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Abstract
This present thesis illustrates the synthesis and characterization using various spectroscopic
techniques of 12 different ligands and their metal complexes 48 with Cobalt "', Nickel "', Copper "
and Zinc". The synthesized ligands and their metal complexes were characterized by M.P., FTIR,
NMR (*H and 3C NMR), ESR (for Cu and Co), VSM (Ni), XRD (Zn) and evaluated against M.
tuberculosis H37RV for anti-tubercular activity. Thiosemicarbazide is reacted with different
aldehydes or ketones in 2:1 molar ratio to form bisthiosemicarbazones, (2,5 Hzbttsc, *HzL), (2,5
Habttsc N-Me, 2HzL), (2,5 Habttsc N-Ph, 3HzL), (2,3bitsc, *H2L), (2,3 Hzbitsc-N-Me, °H:L), (2,3
Habitsc-NPh, ®H2L), (2,5 Hzbptsc, "H2L), (2,5 Habptsc N-Me, 8HzL), (2,5 Habptsc N-Ph, °HaL),
(2,6 Hzbdptsc, 1°H2L), (2,6 Hzbdptsc N-Me, **H2L) and (2,6 Hzobdptsc N-Ph, *2HaL). All the
synthesized ligands were characterised by M.P., FTIR, NMR (*H and *C NMR). Reaction of
cobalt(11) acetate with *H2L-12H2L yielded complexes of stoichiometry, [Co(L)] 1-12 molar ratio
in 1:1. All the complexes have m/z values in well agreement with proposed stoichiometry. The

existence of free electrons in the ground term, d,_, 2 in tetrahedral environment is confirmed by

a larger g value than gi.. The anti-T.B activity of ligands generally get enhanced upon
complexation. It has been noted that enhancing the hydrophobicity of a ligand via substitutions at
the N! atom typically boosts its anti-T.B activity. For example, the anti-T.B efficacy of *HaL,
which has an (MIC =6.25 pg/ml), is significantly increased when complexed with Co(ll) 1,
reducing the (MIC=1.6 pg/ml). Drug-protein binding studies of compounds using (HSA) were
conducted utilising ultraviolet-visible and fluorimetry spectroscopy to investigate
pharmacokinetics, or the efficient transport of molecules to their target locations. Strong binding
interactions were exhibited by the ligand *HzL and complex (1) with HSA. Furthermore, the
experimental data is supported by the molecular modeling studies. Low binding energy obtained
(-5.8) H2L, (-6.68) 1 Kcal/ mol, indicate strong interaction.

Reaction of Nickel (I1) acetate with *HzL-1?HzL yielded complexes of stoichiometry, [Ni(L)] 13-
24 in molar ratiol:1. All the complexes were characterised using FTIR, Mass, UV-visible and
VVSM studies. All the complexes have m/z values in well agreement with proposed stoichiometry.
The magnetic moment found experimentally was in the range of 2.8-4.62 B.M for complexes 13-
24 confirms the tetrahedral geometry. The anti-TB activity of *°HzL (MIC = 50pug/ml) was more
increased on complexation with Ni(ll) 34 (MIC=12.5ug/ml). The drug-protein binding study of
ligand °H2L and complex (34) exhibited strong binding interactions values with HSA. The
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minimal binding energies obtained using molecular modelling (PDB ID: 2H7M) is obtained is
(-6.4) HaL, (-7.0) 1 Kcal/ mol, indicate strong interaction, which also supports the experimental
data. The reaction of Copper(ll) acetate with H2L-2HzL yielded complexes of stoichiometry,
[Cu(L)] 25-36 in molar ratio 1:1. All the complexes have m/z values in well agreement with
proposed stoichiometry. The square planar geometry for complexes was confirmed from g and f
(empirical parameter) values obtained from ESR spectra. The anti-TB activity of 2HzL and “HzL
(MIC = 3.12, 50pug/ml) get enhanced on complexation through Cu(ll) (MIC=1.6, 25ug/ml). The
most potent ligand 2HzL, “H2L and complex 26, 28 have strong binding interactions constant
values indicates significant binding interactions with HSA. The experimental data is also supported
by the significant intermolecular interaction of these compounds shown by molecular modeling
studies with smallest binding energy -5.8 (°HzL), -7.6(*HzL), -6.6 (26) and -8.7 (28) Kcal/ mol,
Reaction of Zinc(ll) acetate with HzoL-2HL yielded complexes of stoichiometry, [Zn(L)] 37-
48 in molar ratio 1:1. All the complexes have m/z values in well agreement with proposed
stoichiometry. It was observed that crystalline complexes (37-39,43-48) has good crystal size as
compared to amorphous complexes (40-42) and belongs to different crystal systems. The anti-
tubercular activity of °HzoL (MIC = 3.12ug/ml) get more enhanced-on complexation with Zinc(l1)
45 (MIC=0.8ug/ml). The interaction of ligand with Zinc(ll) was more confirmed by the HSA
studies. The ligand °HzL and complex (45) exhibit high binding interactions with values 3.13x10°
Mtand 9.34x10° M. In addition, Low binding energy obtained from molecular modelling (-9.1)
H.L, (-12.4) 45 Kcal/ mol, indicate strong interaction, which also supports the experimental data.
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CHAPTER-1
INTRODUCTION
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1.1 Introduction of bisthiosemicarbazones

Coordination chemistry, a vital aspect of inorganic chemistry, encompasses a broad range of
research focusing on coordination compounds. These compounds exhibit diverse properties across
various metals in the periodic table, spanning different coordination numbers and oxidation states.
The versatility in their preparation has led to widespread applications in numerous fields, including
pharmaceuticals, polymers, paints, fungicides, and more [1]. Additionally, coordination
compounds play significant roles in natural processes, exemplified by their presence in
chlorophyll, hemoglobin, Vitamin-B complex, and enzymes. Schiff bases, are known for their
versatile coordination chemistry, contribute significantly to this realm and further expand the
scope and potential applications of coordination compounds [2,3]. Schiff bases exhibit versatile
applications across various fields, including separation processes, metallic deactivation,
bioinorganic chemistry, catalysis, electrochemistry, and environmental chemistry [4-8]. They are
also employed in purifying carbonyl and amino compounds and protecting these groups during
complex or sensitive reactions. Furthermore, Schiff bases serve as fundamental units in certain dye
compositions [9]. In organic synthesis, reactions involving Schiff base formation are instrumental
in establishing carbon-nitrogen bonds. Additionally, Schiff bases serve as crucial intermediates in
numerous enzymatic reactions, particularly those involving the interaction between an enzyme and
an amino or carbonyl group on the substrate. Notably, catalytic mechanisms in biochemical
processes often entail the condensation of a primary amino group of an enzyme, typically a lysine
residue, with a substrate's carbonyl group to form an imine [10]. Rising scope of Schiff bases in
biological system made them a key area of investigation [11-13]. Schiff bases generated from
thiosemicarbazide are one of the examples with lot of pharmacological activities like, antibacterial,
antifungal, antitumor, anticancer and antiviral [14-21]. Thiosemicarbazones (I) containing
nitrogen, sulfur donor atoms have established notable interests and extensive study scope through
variety of bonding modes [22—26], capability of ion-sensing [27-29], catalytic properties [30-33]
and biological applications like anti-malarial, anti-viral, radioprotective, trypanocidal, anti-
inflammatory, anti-bacterial, anti-fungal, anti-tumor, and anti-amoebic activities [34-38].
Biological significance of thiosemicarbazones increased when its two units are connected by
aromatic or aliphatic rings to form bis(thiosemicarbazone) and gets coordinated with transition
metals [39,40]. Apart from the various coordination geometries, additional interest in

thiosemicarbazone chemistry includes cyclometallation and analytical application [41-43].
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Thiosemicarbazones have major biological applications when they form complexes with metal
ions because they create chelate N, S-binding pockets that allow metals to be coordinated, which

affects biological activity [44-61].

