sets of septate which observed at 6 -143.6 and 0 -143.5 (for 1la &
2a) as shown in figures 5.10, 5.11. Based on above *'P NMR data, observed at expected
positions, supporting the crystal structure in which organic ligands and a PFg" anion linked

as counter ion.
5.34 UV-Vis. Absorption spectra

The absorption spectrum of al the ionic liquids was recorded against the precursor
(PMOQ, BQOP & BQOH) blank. The absorption spectra of the precursors BQOP,
BQOH and their ionic compounds are shown in Figure 5.1. The obtained spectra
indicated that the ionic compounds have maximum absorbance at 365 nm and precursors
have maximum absorbance at 313 nm, respectively. The precursors have minimum
absorbance at the maximum absorbance of its ionic compounds and confirm the

complexation between precursors and ionic salts.
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6.1 Introduction

The coordination chemistry of nitrogen-oxygen donor ligands and its complexesis an
exciting area of research since long time due to their significant antioxidant activity [1-3]
and biological activity against a number of bacteria and fungi [4-6]. The pharmacological
evaluation of meta complexes derived from biologically important N-O donor ligands
have been of utmost importance since some of the metal ions play active role in various
metabolic reactions [ 7-9]. These metals act as vital metallic element and display immense
biological activity upon association with certain metal-protein complexes by taking part
in transport of oxygen and in redox reactions. These properties have created great interest
in the development and study of these metal complex systems [10]. Several synthetic
metal complexes have known to work as antioxidants which provide antioxidant defences
from reactive oxygen species (ROS) damage and reinstate the balance by reducing the
reactive groups [11-13]. Other than being antioxidants they acquired massive importance
owing to their significant ability to prevent several diseases [14]. Bacteria show resistance
toward many drugs which reduces the efficiency of antimicrobial treatment using existing
antibiotics, thus there is an immense need today for the development of more competent
drugs[15].

Numerous reported studies revealed that metal chelates are more active biologically
than those of free ligands; this shows that upon chelation polarity of metal ions reduces
which enhances the hydrophobic property of the complex and thus supports the diffusion
through lipid cell membrane of the microorganisms[16]. Therefore, it can be inferred that
interaction of metal ions with organic ligands increases biological activity than free
ligands, this conclusion validates the several ongoing research work towards synthesis of
new drugs of which mechanism of action are still not well established [15-17]. The newly
developed metal complexes tend to have immense potential against many pathogenic
bacteria [18]. Severa studies have demonstrated an increase in antimicrobial activity
following the interaction of several ligands with metal ions [19]. Meta chelation occurs
in several significant biological processes where the coordination takes place between
various metal ions and a broad variety of ligands [19-21]. Several categories of ligands
and their metal chelates have been explored broadly which show their applications in the
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field of medicine [22-24]. The complexes of copper with pyridazin derivatives and
complexes of Ag(l), Co(Il), Ni(ll) and Cu(ll) with sulfamethoxypyridazine were shown to
have remarkable anti-inflammatory and antimicrobial activity [25-28].

8-Hydroxyquinoline is a small planar organic molecule having lipophilic property. It
is an excellent N-O donor bidentate chelating ligand and having ability to form
complexes with various bivalent metal ions through chelate formation [29]. 8-
Hydroxyquinoline and its derivatives were reported to exhibit significant biological
activity towards a number of microorganisms. Potential bioactivities of 8-
hydroxyquinoline and its complexes can be attributed to their chelating ability. Metal
discrepancy is one of the important reasons for several diseases;, 8-hydroxyquinoline
being a potent chelator could reinstate metal balance and therefore can be applicable in
the treatment of metal imbalance related diseases. Numerous 8-hydroxyquinoline and its
derivatives have potential applicability in medicinal field such as antineuro degenerative,
anticancer, antioxidant, antimicrobial, anti-inflammatory, and antidiabetic activities [30].
Considering the above discussed biological properties of the nitrogen and oxygen
containing ligands and their transition metal complexes, in the presented work we have
undertaken the antioxidant, antibacterial and antifungal activity of the N-O donor ligands
derived from 8-hydroxyquinoline and their metal complexes synthesized in previous
chapters.