S
2 1 //
R HN——C
\2 3/ \1
/C—N NR3R*
R2

R'= Alkyl group/aromatic ring /
heterocyclic ring.

R?= H/ Me/ Et/ Ph

R3,R*= H/ Me/ Et/ Ph

Scheme 1. Chemical structure of thiosemicarbazone

The flexibility of thiosemicarbazones coordination capacity towards various metals twigs from the
ease with which R groups at the C2 and N* atoms of thio-ligands might deviate [62], which is also
the reason for variable bonding modes exhibited by them. Thiosemicarbazones are divided into
two categories: (i) Monothiosemicarbazones; (ii) bisthiosemicarbazones [63].

s R? R?
./ )

R1\ ;N C HN—N N—NH

2 3 1

C=——N NR3R4 S S
RZ/ NR3R* SRRN

(1 (i R',R?= Me
R3,R*= Me,Ph

Scheme 2. Structure of (i) Monothiosemicarbazone (I1); (ii) bisthiosemicarbazone (I11).
As the name suggests, monothiosemicarbazones carry only one thiosemicarbazone moiety, while
bisthiosemicarbazones contain two moieties associated by means of their imine nitrogens [64]. A
detailed review covering monothiosemicarbazones has already been reported [23,63,65,66].Thus,
the current review aims to focus on bisthiosemicarbazones only. Bisthiosemicarbazones have been

known for more than 50 years for their significance in anti-tumor, anti-biotic and anti-viral
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properties [67]. In the times that followed, it has become apparent that they may also bestow with
a suitable way of tagging biologically active molecules, by using metallic radionuclides and
fluorescence. Bisthiosemicarbazones, having the two thiosemicarbazone moieties positioned in
such a way that the molecule is capable of acting as a tetradentate ligand, are excellent chelating
agents. The more importance of these ligands is in the field of biological systems due to the
heteroatoms present in the ring. These heteroatoms contain elements such as nitrogen, oxygen,
sulphur, and more. Heterocycles have a similar structure to cyclic organic compounds made
entirely of carbon atoms. However, replacing one or more carbon atoms with heteroatoms results
in distinct physicochemical properties that distinguish them from all-carbon rings. Heterocyclic
compounds are highly useful in chemistry and industry due to their unique properties. Heterocycles
are a crucial class of chemical molecules having significant applications in various scientific fields.
Heterocycles are a fascinating subject of study due to their unique characteristics and structural
diversity in chemistry. Heterocycles are essential for sustaining life, playing a vital role in biology
by encoding genetic information. The nitrogenous bases adenine and guanine in DNA, and uracil
and cytosine in RNA, are heterocyclic molecules. These bases are essential for storing and
transmitting genetic information, highlighting the importance of heterocycles in sustaining life.
Heterocycles play an important role in both pharmacology and medicine. Many medications and
pharmaceuticals on the market incorporate heterocyclic motifs in their structures. The astounding
accomplishments highlight the wide range of medicinal uses of these substances. They are flexible
targets for synthesis and essential structural components in both medicinal chemistry and chemical
synthesis because of their fascinating biological functions. The pharmaceutical industry has
demonstrated a great deal of interest in the diverse uses of heterocycles. Thus, heterocyclic
molecules are essential in chemistry and can lead to innovation in various fields when
complexation with metals.

1.2. Transition metals with bisthiosemicarbazones

Transition elements can be broadly categorized as elements or ions with partially filled d or f sub-
shells. However, in a broader context, any element exhibiting partially filled d or f shells in any
oxidation state is considered a transition element [68] and d-block elements, often known as
transition metals, include elements like Co", Ni'"!, Cu'' and zn". Typically, stable compounds arise
from interactions between soft acids and soft bases, as well as hard acids and hard bases [69].

Metals play an important role in biological redox reactions because of their relative stability in
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various oxidation states [70]. In addition, due to their broad range of reactivity in permitting
different chemical transformations, transition metal catalysts have gained widespread acceptance
as practical instruments in contemporary synthetic organic chemistry. Since supporting ligands
have been developed, the chemistry has expanded and now has a major impact on the stability and
reactivity of metal complexes in the main coordination system [71].

Copper has been used to create bioactive compounds because of its low toxicity.
Mycobacterium tuberculosis H37RV strain was significantly inhibited by a number of copper(ll)
complexes [72-77]. Copper(ll) bis(thiosemicarbazone) complexes are of most significance due to
their use as anticancer drugs [78][79]. Anticancer activity of bisthiosemicarbazone can be
correlated by i) Cu(ll) chelation [80]; ii) its ability to release coordinated Cu(ll) inside the cell
[17,18]. Since the heterocyclic structure can donate hydrogen or electrons to the acceptors (i.e.,
DPPH) to decrease the generation of free radicals, their presence in a molecule made them
important candidates for investigation of their antioxidant studies. The radio labelled copper
complexes have been made possible by short synthesis times, allowing for simultaneous diagnosis
and treatment [81-83]. Hamsters with human GW39 colon cancer tumors have been treated with
radiolabeled ® Cu(ATSM), which has considerably increased their survival time (6 times)[84].
Bisthiosemicarbazones provided an advantage for the development of kits to support clinical
diagnosis and treatment by containing a copper isotope in the radionuclide[68,85]. Cobalt (1)
complexes of thiosemicarbazones have been extensively researched and synthesised due to their
diverse characteristics. All mammals have cobalt, an essential trace element that functions as a
cofactor of vitamin B12, allowing it to control DNA synthesis and preserve normal nervous system
and brain function [14]. The production and reactivity of Schiff base ligand cobalt complexes have
long been of interest to inorganic chemists [86,87]. For example, cobalamin (B12) coenzymes,
dioxygen transporters, and oxygen activators have all been extensively mimicked by cobalt
complexes containing tetradentate Schiff base ligands [78,88]. They are also employed as
antibacterial agents and for enantioselective reduction [88,89]. Nickel (I11) Schiff base complexes
with sulphur donors have been studied due to their presence in biological nickel centres, including
the active sites of ureases, methyl-S-coenzyme-M-methyl reductase, and hydrogenases [90].
Transition-metal-ion complex Zinc(ll), have been extensively studied due to their diverse
therapeutic applications, including antiviral and anticancer properties. Zinc(ll) compounds of

bis(thiosemicarbazone) have shown promise as anti-tubercular and anticancer drugs [91-94].
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A number of gallium and indium complexes of bisthiosemicarbazones are also known to
be used as potential imaging agents [95-97]. Optical properties shown by thiosemicarbazones get
increased in bisthiosemicarbazones due to its capacity to create a number of five-membered chelate
rings. This makes that more likely their pharmacological characteristics and coordinated behaviour
towards the transition metals is extensively researched [99-102]. Bisthiosemicarbazones are also

used as sensors to detect heavy metals [102-105].

1.3. Preparation of bisthiosemicarbazones
Bisthiosemicarbazones can be prepared by condensation of aldehydes or ketones with
thiosemicarbazide in 1: 2 molar ratio (1V) [106].

H R! H
N N
i I
R'(C=0), H,N |C| N N
or + 2 2 \N/ \NHR2 —_— HN/ \NH
R'(CHO), H | |
Dialdehyde/Diketone X N et
y Thiosemicarbazide R*HN S S NHR
R?=H Bisthiosemicarbazone
Me
Ph R'=Heterocyclic ring R?*=H
Aromatic ring Me
Carbon-carbon linkage Ph
(V)

Scheme 3. Schematic representation of bisthiosemicarbazone

1.4. Bonding modes of bisthiosemicarbazones

Bisthiosemicarbazone can coordinate to a metal ion in both neutral and anionic forms, exhibiting
a variety of bonding modes. These modes are as follows: i) tetradentate coordinating through two
azomethine nitrogen and thin/thiolate sulphur (V); ii) bidentate-cum-bridging coordinative via
azomethine nitrogen and thione/thiolate sulphur of one arm to one of the metal atom and second
arm to second metal atom (V1); iii) two azomethine nitrogen and one thiolate sulphur binding to
one metal atom and second metal atom thus forming sulfur bridge (VII); iv) in the existence of
other donor atom, pentadentate (V111); vii) pentadentate-cum-sulfur bridging (IX) [108,109]. All

of the above-mentioned modes have been identified by X-ray crystallography, and in certain cases,

22



density functional theory (DFT) simulations have also verified the structural description [109-
111].

< § O S
M \ \/

(V1) (VI

Ay SIS
:} ( ~ \/\\

(vVin) (IX)

Scheme 4. Bonding modes of bisthiosemicarbazones
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2. Review of Literature

It was observed from the literature that a large number of monothiosemicarbazones have already
known,[5,112-120] whereas the number of bisthiosemicarbazone reported in literature are
comparatively less and can be divided into following types:

2.1 Types of bisthiosemicarbazones: Depending upon the linkage between two thio- moieties,
bisthiosemicarbazones can be divided into three different broad categories.

1) Bisthiosemicarbazones with C-C linkage between two thio- moieties

i) Bisthiosemicarbazones with an aromatic group linking two thio- moieties

iii) Bisthiosemicarbazones with heterocyclic group linking two thio- moieties

2.1.1 Type I. Bisthiosemicarbazones with C-C linkage between two thio- moieties: A number
of bisthiosemicarbazones are known with various substituents on carbon atoms of the C-C linkage
and amino nitrogen [39,78,82,109,111,121-137]. The ligands with methyl, ethyl or phenyl
substituents on C-C linkage are known (A1-A32). These ligands were prepared by refluxing
thiosemicarbazide and diketone in 2:1 molar ratio [121,125] (Table 2.1).

Table 2.1: A list of bis-thiosemicarbazones with C-C linkage between two thio- moieties

1 H H 2 H H
HN—N/ \N—NH HN—N/ \N—NH
s:< >:s s s
NH, H,N NHPh MeHN
Al A2
3 H H 4 H CH,
HN—N/ \N—NH HN—N/ \N—NH
S:< S S:< >:S
NH, MeHN NH, H,N
A3 Ad
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5 H H 6 H CH;
HN—N/ \N—NH HN—N/ \N—NH
S >:S S:<
NHEt H,N NH, MeHN
A5 A6
7 H H 8 H CH
HN—N/ \N—NH HN—N/ \N—NH
s >:s s
NHPh H,N NHMe MeHN
A7 A8
9 H CH 10 HaC Et
HN—N/ \N—NH HN—N/ \N—NH
S >:S S:< >:S
N(Me), H,N NH, H,N
A9 Al0
11 H CH3 12 HsC Et
HN—N/ \N—NH HN—N/ \N—NH
S S
N(Me), MeHN NHMe MeHN
All Al2
13 H CHj 14 HsC Et
HN—N/ \N—NH HN—N/ \N—NH
S:< S
N(Et), MeHN NHEt EtHN
Al13 Al4d
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15 HaC CHj 16 HaC Et
HN—N/ \N—NH HN—N/ \N—NH
s:< >:s
NH, H,N NHPh PhHN
A15 Al6
17 HaC CHj 18 Et Et
HN—N/ \N—NH HN—N/ \N—NH
s:< S
NH, MeHN NHMe MeHN
Al7 Al8
19 HaC CHj 20 Et Et
HN—N/ \N—NH HN—N/ \N—NH
S S
NHMe MeHN NHPh PhHN
Al9 A20
21 H: :Ph 22 H Ph
HN—N/ \N—NH HN—N/ \N—NH
S S
NHMe MeHN NHMe CgHq1HN
A2l A22
23 Ph Ph 24 Ph Ph
HN—N/ \N—NH HN—N/ \N—NH
S:< >:s
NH, H,N NHMe MeHN
A23 A24
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25 Me Ph 26 Me Ph
HN—N N—NH HN—N N—NH
S S S:< >:S
NHMe MeHN NH, H,N
A25 A26
27 Pyj Py 28 Ph H
HN—N N—NH HN—N/ \N—NH
S S S:< S
NHMe MeHN N(Et), (Et),N
A27
A28
29 H CHj 30 HsC CH,
/> <\ /> <\
HN—N N—NH HN—N N—NH
HNCH; HoN HNCH; HoN
A29 A30
31 H;C H 32 HsC, H
/> <\ > <
HN—N N—NH HN—N/ \N—NH
S S S S
NHMe EtHN
NHMe (Et),N
A3l A32

2.1.2. Type I1. Bisthiosemicarbazones with an aromatic ring linking two thio- moieties: In this
type of bisthiosemicarbazone, two thio-moieties are connected through aromatic rings [129-131].
Aromatic rings can be a single benzene ring or two benzenes fused together with one cyclic ring
(B1-B8). Two thio-moieties are connected to benzene ring at 1,4 positions (B1-B3, B5), at 1,6
positions (B4) and at 2,6 positions (B6, B7). Ligands B5-B6, have either one or two hydroxyl
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groups at benzene ring. B4 contains a hydroxyl group on carbon 2 (C2) of bisthiosemicarbazone

(Table 2.2). These ligands were prepared by condensation of dialdehydes (B1-B7) or diketone

(B8) with two moles of thiosemicarbazide.

Table 2.2: A list of bis-thiosemicarbazones with aromatic ring linking two thio- moieties

1 2 :::
N / \ N
\ /
N=—=C(OH) (HO)C==N NH HN
HN NH S:< >:S
%NHz H2N‘< NH, HoN
S S
B2
Bl
3 4 OH
T { )
N OH N
HN/ NH NH HN
)\ /K ) %S
B3 B4
5 ::: 6 :___:
N / \ N N / \ N
\ / \ /
NH HN NH HN
S S S
NHMe MeHN NHPh PhHN
B5 B6

29




HN/N N\NH N/ \N
\ /
NH HN
s NH, H,N S S S

B7

2.1.3 Type I11. Bisthiosemicarbazones with heterocyclic ring linking two thio-moieties:

In this category of bisthiosemicarbazone ligands, two thio-moieties are connected through a
heterocyclic ring (C1-C17) [11][130][132-144]. Heterocyclic rings can be five- or six-membered.
Rings with one or three heteroatoms are also known. Some ligands contain fused heterocyclic ring
(one phenyl and one five membered ring). The bis-ligands with pyridine ring linking the two thio-
moieties (C1-C7) in meta with various substituents at the terminal end of both thio-arms. Only one
bisthiosemicarbazone containing a five membered heterocyclic ring connecting two thio-moieties
(C8) is known. The two arms are attached in ortho at the 2,3 positions of thiophene ring [145].
Using a modified procedure, aldehydes are converted into radicals by Fenton type reaction and
then reacted with 1,4 pyrazine to form pyrazine-2,5-carbaldehydes. The prepared carbaldehyde
was then condensed with two moles of thiosemicarbazide to form corresponding
bisthiosemicarbazones [153]. Bisthiosemicarbazone with two thio-arms connected by a
phenanthroline ring (C14) and a triazole ring (C15, C16) is also known. These ligands were
prepared using the general condensation method (Table 2.3).