6.1.1 Antioxidant Activity

Antioxidants are the compounds which play a crucial rule in terminating effect of
reactive species such as free radicals which are produced during the oxidation process.
Formation of reactive oxygen species or free radicals during metabolic processes and
other activities which are outside the range of antioxidant capability of a biological
system generate oxidative stress [31]. This Oxidative stress plays key part in causing
heart diseases, neurodegenerative diseases, cancer as well as in the aging process. The
complexes exhibiting antioxidant activity avert these reactive species and in this way can
control early ageing process and other diseases arising due to oxidative damage inside the
body [32].
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Antioxidative property of synthesized metal complexes can be investigated by
studying the scavenging ability of those complexes towards trapping free radicals. The
free radical scavenging method is one of the most commonly used techniques and
provides first move towards assessment of antioxidant activity. These active species can
oxidise biomolecules viz. lipids, proteins, nucleic acids, DNA, tissue damage and
therefore cause degenerative diseases. Human diseases like cancer, emphysema, cirrhosis
and arthritis etc. may be caused by oxidative damage [33, 34]. Up to afew extent most of
the living organisms get protected from damages caused by free radica from some
enzyme like super-oxide dismutase and catalase or other compounds like ascorbic acid,
tocopherals, phenolic acids, polyphenols, flavonoids and glutathione [35-37]. However,
antioxidant supplements may provide required protection to the body from the destructive
effect of active species [36]. E. ribes has been reported as a potential antioxidant for
diabetic animals [38-40].

6.1.1.1 Antioxidant activity using DPPH and ABT Sradical scavenging activity

Free radical scavenging activity of methanolic solutions using 1, 1-diphenyl-2-picryl
hydrazyl (DPPH) Assay

Antioxidant activity can be screened using a variety of the methods having
different mechanisms, including hydrogen atom transfer (HAT), single electron transfer
(ET), reducing power, and metal chelation among others. DPPH radical scavenging
technique is one of the most used techniques and it provides first approach for evaluating
antioxidant activity. The DPPH radical is one of the few stable organic nitrogen radicals.
It is commercialy available and does not have to be generated before assay. The stable
DPPH radical have been used for determination of free radical-scavenging property of the
compounds, according to the procedure described by Hatano et al., 1986 [41]. In this
method compounds are dissolved in acetone/water (70:30) mixture, and a different
concentration of each compound was added to methanolic solution of DPPH (0.1mM) at
room temperature. After 30 minutes, the absorbance was recorded at 517 nm. This
experiment repeated three times using Ascorbic acid and quercetin as standard

antioxidants. 1Csp value represents the inhibitory concentration of sample, which is
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required to scavenge 50% of DPPH free radicals.Percentage inhibition calculated using
following formula,
% scavenged DPPH radical = [(Acontrol - Asample)] / (Acontro] X 100

Where, Acontrol IS the absorbance of DPPH radical with blank; Asmpieis the absorbance of
DPPH radical + tested compound.

ABT Sradical scavenging activity

Free radical scavenging ability of compounds can aso be determined by using 2,
2 -azinobis [3-ethylbenzthiazoline]-6-sulfonate (ABTS) method. In this method 7.0 mM
solution of ABTS in methanol and 2.45 mM potassium persulfate solution is prepared in
water and used as separate stock solutions. Then the working solution prepared by mixing
these two stock solutions in equal amount, and placed in dark for 12 hrs. at room
temperature. To this solution further 1.0 ml of ABTS™ solution in methanol is added and
mixed to get the absorbance 0.702 + 0.001 units, at wavelength 734 nm. 1.0 ml solution
of the compounds in methanol reacted with ABTS solution (1.0 ml) for 10 minutes and
then absorbance recorded at 734 nm. The ABTS scavenging capacity for the tested
compounds compared with standard antioxidants ascorbic acid and quercetin. Percentage
scavenging capacity of the compounds calculated as,

% scavenged ABTS radical = [(Acontrol - Asample)] / (Acontraly] % 100

Where, Aconral IS the absorbance of ABTS radical + blank; Asmpieis the absorbance of
ABTSradica + compounds/standard

6.1.2 Antimicrobial activity

In recent time, multi-drug resistant microorganisms have caused serious threat in
many countries across the world [42, 43]. Severa recent clinical studies have depicted the
increase in development of Saphylococcus aureus resistant to meticillin (MRSA),
enterococci resistant to drug vancomycin (VRE) and many other infectious
microorganisms which develop resistance for antibiotics [44]. Diseases originated due to
such microorganisms posed a serious problem for the researchers working in the field of

medicine and the necessity for successful treatment of these diseases, development of



Chapter-6 202

new efficient drugs is required. Antimicrobia agents either kill or inhibit the
harmful microbes [45]. Numerous antimicrobial agents have been developed and
examined. Antimicrobial agents may be anti-bacterial, anti-fungal or antivira and for all
of them mechanism of action are different for curbing the infection. Advancement in
identification of novel natural products and development of new synthetic compounds
showing antimicrobial property as well as expansion in diversity of antibiotic agents are

providing chemical leads for new drugs.