Table 2.3: List of bithiosemicarbazones with two thio-moieties joined by heterocyclic rings
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7 8 Me N Me
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/7 N\_/ \
HN—N N N——NH
S >:S
NH, H,N
C8
Cc7
9 Et N Et 10 iPr N iPr
/ N\ /\
/7 \_/ \ / \
HN—N N N—NH HN—N —N N—NH
S:< >: S >:S
NH, HN NH, H,N
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The condensation of thiosemicarbazide with cyclohexane-1,2-dione and (4,10-Dimethyl-1,4,7,10-

tetraazacyclododecane-1,7-diyl) bis (propan-2-one, respectively, yields bisthiosemicarbazones

with cyclohexane rings (D1, D2) and macrocyclic rings (D3) (Chart 1) [142]

R =H, D1; Me, D2

%[“
Q/NH A S

(D3)

(Chart 1)

Me
/
HN

/

_—NH

&

%s

It has been observed that, generally for the synthesis of ketone based bisthiosemicarbazone, acidic

condition had to be maintained by adding few drops of acid [88], whereas in case of aldehyde

based bisthiosemicarbazone, condensation of aldehyde and thiosemicarbazide can take place

without addition of acid [145].

2.2. Spectroscopic Techniques

Various spectroscopic techniques like IR, UV-visible, NMR and ESR were used to characterize

the bisthiosemicarbazones and their complexes. IR and UV-Visible spectroscopy, ESR, 3!PNMR,

%Co NMR, '°Hg NMR etc. of compounds was discussed in text wherever applicable. Only 'H

and *C NMR are discussed in brief in current section. The numbering used to mention the various

protons in NMR spectra is given in structure X.

"
LIRS
HN NH
| !
R2Hl\1l'/ C\s S/C\l\}HRZ
(X)
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The NMR spectra of some representative bisthiosemicarbazones and metal complexes with neutral
as well as anionic ligands have been discussed to understand the basic pattern of signals and effect
of complexation on these signals. Important chemical shifts in *H and *C NMR are given in Table
2.4 and Table 2.5 respectively.

Table 2.4: 'HNMR chemical shifts (5, ppm) of ligands and metal complexes.

Ligands N°H | N'H2 CHs C’H Ring proton Reference

PyBTSC 10.80 | 10.20 2.50 - 8.55-7.09 [149]

Tri.BTSC 11.30 | 10.23 2.45-2.44 | - 7.68-7.28 [152]

BNMeBTSC 9.85 8.89 3.01 - 7.72-7.38 [129]

GTSM: 11.06 | - 3.2 - 7.90 [39]

GTSCM 10.99 | - 3.02 - 7.88 [39]

PyTSM:> 1539 |- 3.25 - 8.70-7.87 [39]

PGTSM:> 1323 |- 3.42-331 |- 8.57-7.47 [39]

2,3TBTSC 11.61 |8.35 - - 7.67 [145]

CHMTSC 10.6 8.06 3.0 - 1.7-2.4 [151]

H2Pu4M4E 11.70 | 8.53 2.17 7.67 - [154]
10.36 | 8.45

H2Pu4E4AM 11.72 | 851 2.14 7.64 - [154]
10.28 | 8.40

H2Pu4M4DE 913 |7.58 2.05 7.33 - [154]
8.79

HzPu4Mpip 915 |7.57 2.04 7.32 - [154]
8.80

H2Pu4Mhex 9.25 7.58 2.04 7.36 - [154]
8.83

H4DA-PTsz-Me 10.35 |8.73 3.05-2.43 | - 8.40-7.83 [155]
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LMez2H4 9.85 8.89 3.01 - 7.72-7.38 [136]

Complexes N?H NiH:2 CHs CH Ring protons | Reference

[Pd(PyBTSC)] - 10.75 2.72-2.62 | - 8.43-7.34 [149]

[Pt(PyBTSC)] - 11.00 2.78-2.71 | - 8.56-7.70 [149]

[PA(Tri.BTSC)] 12.93 | 11.40 2.46 - 7.68-6.88 [152]

[Pt(Tri.BTSC)] 13.00 |11.35 2.49 - 7.72-7.0 [153]

[Pd(BNMe BTSC)] | - 8.0 2.68 - 7.18-7.13 [129]

[Zn(PYyTSM2)] - - 3.19 8.07-8.05 | 7.78-7.09 [39]

[Zn(PGTSM2)] - - 3.22 8.12-7.38 |- [39]

CdCl2(2,3BTSC) | 11.62 |8.35 - - 8.30-7.63 [145]
11.54 | 7.63

CdBrz(2,3BTSC) | 11.62 |852 - - 8.30-7.63 [145]
11.55 |7.63

[Cd(CHMTSC) 11.36 | 8.85 3.09 - 1.75-2.87 [151]

(NO3)]NO3.CH3CN

(45)

[Zn(CHMTSC)CI] | 10.63 | 8.87 2.98-2.08 | - 1.68-2.87 [151]

CI.CH3CN(44)

[Ni(Pu4M4E)] - 8.03 1.88 7.09 - [156]

7.75
[Ni(PU4EAM)] - 7.94 1.87 7.09 - [156]
7.79

[Ni(Pu4M4DE)] | - 5.12 1.89 6.64 - [156]

[Ni(Pu4Mpip)] - 5.13 1.90 6.67 - [156]

[Ni(Pu4Mhex)] - 5.10 1.89 6.65 - [156]

Zn(H2DAPTSsz- - 6.87 2.75-241 |8.21-7.58 |- [155]

Me)
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Pb(HzDAPTsz- - 721 2.89-239 |8.187.21 |- [155]
Me)(H20)

Hg(LMezH2)(ONO | 9.55 | 8.19 2.95 - 7.82-7.25 [136]

2)2

Table 2.5: ®*CNMR chemical shifts (5, ppm) of ligands and metal complexes.

Ligands Ct C? CHs Ring carbon | References
atoms

BNMeBTSC 178.6 140.4 31.5 133.2-126.8 [129]

CHMTSC 179.5 138.3 33.9 27.5-21.6 [151]

H4DA-PTsz-Me 178.5 156.4 30.8 147.5-120.5 [155]

LMe2H4 178.6 140.4 31.5 133.2-126.8 [136]

Complexes Ct C? CHs Carbon Ring | References
Proton

[Pd(BNMeBTSC)] 179.0 |156.1 338 131.4-127.5 [129]

Cd(CHMTSC)(NOs) | 17853 [ 14522 |30.22 19.16-29.63 [151]

NOs3.CHsCN

[ZN(CHMTSC)CIICI. | 178.67 |146.15 |32.52-30.13 | 20.14-29.90 [151]

CHsCN

Hg(LMezHs)(ONO2), | 1747 | 146.6 333 128.5-130.1 [136]

2.3 Complexes of bisthiosemicarbazones: Although several bisthiosemicarbazone complexes
with metals have been described, only a small number of them have structural details. The
description of complexes that are structurally characterized using x-ray crystallography is given
below:

2.3.1 Group 7 (Manganese): Manganese(ll) salt with the ligand (Hz.L) formed complex of
stoichiometry, [Mn(L)(EtOH)2] 1 (Chart 2) [39]. The complex was synthesised using
electrochemical method, where ligand was dissolved in acetonitrile containing
tetramethylammonium perchlorate and used as supporting electrolyte. The cathode of

electrochemical cell was made of platinum wire, whereas a metal plate is placed as anode.
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Geometry exhibited by complex 1 is pentagonal bipyramidal by two imine nitrogen atoms, two
thiolate Sulphur atoms and one pyridine atom occupying corner of a pentagon, whereas axial
positions are taken by two oxygen atoms from two molecules of ethanol. Bisthiosemicarbazone is

acting as a di-anionic pentadentate ligand.

X
/\N/
N & \‘\\\\\\\N>
n'S
\_,Sl S
| A
X Me z Me
N
N
1 NH’ “NH
X=EtOH )\ /K
S NHMe MeHN S

Chart 2

Manganese (I1) acetate to a methanolic solution of tetraazacyclododecane (H.L) resulted in the
formation of the complex, [MnHL]", which was then precipitated as the tetraphenylborate salt
[Mn(H2L)(BPhs)]2 (Figure 2.1), by adding NaBPh4[157]. The complex 2 is high spin and showed
a magnetic moment of 5.82 BM corresponding to five unpaired electrons. The ligand is
coordinated to metal centre through sulfur and azomethine nitrogen of one arm of bis ligands and
four nitrogens of macrocyclic rings to form distorted octahedral geometry. Second arm of bis

ligand remains uncoordinated.

Figure 2.1: Molecular structure of [MnHL]* {adapted from reference [157]}
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2.3.2 Group 8 (lron): 2,6-diacetylpyridine bisthiosemicarbazone(*HzL) and 2,6-diacetylpyridine
bis(phenyl thiosemicarbazone) (?H.L) were reacted with anhydrous FeCls in dry methanol under
a N2 atmosphere to form complexes of formula, [H2L(FeCl2)]CI (HL = H.L 3; 2H.L 4) (Chart 3)
[121]. The thio- ligand is attached to metal centres via two nitrogen atoms, two sulphur atoms and
pyridine nitrogen. The axial positions in complexes 3 and 4 are occupied by chlorine atoms thus,

acquiring pentagonal bipyramidal geometry.

\,54 \S
R X Y
H Cl Cl 3
34 Ph Cl MeOH 4
Chart 3

An unexpected structure is obtained when ?H,L was reacted with Fe(ClOa4]s to form
complex, [Fe(?L)2]ClO4 5 (Chart 4)[121]. In complex 5, two bis ligands are attached to metal
center. One arm attached to pyridine ring remains intact and bind to metal through pyridine

nitrogen, azomethine nitrogen and sulfur atoms, whereas the second arms get partially hydrolyzed.

, Me

2.3.3 Group 9 (Cobalt): Instead of a monomer with iron (Il) 2,6-diacetylpyridine bis phenyl
thiosemicarbazone (H:L) reacted with cobalt perchlorate to form the dimeric pentagonal
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bipyramidal complex, [(Hz2L) Co(CH3CN)]2(ClO4)4 6 (Figure 2.2, a) [121]. Magnetic measurement
of the complex 5 are similar to that of high spin Co(ll) complexes showing orbital contribution
towards magnetism ranging from 4.7-5.2 [121,122]. Similar reaction of HoL with Co(NOs3).
formed an dimeric octahedral complex of formula, [(L2)Co]2(NOz3). 7 (Figure 2.2, b). In complex
6, each cobalt atom is bonded with pentadentate, neutral ligand with donor atoms occupying corner
of a pentagon. One of the axial positions is taken by acetonitrile and other by sulfur atom of second
ligand to form a symmetric Co(u-S)2Co core. In complex 7, five donor atoms of one ligand and

sulfur from second ligand provide octahedral sphere around each cobalt atom.

() (b)

Figure 2.2: Molecular structure of a) [(H2L)Co(CH3sCN)]2(ClO4)s 6 and b)[(L2)Co]2(NOs).
7{adapted from reference [121]}

The reaction of cobalt(ll) nitrate with diacetyl bisthiosemicarbazone (*H.L) and glyoxal
bisthiosemicarbazone (?HL) yielded complexes of the stoichiometry, [Co(L)(X)2]JNOs(L =1L, X=
(NHs) 8; 2L, X = imidazole (Im) 9 benzylamine (BnA) 10 (Chart 5)[111]. All these complexes
have shown similar feature during cyclic voltammetry studies. An upfield shift is observed in *Co
NMR spectra on changing equatorial ligand from diacetyl bisthiosemicarbazone to glyoxal

bisthiosemicarbazone and axial ligand changes from imidazole to benzylamine.
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X

(o]

8-10
R! R2 X
R’ R2
/>—<\ Me Me NH3 8
HN—N N—NH
s=< >=s H Me Im 9
NH, H,N
H H BnA 10
Chart 5

Addition of cobalt(ll) acetate in methanolic solution of tetraazacyclododecane (HzL) resulted into
formation of complex, [CoHL]", which was then precipitated as tetraphenylborate salt
[Co(HL)](BPh4) 11 (Figure 2.3), by adding NaBPh4 [157]. The formation of complex cation was
confirmed from the peak at m/z = 544.22 in mass spectrum. Two discrete diastereomeric units,
[Col(HL)]" and [Co2(HL)" are crystallized in complex 11 and present as racemic mixture (Figure
2a and 2b). The pentadentate ligand coordinated via sulfur, azomethine nitrogen of one arm and
four nitrogens from macroyclic ring to form six five-membered chelate rings. Due to the steric
bulk of macrocyclic ring, sulfur and azomethine nitrogen of second arm of bisthiosemicarbazone
remains uncoordinated. The complex 11 is high spin and showed magnetic moment of 4.24 BM

corresponding to three unpaired electrons.

(b)
Figure 2.3: Molecular structure of a) [ColHL]" and b)[Co2HL]*{adapted from reference[157]}
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2.3.4 Group 10 (Nickel, Palladium and Platinum)

Nickel:

The reaction of nickel(l1) acetate with a number of substituted bisthiosemicarbazones (H2L) having
symmetric arms (same group at both amino nitrogen) and asymmetric arms yielded complexes of
stoichiometry, [Ni(L)] 12-15 (Chart 6)[79,147].The v(N?H) band in free ligands appeared in the
range, at 3133 — 3228 cm™,which disappeared on complexation indicate deprotonation of ligands.
The v(C=S) band (807-811cm™) in free ligands shifted to lower energy (739-763 cm™) on
complexation supporting the binding of ligand to metal centre in thiolate form. In these complexes,
nickel is coordinated with two imine nitrogen atoms and two thiolate sulfur atoms of
bisthiosemicarbazone, thus acting as tetradentate, dianionic ligand. In the electronic spectrum of

14 and 15, a single d—d band at 14000 cm™ is observed supporting planer structure of these
complexes.

N—N N—N
N
354 Ni NR3R4
RIRNT N g

12-15

R2 Me Ph Me Me

RERY Me Et  MeH MeH
Et

12 13 14 15

Chart 6

The reaction of nickel(Il) chloride with thiophene 2,3-dicarboxaldehyde bisthiosemicarbazone
(H2L) under refluxing condition yielded complex of formula, [Ni(HL)]ClI 16 (Chart 7)
[145].Complex 16 is a cationic complex having one chloride ion outside the coordination sphere.
The v(NH) band of free ligand appeared at 3378 cm™ in IR spectrum, which get shifted to low
energy region in complex 16 (3346 cm™), whereas a high energy shift has been obtained for

complex (1607 cm™) as compared to free ligand (1597 cm™). Bisthiosemicarbazone showed non-
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symmetrical coordination through azomethine nitrogen atoms of both the arms and the sulfur atom
(in thione form) of one arm and thiolate form of second arm to give distorted square planar
geometry. Thiophene ring is disordered in crystal structure. Both the ligand and its Ni(Il) complex
were tested for their antifungal activity against, candida glabrata and observed that complex

showed good antifungal activity (MICgo, 62 pg/mL)vis-a-vis free ligand (MICgo, 250 pg/mL).

N

k/\k

16
Chart7
The reaction of nickel(l1) acetate with acenapthenequione N-methyl bisthiosemicarbazone(HL?)
and acenapthenequione N-ethyl bisthiosemicarbazone (H2L?) yielded complexes of stiochiometry,
[Ni(L)] (L = L%,17; L?, 18) (Chart 8) [95].In these complexes, bisthiosemicarbazones are acting as
tetradentate, dianionic ligand, coordinating to metal center via NS, donor atoms to give square

planar geometry.