6.1.2.1 Strains of bacteria

In the present work antibacterial activity of complexes have been screened against
gram positive (Stapyl ococcus aureus) and gram negative (Escherichia coli) bacteria using
ciprofloxacin as a standard antibacterial agent. The bacteria selected for screening are
known to cause diseases in human. Saphylococus aureus have known to cause staph-
related illness, internal abscess and food poisoning while Escherichia coli causes bloody

diarrhea, dermatitis, soft tissue infections, bacteremia and urinary tract infections.

Escherichia coli (E. coli)

Escherichia coli is a gram negative rod (bacillus), facultative anaerobic and non-
gporulating in the family Enterobacteriaceae (Fig 6.1). Escherichia coli normally present
in the lower intestine of living organisms having warm blood (endotherms). Most of the
E.coli is not harmful, but some of them may cause severe food poisoning. The risk-free
E.coli strains belongs to the regular flora of the gut, and can assist their hosts by
producing vitamin K2 and by preventing the establishment of pathogenic bacteria inside
the intestine [46]. E. coli represents approx 0.1% of gut flora, and fecal-oral diffusion is

the most common route for diseases caused by infectious strains of E. coli bacteria[47].
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Figure6.1: Structure of E.Coli

Staphylococcus aureus (S. aureus)

Saphylococcus aureus is a gram positive, non-motile and non-spore forming
facultative anaerobes that belongs to the Staphylococcace (Figure 6.2) [48]. It mostly
remains associated with skin, skin glands, and mucous membranes [49]. Staphylococcus
aureus is an opportunistic pathogen often carried asymptomatically on the human body.
Nearly 20-30% of whole population is the carrier of Saureus. It forms golden colonies of
intermediate size on thick medium. These golden colonies often cause - hemolysis on
sheep blood agar plates. The golden colour of S aureus colonies occur due to the
caratenoids and are reportedly play significant role in guarding the pathogen from

oxidants formed by the immune system [50].

Figure 6.2: Structure of Staphyl ococcus aureus
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6.1.2.2 Fungal Strains
Antifungal activity was screened against two fungal species Trichoderma reesel
and Fusarium by using Ketokenazole as standard antifungal agents. The selected fungal

species are known to cause human.

Trichoderma reesei

Trichoderma reesal is a mesophilic filamentous fungus (figure 6.3) originaly isolated
from the Solomon Islands during the Second World War. It is ananamorph of the
fungus Hypocrea jecorina. T. reesel has the capacity to secrete large amounts
of cellulolytic enzymes. It is well known for its ability to produce large amounts of
cellulases and hemicellulases, which are critical for this microorganism to acquire energy
from the environment [51]. The filamentous fungus Trichoderma reesel is today a
paradigm for commercial scale production of different cellulases and hemicellulases and
is well adapted to fermenter cultivations [52]. It is aso a distinguished biological source
of cellulolytic and hemicellulolytic enzymes to degrade the plant cell wall, and thus, is

widely used in the industry for production of renewable carbon source.

Figure 6.3: Structure of Trichoderma reesei

Fusarium

Fusariumis a large and diverse genus of filamentous fungi (Figure 6.4) that
includes a number of economically important plant pathogens, includingF.

graminearum, F. oxysporum, and F. solani. Most of the Fusarium species belongs to soil
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fungi and are distributed worldwide. Some of these species are plant pathogens which
damages root, stem, vascular wilt and fruit. Several species have emerged as important
opportunistic pathogens in humans causing hyalohyphomycosis, mycotic keratitis and
onychomycosis [53]. Some other species act as mycotoxin producers. Even though many
species of Fusarium can behave as infectious pathogens in humans not having sound
immunity, mycotoxicoses have caused most of the health problems to the animal and
human. There have been more than 50 species of Fusarium which infect mostly plant and
animals and to some extent humans. Twelve species were found to be infectious; the most
harmful is Fusarium solani (50% of cases) then Fusarium oxysporum (in 20% cases)
followed by Fusarium verticillioidis and Fusarium moniliforme (10% each) [54, 55].

Figure 6. 4: Structure of Fusarium

Penicillium

Penicillium, saprophytic fungus, commonly known as blue or green mold is one of
the most common fungi appearing in a wide range of habitats like air, soil, covered
environments vegetation and many other food merchandises (figure 6.5).
Penicillium colonies occur in various colours like blue-green, white, yellow and pink with
avelvety to powdery texture. Their growth is very fast and releases a strong musty odour.
It is distributed worldwide and has a big impact on economy. In nature key role of
Penicillium is to decompose the organic compounds, and causes rots food crops as pre-
and post harvest pathogens and forms various mycotoxins. Penicillium acts as a common
allergen causing hypersensitivity, pneumonitis, fever, nasthma. Most of the Penicilliumis

usually not pathogenic however, there are some exclusions. Some of
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the Penicillium species can produce microbia volatile organic compounds (MVOCs) and
toxins which can harm human health particularly upon continuing exposure. The most
common species of Penicillium are Penicillium marneffei, Penicillium purpurogenum,

Penicillium chrysogenum, and Penicillium janthinellum.

Figure 6.5 Structure of Penicillium
6.2 Determination of Antimicrobial Assay
6.2.1 Evaluation of antibacterial activity by inhibition zone technique

In vitro antibacterial activity of al the ligands and the metal complexes
synthesized were tested against two bacteria strains Staphylococcus aureus Gram (+ve)
and Escherichia coli Gram (-ve) by the agar well diffusion technique [56]. Mueller
Hinton agar no. 2 (Hi Media, India) was used as the medium for bacteria. Bacteriad
extracts were diluted in 100% Dimethylsulphoxide (DM SO) to make the concentration of
5 mg/mL. The Mueller Hinton agar was liquefied, then cooled to 48 — 50 °C,
standardized inoculums (1.5x108 CFU/mL, 0.5 McFarland) and after that mixed to the
molten agar. This mixture was filled into sterilized petri dishes which resulted into solid
plate. To the incubated agar plates wells were made of diameter 6 mm. The compounds to
be tested (100 ul) were placed into the well and the plates were incubated at 37°C for 12
h. The antimicrobia activity of the compounds against bacterial species was determined
by measuring diameter of zones formed around the well. The zone of inhibition diameter
(measured in mm) generated by the tested compounds were compared with those formed
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by standard antibiotics, streptomycin. The control zones were subtracted from the test
zones and the resulting zone diameter was measured with antibiotic zone reader to nearest
mm. The procedure was repeated thrice in order to diminish the error and the mean values
taken.

6.2.2 Evaluation of antifungal activity by agar well diffusion method

Anti fungal activity of the all the compounds was investigated against fungal strains,
Fuseriumsemitectum, Trichoderma reesei and Penicillium by using agar well diffusion
method [57]. The fungi were subcultured onto Sabouraud’s dextrose agar, SDA (Merck,
Germany) and cultivated at 37°C for 24 h and 25°C for 2 - 5 days. Spores of fungi were
suspended in sterile PBS and the concentration was maintained to 106 cells/ml. To this
fungal suspension sterile swab was dipped and spread on the agar medium surface. These
plates were alowed to dry at room temperature for 15 min. In the culture media wells
having diameter of 10 mm and at approximately 7 mm distant were perforated with the
help of disinfected glass tube. Very diluted fresh extracts (0.1 ml) \was poured to fullness
for each well. Further these plates were incubated at 37°C for 24 h and after that activities
of compounds were tested by measuring the diameter of zone of inhibition (in mm). All

experiments were performed thrice and mean val ues were cal cul ated.

6.3 Result and discussion
6.3.1 Antioxidant activity of cobalt complexes and ligands (Chapter 2)
Freeradical scavenging activity of compoundsusing DPPH and ABT S assay

Varity of derived 8-Hydroxyqunoline ligands on complexation with cobalt metal
show good antioxidant activity. In order to test in vitro antioxidant activity, scavenging
effect of the compounds upon radicals DPPH and ABTS have been used as an easy and
trustworthy method. The free radical scavenging activities of methanolic solutions of
tested compounds at different concentrations are shown in Tables 6.1 & 6.2 and graph
(figure 6.6 & 6.7).