R= Et (17), Me (18)

Chart 8

Palladium and Platinum:

1-Phenylglyoxal bis{N(3)diethyl thiosemicarbazone}(H.L) reacted with KoPdClswith the addition
of triethylamine to form complex, [Pd(L)]19 (Chart 9). The ligand coordinated to Pd (II) in

different manner. The phenyl arm coordinates with thiolate sulfur and thioamide nitrogen atoms
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to form four membered rings, whereas the second arm coordinate through thiolate sulfur and
azomethine nitrogen atoms to form five membered chelate ring. Due to different coordination
modes of two arms, the geometry around the palladium atom is more towards rectangular than
square [156].

< N///,, \\\\\N

H
/ \
HN—N N—NH
S S
NEt, Et,N
Chart 9

Terephthaldehyde bisthiosemicarbazone (H2L) reacted with [PdBr2(PhsP)2] and EtaN in toluene to
form a complex of formula, [Pd2(L)Br2(PPhs)2]20 (Chart 10). One arm of bis- ligands is
coordinated to the metal ion via the azomethine nitrogen and the thiolate sulphur atoms to give
five-membered chelate ring and the second arm is coordinated to a second palladium ion in similar
way to give a dimer. The other two coordination sites of the both the palladium ions are occupied
by bromide ion and phosphorous atom of PhsP molecule. Catalytic activity of complex was tested
for Mizoroki -Heck cross-coupling reaction of aryl chloride with a number of olefins and found

that the complex can act as competent homogenous catalyst [154].

NH,
H N
PPh
\Fd’/// 3 s
/ Pd/
RN
Br PPh;
=~ /

20

Chart 10
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The metal ion, [MCls]*> reacted with 3,5-diacetyl-1,2,4 triazole bis(*N-p-chlorophenyl
thiosemicarbazone) (HsL) to form dimeric compounds of formula, [M(u-HL)]. (M = Pd, 21; Pt,
22) (Chart 11) [153].To each metal ion the ligands are coordinated through one triazole nitrogen,
one azomethine nitrogen, one thiolate sulfur of deprotonated arm of one ligand molecule and
thione sulfur of neutral arm of other ligand molecule. Thus, deprotonated arm of ligand
coordinated as tridentate and neutral as monodentate forming bridge between the two palladium
ions. Ligand has shown excellent antiproliferative activity, whereas complexes low cellular growth

inhibition.

cl
N CHs
5%
H N
/ N/ | e
s\M\ N )\\<
HN / N—N
\ N
(F INA jUes
N M
cl HyC N\NH—_S/ \s \H
Cl@’HN
M = Pd (21); Pt (22)
Chart 11

The reaction of 2,6-Diacetyl pyridine bis(4N-pchlorophenyl thiosemicarbazone) (H.L) with
[MCI2(PhsP)2] (M= Pd, 23; Pt, 24) in toluene, in the presence of triethylamine yielded complexes
of stoichiometry, [Pd(L)] and [Pt(L)]23-24 (Chart 12) [149]. Inspite of symmetrical deprotonation,
asymmetric coordination by ligand is observed in 23 and 24. One arm of ligand form bonds with
metal ion through azomethine nitrogen and thione sulfur, whereas other arm coordinate through
the hydrazine nitrogen atom only. The fourth coordination site is occupied by pyridine nitrogen to
form square planar geometry around the metal ion and results into formation of one five membered

ring and one six membered rings.
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Benzil bis 4-methyl thiosemicarbazone (H.L) reacted with KoPdCls, generated by in situ reaction
of PdCI2 and LiCl, yielded complex of formula, [PdL] 25, (Figure 2.4) whereas the similar reaction
in the presence of LiOH-H-O gave another complex, [Pd2(u-L)2]-2DMF 26 (Figure 2.5). However,
the reaction of HoL with K2PtCls in the presence of LIOH-H,O gave two complexes, [PtL] 27 and
[Pt2(u-L)2]-2DMF 28 (Chart 13). In complexes 25 and 27, ligand is doubly deprotonated
coordinating to metal center via two azomethine nitrogen and two thiolate sulfur atoms to form
three five membered chelate rings. Complexes 26 and 28 are dimeric and each bis ligand is
attached to two different metal ions. One arm of bis thiosemicarbazone is metalated at ortho
position along with bonding through imine nitrogen and thiolate sulfur, whereas the second arm is
attached to second metal through thione sulfur only to form distorted square planar geometry [129].

K,PICly
LIOH H,0

Li,PdCly
LIOH H,0

[Pta(u-L);) 28
(PaL)2s  [Pda(u-L);) 26

[PIL) 27

Chart 13
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Figure 2.5: Molecular structure of [Pt2(u-L).] 28{adapted from reference®}

2.3.5 Group 11 (Copper, Gold)

Copper:

The reaction of copper(ll) acetate with a series of substituted bisthiosemicarbazones produced
complexes of stoichiometry, [Cu(L)] Where, L= glyoxal bis(4,4-Dimethyl-3-thiosemicarbazone)
(GTSMy), glyoxal bis-(4-Cyclohexyl-4-methyl-3-thiosemicarbazone) (GTSCM), pyridil bis-(4,4-
dimethyl-3-thiosemicarbazone) (PyTSM2), acetyl propinoyl bis-(4,4-dimethyl-3-
thiosemicarbazone) (EMTSMy),  phenylglyoxal  bis-(4,4-dimethyl-3-thiosemicarbazone)
(PGTSM,) 29-33 (Chart 14) [39]. The thio-ligand is attached to metal centre via two sulphur and
two nitrogen atoms thus acts as a tetradentate ligand and form three five membered chelate rings.
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The geometry exhibited by the metal centre is distorted square planar. Cyclic voltammetry studies
indicate quasi-reversible behavior of metal in all these complexes. Complexes 29-33 were tested
for their antiproliferative activity against SK-N-MC Neuroepithelioma cells. Complex

[Cu(GTSM.)] was found to be most effective with 1Cso value of 0.44uM and 9.8 uM respectively.

N 7, ", \\\\\\\
'Cu'\
s/
29-33
R R2 R3 R4
R’ R?
H H Me Me 29
7\
HN—N N—NH
S S H H Me CgHy 30
NRSR* SR*RN
CsHsN CsHaN  Me  Me 31

Me CHs Me Me 32
H CgHs Me CgH14 33
Chart 14

Similarly, biacetyl-bis(4-pyrrolidinyl-3-thiosemicarbazone) (ATSC), benzil-bis(4-pyrrolidinyl-3-
thiosemicarbazone) (BTSC) and glyoxal-bis(4-methyl-4-phenythiosemicarbazone) (GTSC)
reacted with copper acetate to form complexes, [Cu(L)] 34-36 (Chart 15). The metal ion has a
distorted square planar geometry and the ligand coordinates to the metal ion through two Sulphur
atoms and two nitrogen atoms. Cytotoxic activity of copper complexes were checked against
human cancer cell lines and was found that the copper complexes were inactive (>100 puM) except
for complex Cu(BTSCH)CIO4 which was highly toxic (2.36 uM) against HepG2 cells .1t has also
been found that the ligand BTSCH: is moderately less toxic to the cancer cells than their copper
complexes [123].
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Me H Me 36

Chart 15

The reaction of copper(ll) with substituted bisthiosemicarbazones yielded the complexes,
[Cu(HzL)],'L= pyruvaldehyde bis (N-methyl thiosemicarbazone),?L=Diacetyl bis(4-methyl-3-
thiosemicarbazone) 37-42 (Chart 16), and the geometry exhibited by the complexes is square

planar. The thio-ligand is coordinated to two sulfur and two nitrogen atoms [78,156].