It is evident from the results that free radical scavenging activity of these
compounds was concentration dependent. From the data it is clearly indicated that the
increase in radical scavenging activity of these compounds is dose dependent. At higher
concentration (more than 80-100 pg/ml) al the compound except ligands (MOQ, PMOQ
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and BQOP) scavenge more than 95 % DPPH and ABTS radicals and show potent
antioxidant properties at this concentration level. It is evident that among the compounds
tested the complexes (8) and (9) exhibited strong interactive ability with DPPH and
ABTS, respectively. Compound (8) exhibited maximum free radical scavenging activity
(98.69%) for DPPH radicas while compound (9) displayed highest free radical
scavenging activity (98.26%) for ABTS radicals. The ligands MOQ, PMOQ and BQOP
showed lower antioxidant activity (35.07), (34.53), (32.43) and (38.45), (35.77), (30.33)
for DPPH and ABTS radicals respectively, comparatively to the AA and QRT as a
standard is shown by graphs (Figure 6.6). The compounds which have low IC-50 value
are good antioxidant. The standards [i.e. AA (40.4, 38.4 pg/mL) and QRT (41.9, 41.8
pg/mL) for DPPH and ABTS radicals, respectively] have higher 1C-50 value than that of
complexes and lower than ligands at higher concentrations. On the basis of IC-50 data, it
can be assigned that complexes are more potent antioxidant than the ligand. The
comparative antioxidant activity of compounds against AA, and QRT as a standard is
shown by graphs (Figure 6.6). All DPPH and ABTS scavenging activities were carried
out only to evaluate the relative antioxidant activities. The antioxidant activities of
compounds under consideration are significant which indicates that among the tested
compounds complexes show potent antioxidant activity.
6.3.2 Antioxidant activity of palladium complexes and ligands (Chapter 3)
Free radical scavenging activity of methanolic solutions using DPPH and ABTS
assay

The free radical scavenging activity data of methanolic solutions of ligands and
their palladium complexes at various concentrations are depicted in Tables 6.3 & 6.4. On
the basis of the result it is clearly observed that all the free radical scavenging data of
these synthetic complexes was concentration dependent. All the ligands (MOQ, BQOP,
BQOH) revealed 1C-50 value of 65.77, 64.48, 69.82 and 63.47, 64.77, 65.90 for DPPH
and ABTS radicals, respectively which is moderately higher than the standard AA and
QRT asshown in table 6.3 & 6.4 and graph (figure 6.8 & 6.9).
Present result of antioxidant data and graph for DPPH and ABTS radicals clearly
confirmed that, the palladium complexes show more potent antioxidant activity than the

ligands. [Pd(PMOQ)CI,] complex displayed higher antioxidant property among all the
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ligands and complexes for both DPPH and ABTS radicals which is just about close to the
standard. Complex [Pd(MOQ).Cl;] exhibited lower antioxidant activity, complex
[Pd(BQOP)CI;] and the ligands displayed moderate activity. The results also confirmed
that the free ligands and their meta complexes showed significant free radicals

scavenging activity.
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Table 6.1: Antioxidant activity of synthesized Co(ll) complexes and ligands (DPPH assay)

Compounds Concentration (ug/ml) DPPH
0 10 20 30 40 50 60 80 100 C-50 pg/mi
Ascorbicacid (AA) | O 6.97 11.26 16.40 19.48 22.10 2031 36.95 41.86 404
Quercetin 0 5.65 10.31 14.73 17.59 20.01 26.87 31.98 35.07 419
MOQ 0 0 0 11.78 12.46 16.86 20.55 23.73 34.53 54.3
PMOQ 0 0 0 9.70 11.78 15.87 19.68 21.22 32.43 53.2
BQOP 0 0 0 8.86 10.48 13.97 18.73 20.12 30.33 51.7
1 0 | 1554 26.58 36.46 48.03 59.65 69.64 85.01 92.42 38.5
2 0 | 1273 | 23.40 30.68 41.78 53.65 60.43 77.01 91.32 44.9
3 0 | 2324 42.74 64.65 81.60 90.34 95.56 97.05 98.12 21.6
4 0 | 1513 26.86 38.46 51.86 62.14 72.44 87.74 94.32 22.3
5 0 | 3145 58.34 72.96 91.53 96.14 97.01 97.74 98.52 36.9
6 0 | 19.58 36.44 55.86 65.18 79.10 92.97 96.45 98.03 15.8
7 0 | 2568 | 47.02 71.09 86.58 96.32 97.15 97.86 98.43 25.3
8 0 | 3526 | 6833 91.02 95.48 96.45 98.01 98.24 98.69 19.9
9 0 | 18.37 35.25 53.37 67.80 81.24 91.32 95.57 97.86 12.8
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Table 6.2: Antioxidant activity of synthesized Co(ll) complexes and ligands (ABT S assay)