< ///I \\\\\

37-42

R R2 R R2 R3 R4

7 N\ H Me Me Me 37
HN—N N—NH
S S Me Me Me H 38
NRR*  “R°RN
CHs CoHs H H 39
Me Me Me Me 40
H Ph Et Et 41
Me Me Me H 42
Chart 16

Copper(I1) complexes of formula, [Cu(L)] (L = L, 43; L?, 44) with acenapthenequione N-methyl
bisthiosemicarbazone(H2L!) and acenapthenequione N-ethyl-bisthiosemicarbazone (H:L?) were
obtained by transmetallation of [Zn(L)] (L = L'43; L? 44) (Chart 17) [95]. Transmetallation was
confirmed by reverse phase HPLC with Rf = 24.2 (43) and 20.3 min for 40 as compare to Rf=19.3
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and 17.1min for their respective Zn precursors. In these complexes, the bisthiosemicarbazone is
coordinating to metal ion through two sulphur and two nitrogen donor atoms to give square planar
geometry, thus acting as tetradentate, dianionic ligand. Cyclic voltametric studies of complexes
indicate the reversible reduction (Cu'/Cu'). The different g value in ESR spectra, along three
coordinates (gxx, 2.036; gyy, 2.036; gzz,2.139 (43) and gxx, 2.031; gyy, 2.035; g2z, 2.137 (44) confirmed

asymmetric environment around Cu centre.

NHR

R= Et (43), Me (44)

Chart 17
Gold:
The ethanolic solution of NaAuCls-2H,0 was sonicated with a solution of diacetyl-bis(N*-methy!I
thiosemicarbazone (H2L?) and diacetyl-bis(N*-ethylthiosemicarbazone (H2L?) to form complexes
of stoichiometry, [Au(H2L)]JAuCls (H2L?, 45; H,L?, 46) (Chart 18) [135]. In these complexes, the
Au (I11) is in the center of a square plane (N2Sz2), molded by two iminium nitrogen atoms and two
thiolate sulfur atoms of ligand. Steric bulk and chelating moieties provide sufficient stability to

Au(I1) for their in vivo applications.
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Chart 18
2.3.6 Group 12 (Zinc, Cadmium, Mercury)
Zinc(11) acetate reacted with a series of bisthiosemicarbazones having methyl / ethyl/ allyl / pyridyl
substituents at amino nitrogen to form complexes, [Zn(L)X] 47-50 (Chart 19) [39]. Geometry of
Zn(1l) in these complexes is square pyramidal. Bisthiosemicarbazone coordinates through two

nitrogen and two sulfur atoms to form the complexes, whereas axial position is occupied by oxygen
atom of H2O (47) or DMSO (48, 49) or CH3OH (50).

X

<S/ \s>
47-50
R R2 R3 R* X
R’ R2
27—\ Me Me ~ Me Me puso a7
HN—N N—NH
S=< >=S CgH4N CsHuN Me Me DMSO 48
NR°R*  R*R®N
H CeHs Me Me H,O 49
Me Me Et allyl  CHsOH 50
Chart 19

The similar reaction of Zinc(11) with bisthiosemicarbazone having methyl group at amino nitrogen
of one arm and NH> group at amino nitrogen of other arm (asymmetric) formed a polymeric

complex 51 (Chart 20) [82]. In this complex, axial position is taken by terminal amino group of
the second ligand.
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51
Chart 20
Addition of zinc(I1) acetate in methanolic solution of tetraazacyclododecane (H2L) resulted into
the formation of complex, [ZnHL]", which was then precipitated as tetraphenylborate salt
[Zn(HL)](BPhs) 52 (Figure 2.6), by adding NaBPh4 [157].The complex has a distorted octahedral
geometry. The formation of complex cation was confirmed from the peak at m/z = 549.22 in mass
spectrum. The ligand is coordinated to metal ion through sulfur and azomethine nitrogen atoms of
one arm of bis ligands and four nitrogen atoms of macrocyclic rings to form distorted octahedral
geometry. Second arm of bis ligand remains uncoordinated.

Figure 2.6: Molecular structure of [ZnHL]* {adapted from reference!’}
The reaction of cyclohexane-1,2-bis (4-methyl-3-thiosemicarbazone) (H.L) with ZnCl, and
Cd(NOg3)2 formed complexes, [ZnCI(L)]CI-CH:CN 53 and [Cd(L)(NOs3)]JNO3.CH3CN 54,
respectively (Chart 21) [151]. The geometry of Zn(ll) in 53 is square pyramidal, with two nitrogen
and two sulfur atoms of bis-ligand forming a plane and the axial position is occupied by a chlorine
atom. Complex 54 is seven coordinated. Monomeric unit of complex 54, consist of planar ligand
and two oxygen atoms of nitrate group. Each monomeric unit is connected through one of the

oxygens of bidentate coordinated nitrate group.
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Chart 21
The reaction of mercury nitrate with benzil bis 4-methyl-3-thiosemicarbazone yielded complexes
of stoichiometry, [Hg(L)(ONO3)] 55 (Chart 22) [158]. The ligand is coordinated to metal centre
through two nitrogen atoms and two sulphur atoms, two monodentate nitro groups are also
coordinated to metal centre and attains the octahedral geometry. In **®*Hg NMR one signal
appeared at -917.8ppm in DMSO and other signal at -898.3ppm in DMF or CDCls, in accordance
to four coordinated mercury complexes. The weaker bond between Hg-ONO- is broken in these

above-mentioned solvents and it is supported by the conductivity measurements also.

ONO,

.|\\\\N

NI/III.
(A

Ph Ph ONO,
/>—<\
HN—N N—NH
55
NHMe MeHN

Chart 22
2.3.7 Group 13 (Indium): Reaction of indium chloride with a series of substituted bis-
thiosemicarbazones (HzL) in the presence of sodium methoxide in anhydrous methanol in inert
environment yielded complexes of formula, [In(L)CI] 56-59 (Chart 23) [116]. The thio-ligand is
attached to indium centre via two azomethine nitrogen atoms and two thiolate sulfur atoms making
a plane with chloride ion occupying axial position of square pyramidal geometry. THF (56), EtOH

(57), CH2ClI; (58) are present as solvent of crystallization, whereas no solvent of crystallization is
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observed in 59. Steric hindrance by aliphatic substituents in 59 may be the reason for absence of
any solvent of crystallization. Complex 58 was studied for fluoride exchange in the coordination

sphere, which was confirmed by presence of a signal at & -73.4 ppm in its F NMR spectrum.

Cl

56-59

R' R? R
R’ R?
Et M Ph 56
/>—<\ ©
HN—N N—NH Et Et Ph 57
S S
NHR® R3HN Ph Ph Me 58

Et Et Me 59

Chart 23
2.3.8 Group 14

Tin and lead

2,6-Diacetyl pyridine bis (4-phenyl thiosemicarbazone) (H2L) was reacted with "Bu.Sn to form
complex, ["BuzSn(L)]-(Me2CQO)o5 60 (Chart 24). In this complex, metal ion is hepta-coordinated.
Two butyl groups are present above and below the pentagon plane, thus forming pentagonal
bipyramidal geometry around the central metal atom. The °Sn Mossbauer spectrum of complex
60 has shown isomer shift (8) of 1.43(1) mms™ and quadrupole splitting (A) of 3.51 mms™, which
support a distorted pentagonal bipyramidal geometry [128].

"Bu

/—\ \\\\\\

\,5‘ )
| N
Me | N/ | Me
nBU N N\
NH NH
6 A

S NHPh PhHN

Chart 24

Lead:

Lead (Il) complex of bis 2,6- diacetyl pyridine N-methyl thiosemicarbazone (HzL), [Pb(L)] 61
(Chart 25) was prepared in electrochemical cell. In the electrochemical cell, zinc plate was used
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as anode and the suspension of the ligand HoL in acetonitrile containing tetramethylammonium

perchlorate was electrolyzed using 10 mA current. Due to the hydrated nature of cofmplex, v(N-

H) band merged with v(OH) band and appeared at 3310 cm™. Presence of v(C=S) band at 1075

cm™ and 802 cm™ and non-appearance of v(SH) band in the range between 2600-2500 cm™

indicate that ligand is coordinated in thione form rather than thiole form. The pyridyl nitrogen, two

azomethine nitrogens and two thiolato sulfur atoms coordinate to metal centre to give an

unprecedent distorted pentagonal geometry. Apical position is vacant due to the stereo-chemically

active lone pair on lead. This lone pair may be responsible for non-spherical distribution of charge

around the lead [159].