Compounds Concentration (ug/ml) ABTS
0 10 20 30 40 50 60 80 100 IC-50 pg/mi
Ascorbicacid (AA) | O 38.17 | 50.62 56.48 66.20 70.53 76.70 80.17 | 85.63 384
Quercetin 0 30.43 43.62 49.26 55.19 64.31 70.98 76.72 | 81.02 41.8
MOQ 0 0 0 14.65 15.68 21.05 23.35 27.68 | 38.45 55.1
PMOQ 0 0 0 13.89 13.99 19.06 21.13 24.97 35.77 52.4
BQOP 0 0 0 11.79 12.05 17.13 20.01 23.87 | 30.33 50.6
1 0 18.34 28.37 41.71 56.15 65.29 74.44 87.11 | 94.22 34.5
2 0 1534 | 27.70 36.69 47.71 57.69 65.12 8452 | 92.02 40.8
3 0 27.53 53.30 72.84 87.38 93.04 96.33 9725 | 97.81 185
4 0 19.12 32.36 44.11 56.79 67.14 78.21 87.61 | 95.02 32.8
5 0 16.05 25.34 35.23 43.03 52.20 61.11 67.33 | 81.32 459
6 0 35.19 65.38 81.55 91.84 96.22 97.20 9749 | 97.98 14.2
7 0 22.47 43.12 62.41 75.42 88.48 95.05 97.14 | 97.21 22.7
8 0 20.21 5341 79.10 88.43 95.62 96.47 98.02 | 98.11 18.6
9 0 40.12 77.21 91.11 96.52 97.14 97.71 97.88 | 98.26 12.3
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Figure 6.6 Antioxidant activities of synthesized cobalt complexes and ligands (DPPH assay)
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Figure 6.7: Antioxidant activity of synthesized cobalt complexes and ligands (ABTS assay)
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Table 6.3: Antioxidant activity of synthesized Pd(l1) complexes (DPPH assay)

Compound Concentration (ug/ml) DPPH
0 10 20 30 40 50 60 80 100 150 200 500 IC-50
pg/ml
Ascorbic acid 0 6.97 |11.26 |16.40 |19.48 | 2210 |29.31 [36.95 |4186 |5210 |67.73 |84.73 |62.19
(AA)
Quercetin 0 565 |10.31 |14.73 |1759 |20.01 |26.87 |3198 |3507 |4526 |56.83 |80.28 |66.21
MOQ 00 |00 0.0 11.78 | 1246 | 16.86 |20.55 |23.73 | 3453 |47.65 |59.16 |84.23 | 65.77
PMOQ 00 |00 0.0 947 |11.78 | 1587 |19.68 |21.22 | 3243 |47.68 |63.67 |85.98 |64.48
BQOP 00 |00 0.0 886 |1048 |1397 |18.73 |20.12 |30.33 |[4598 |61.47 |71.87 |69.82
[PA(MOQ)CI;] |00 |0.0 0.0 11.83 | 14.71 | 17,65 |23.45 |27.63 |36.13 |53.72 |66.03 |89.21 |61.53
[PA(PMOQ)CI;] |00 |0.0 1244 | 1587 |21.68 |26.67 |31.78 [40.82 |51.68 |7153 |89.30 |91.42 |60.89
[PA(BQOP)CI;] |00 |1456 |24.64 | 3245 |39.67 |46.28 |5556 |67.46 |74.78 |86.78 |92.96 |96.71 |57.39
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Table 6.4: Antioxidant activity of synthesized palladium complexes (ABTS assay)

Compounds Concentration (ug/ml) ABTS
0 10 20 30 40 50 60 80 100 150 |200 |500 IC-50
pg/ml
Ascorbic acid 0 38.17 | 50.62 | 56.48 | 66.20 | 70.53 | 76.70 | 80.17 | 85.63 | 91.02 | 93.23 | 94.58 | 50.19
(AA)
Quercetin 0 30.43 | 43.62 | 49.26 | 55.19 | 64.31 | 70.98 | 76.72 | 81.02 | 87.37 | 91.33 | 92.17 | 51.38
MOQ 00 |00 0.0 14.65 | 15.68 | 21.05 | 23.35 | 27.68 | 38.45 | 54.65 | 72.44 | 89.76 | 63.47
PMOQ 00 |00 0.0 13.89 | 13.99 | 19.06 | 21.13 | 24.97 | 35.77 | 51.93 | 67.61 | 79.62 | 64.77
BQOP 00 |00 0.0 11.79 | 12.05 | 17.13 | 20.01 | 23.87 | 33.61 | 48.89 | 64.53 | 76.54 | 65.90
[PA(MOQ)2Cl;] |0.0 |0.0 0.0 18.28 | 20.63 | 23.04 | 24.73 | 32.46 | 40.14 | 61.72 | 74.69 | 85.62 | 57.93
[PA(PMOQ)CI;] [ 0.0 |0.0 1394 | 17.32 | 24.64 | 29.42 | 34.82 | 45.73 | 56.97 | 83.46 | 91.20 | 93.76 | 54.42
[PA(BQOP)CI;] | 0.0 |13.79 | 2257 | 29.56 | 34.35 | 46.28 | 52.79 | 64.79 | 74.97 | 84.75 | 91.80 | 93.86 | 53.09
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Figure 6.8: Antioxidant activity of synthesized Pd(l1) complexes (DPPH assay)
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Figure 6.9: Antioxidant activity of synthesized Pd(11) complexes (ABTS assay)
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6.3.3 Antimicrobial activity of ionic compounds (Chapter 5)

In order to test antimicrobial activity of ionic compounds, it is easier to start with
antibacterial activities owing to the short generation time of bacteria as compared to other
living organisms [58, 59]. In 2015 areview studies of Pendleton et. a [60] focused on the
antimicrobial potential of ionic compounds. This has indirectly led to the realization that
some ILs exhibit anti-bacterial activity. Antimicrobial activity of new ionic liquid and
their precursor were investigated against two bacteria S. aureus (G*) & E. coli (G) and
two fungai, T. reesel (G") & Penicillinium (G). The results of the antimicrobial activity
are shown in table 6.5 and figures 6.10 & 6.11.

The parent compound BQOH has not shown any anti-bacterial and antifungal
activity against any of the tested microorganisms and fungi while the compound BQOP
has shown all activity against E. coli (G) and fungi T. reesei (G") & Penicillinium (G)
except S. aureus (G*) bacteria. The parent compound BQOH has not shown any activity
against any of the screened microorganisms and fungi but their ionic liquids (2) and (2a)
showed both the activities against all tested microorganisms and fungi. In general ionic
liquid (1) showed high activity against all G- or G+ bacteria and fungi was most potent
compound as shown in table. The antimicrobial activity of ionic compounds (1) and (2)
are much higher than the compound (1a) and (2a). This effect indicates that the
brominated ionic liquids are highly active comparatively to the hexaflorophosphate
containing ionic liquid. For G~ or G bacteria and fungi, the PFs containg ionic liquids
(1a) and (2a) recorded higher activity against E. coli (G) & T. reesal and lower against
Penicillin(G) S. aureus (G").

Table 6.5 Antibacterial activity datafor ligands and its anionic complexes after 24 hours.

Compounds Concentration Average value of Average value of fungal
(mg/Disc) bacteriostatic diameter static diameter (mm)*
(mm)*
S. aureus E. cali T. reeseal Penicillin
BQOP 2 0 8 4 8
BQOH 2 0 0 0 0
(@) 2 10 20 14 10
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Figure 6.10 Bar graph showing the relative antibacterial activity of the ligands and ionic

compounds

6.1.1 Antimicrobial activity of ligands and their cobalt complexes (Chapter 2)

The antibacteria activity of ligands and their corresponding cobalt complexes
were tested against S. aureus and E. coli and antifungal activity against T. reesei and
Fusarium. Both the antibacterial and antifungal results are shown in table 6.6. From the
results it is revealed that some of the synthesized cobalt complexes show better activity
than that of ligands while some complexes do not show any activity against the same
microorganism. The enhanced antimicrobial activity of the metal complexes can be
attributed to the effect of metal ion on the normal cell processes.

Tweedy’s chelation theory may be a possible explaination for enhanced
antimicrobial activity of the complexes [61-64]. According to this theory due to chelation
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polarity of the metal ion reduces significantly since the positive charge gets partly shared
with the chelating ligands and the delocalization of m- electron. This increases the
lipophilic property of the metal atom, consequently, enhances its permeability to the cell
membrane through lipid layer.
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Figure 6.11 Bar graph showing the relative antifungal activity of the ligands and ionic
compounds.

The results shown in table 6.5 and graphs (fig. 6.12 & 6.13) clearly show that the
complexes (3), (6), (8) and (9) exhibited significant bacterial growth against S. aureus
(Gram +ve) and E. coli (Gram -ve) bacteria at a concentration of 1 mg/ml while no
bacterial growth was observed in case of complexes (1), (2), (4) and (5). In case of
complex (7), the growth of the organism was observed against only in Gram —ve bacteria
E. coli at concentration 1 mg/ml. The complexes having substituted fluorine containing
groups with cobat metal displayed to be the more effective antibacterial activity
compared to the parent complexes and ligands.

In the study of the antifungal activity, chelating cobalt complexes tested against the
fungal strains, T. reesel and Fusarium, were observed higher activity at concentrations 1
mg/ml. All the results shown in table 6.5 and figure 6.12 & 6.13 clearly show that all
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these complexes exhibit higher activity than their parent ligands. In the case of the T.
reesei, except complex (2) and (5), all the other complexes demonstrate significant high
antifungal activity. With respect to the results of complexes (3), (8) and (9), no bacterial
growth was observed against fungi Fusarium. The complexes (3) and (9) showed the
same activity against the T. reesel while the complexes (5) and (6) showed similar
activity against the gram -ve fungi Fusarium.

Even though there is an adequate rise in the activities of the complexes against bacteria
and fungi than their corresponding free ligands, however, some complexes could not
exhibit significant activity as compared to standard antifungal and antibacterial agents.
From the data it is evident that the cobalt complexes having fluorine substituted group
exhibit better activity and the synthesized Co(ll) complexes are more active against fungi

than the various strains of bacteria (Table 6.5).

Table 6.5 Antibacterial activity data for ligands and its cobalt complexes after 24 hours.

Compound Concentration | Average value of Average value of fungal
(My/DIsd) bacteriostatic diameter | static diameter (mm)*
(mm)*
S. aureus E. coli T.reesel | Fusarium
Standard (Ciprofloxacin) | 2 39 40 - 36
MOQ 2 2 8 2 8
PMOQ 2 3 6 0 6
BQOP 2 - 8 4 8
[(MOQ)2CoCI2](2) 2 - - - 18
[(PMOQ)CoClI2](2) 2 - - 12 15
[(BQOP)CoCI2](3) 2 25 17 33 -
[(MOQ)2Co(OC6F5),](4) | 2 - - 34 40
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[(MOQ)2Co(OC3F7),](5) | 2 - : - 24
[(PMOQ)Co(OC4Fs)7](6) |2 16 10 27 24
[(PMOQ)Co(OCsF3)2](7) | 2 - 7 32 20
[((BQOP)Co(OCeFs):1(8) |2 13 10 30 i
[(BQOP)Co(OC3F2);](9) |2 18 20 37 :
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(a) Antibacterial activity of (b) Antibacterial activity
cobalt complexes (1), (4) and (5) | of cobalt complexes (2),
against S. aureus (6) and (7) against S.

Aureus

(c)Antibacterial activity of
cobalt complexes (3), (8)
and (9) against S. Aureus

(d) Antibacterial activity of (e) Antibacterial activity
cobalt complexes (1), (4) and | of cobalt complexes (2),
(5) against E. coli (6) and (7) against E. coli

(f) Antibacterial activity of
cobalt complexes (3), (8) and
(9) against E. Coli

Figure 6.14 (a-f) Antibacterial activity of newly synthesized cobalt complexes against S

aureus and E. coli after 24 hrs
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(a)Antifungal activity of (b) Antifungal activity of | (c) Antifungal activity of cobalt
cobalt complexes (1), (4) cobalt complexes (2), (6) complexes (3), (8) and (9)

and (5) against T. reesei and (7) against T. reesei against T. reesel

(d)Antifungal activity of cobalt complexes
(1), (4) and (5) against Fusarium

(e)Antifungal activity of cobalt complexes (2),
(6) and (7) against Fusarium

Figure 6.15 (a-e) Antifungal activity of newly synthesized cobalt complexes against T. reesei

and Fusarium after 24 hrs
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(a) Antibacterial activity of compounds
(1), and (BQOP) against S. aureus

(b) Antibacterial activity of compound (2)
and (2a) against S. Aureus

(©)

(d)

(e) Antibacterial activity of compounds
(1), and (BQOP) against E. Coli

(f) Antibacterial activity of compounds (2),
and (2a) against E. Coli

Figure 6.16 (a-d) Antibacterial activity of newly synthesized ionic compound against S. aureus
and E. coli after 24 hrs




Chapter-6 226

(a) Antifungal activity of (b)Antifungal activity of (c)Antifungal activity of
compounds (1) and (BQOP) compound (2) and (2a) compound (BQOH) and

against T. Ressei against T. Ressel (2a) against T. Ressai

e

(d)Antifungal activity of (e)Antifungal activity of (HAnNtifungal activity of
compounds (BQOP) and (1a) | compound (BQOH) and compounds (2) and
against penicillium (2a) against penicillium (BQOP) against penicillium

Figure 6.17(a-f) Antifungal activity of newly synthesized ionic compound against T. reesie and

pencillium after 24 hrs
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