2.4 Structure — Activity relationship

H3C

Z

S
\Pb/s

/

N
\

N

61

Chart 25

CH3

A structure-activity relationship can be drawn for antiproliferative activity of unsubstituted and

substituted diimine bisthiosemicarbazone against SK-N-MC Neuroepitheliama Cells.

Table 2.6 List of substituted and unsubstituted bisthiosemicarbazone along with 1Cso values (uM)

against SK-N-MC Neuroepitheliama Cells

R1

HN—N/ \N—NH

NHR®  R*HN
R! R? R3 R* Ligand I1Cso
H GTS 0.021+0.002
Me PTS 0.017+0.003
Me Me ATS >12.5
H H Me Me GTSM 0.90+0.12
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H Me CeH11 GTSCM 0.87+0.03
Me Me Me MGTSM; 2.28+0.13
Me Me Me Me ATSM; 6.16+0.11
Me Et H H CTS >12.5
Me Et Me Me CTSM 11.24+0.82
Et Et H H DTS >12.5
Et Et Me Me DTSM >12.5

Bisthiosemicarbazones with un-substituted diimine backbone have shown maximum

antiproliferative activity (Table 2.6). A larger decrease in the activity was observed on substitution

of hydrogen atom with alkyl group (methyl or ethyl). As the carbon chain at C-C backbone

increases, lipophilicity increased thus antiproliferative activity decreased and thus for getting

maximum activity, diimine backbone of bisthiosemicarbazone must remain unsubstituted.

However, the substituent at terminal atom (N-atom) had not played a significant role in

determining the activity of these ligands. The activity of some of these ligands get enhanced on
complexation with Cu(ll) (Table 2.7). The enhancement can be attributed to the ability of GSH

synthesis inhibitor to act contrary to NAC [39], Actually the cytotoxicity of complexes can be due

to the combination of many factors like total copper taken by cell, lipophilicity, cellular

compartmentalization and redox activity.

Table 2.7 Comparison of antiproliferative activity of ligand with their Cu(ll) complexes

Compound I1Cs0 (UM)

Ligand Cu(ll) complex
GTSM 0.90+0.12 0.19+0.01
GTSCM 0.87 +0.03 >10
ATSM; 6.16 £ 0.11 0.75+0.25
MGTSM: 2.28+0.13 2.27+0.08
CTSM 11.2+0.82 4.20+0.99
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The ligands GTS, PTS and ATS were tested for their cytotoxic effects under normoxic and hypoxic

conditions for HeLa and A549 cell lines and compared with their Co(lll) complexes having two

axial co-ligands [111]. ICso values for ligands and their complexes are given in Table 2.8.

Table 2.8: 1Cso values (uM) for ligands and their cobalt complexes

Compound HelLa A549 Cellular  uptake  of
complexes in A549
normoxia | hypoxia | normoxia | hypoxia | Co/Protien | Co/Protien
(pg/ug) | (Pg/pg)
normoxia hypoxia
ATS > 20 > 20 16.4 +|175 +£|- -
0.87 2.7
[Co(ATS)(NH3)2]* | > 500 > 500 > 500 > 500 55+1 70+3
[Co(ATS)(Im)2]* | >500 >500 | >500 >500 [50+2 57 + 4
[Co(ATS)(BnA).]* | > 500 >500 | >500 > 500 64+ 1 82+1
PTS 0.027 +£]0.055 +|0.06 +1009 <+£]- -
0.002 0.001 0.03 0.03
[CO(PTS)(NH3)2]* | ~ 22 ~15 ~16.9 ~21.8 |32+1 32+3
[Co(PTS)(Im)]* | ~28 ~ 17 ~4.2 ~ 8.6 18+0.3 3041
[Co(PTS)(BnA)]* | ~ 8.6 ~ 8.8 ~7.1 ~27 20+ 1 33+1
GTS 0.067 +£]0.094 +|0.02 +1004 <+£- -
0.008 0.010 0.01 0.01
[Co(GTS)(NH3)2]" | 21+2.9 15+46 |12+14 92+14 |27+1 17+0.1
[Co(GTS)(Im)2]* | 7.4+24 |37+23[26+04 |29+07 [15+1 20+ 1
[Co(GTS)(BnA).]" | 7.3+1.5 6.3 +(158+£095(82+19 |22+1 22+1
0.76

From the above table, it is clear that cytotoxicity of complexes depends on equatorial

bis(thiosemicarbazone) ligand with GTS showing maximum and ATS having least cytotoxicity,

however the cellular uptake follows reverse pattern. This may be due to the highly negative redox

potential of complexes. From the results, a mechanism can be proposed, where complexes enter

57




into the cell, undergo ligand substitution reaction (increase redox potential), transmetalate with
copper(Il) or release bisthiosemicarbazone. The axial ligands are not showing any profound effect
on cytotoxicity. Generally, complexes containing benzylamine and imidazole are more active than
those having ammonia but not applicable for all complexes.
3,5-diacetyl-1,2,4triazolbis(*N-p-chlorophenyl thiosemicarbazone) (HsL) was tested for
antiproliferative activity against human NCI-H460 (non small lung cancer), T-47D (breast cancer),
A2780 and A2780cisR (epithelial ovarian cancer) cell lines and found to exhibit excellent activity
even more than cisplatin except in A2780 (Table 2.9)[143].

Table 2.9: Antiproliferative activity of HsL [39,126,149]

1Cs50£SD (uM) Resistance Factor
Compound | A2780 A2780cisR | NCI-H460 | T-47D
ICso0 in A2780cisR /
I1Cs0 in A2780
HsL 3.10+0.02 | 3.51+0.03 | 7.07 £0.07 3.3710.1 11
Cisplatin | 0.88+0.01 | 7.714+0.10 |7.25+0.56 |12+1 8.8

Resistance factor of 1.1 (HsL) versus 8.8 (cisplatin) is of main importance, as a value < 2 indicates
non-cross resistance. Mechanism of ability to overcome cisplatin resistance in A2780cisR cell
involves reduced drug transport, increased DNA repair and GSH level [39,126,149].

It is reported that organic compounds containing heterocyclic rings are currently gaining more
importance due to their interesting biological and pharmacological applications [160-162].
Thiosemicarbazones containing heterocyclic rings are another important category of ligands with
N, S donor atoms, which can chelate to transition metal ions and alter their biological properties
[163-165]. The position at which thio-moiety is attached to heterocyclic ring and the type of donor
atoms in the heterocyclic ring had significant impact on the activity of these compounds [163,166].
The two thiosemicarbazone moieties attached to heterocyclic ring are of importance these days
due to their structural similarities to natural biological compounds, flexibility, selectivity, and
sensitivity to the central metal atom. Keeping these points in consideration, in current thesis the
synthesis of heterocyclic bisthiosemicarbazones and complexes with Cobalt ", Nickel "', Copper "
and Zinc "' has been carried out.

2.5 Aims and objectives: From the above literature survey, it has been observed that a number of

complexes with type | bis-thiosemicarbazones are structurally characterized as compare to type Il
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and type 11 ligands. Thus, to explore the coordination chemistry of bis-thiosemicarbazones of type
I11, the following objectives has been designed:

1. Synthesis and characterization of bisthiosemicarbazone ligands based upon heterocyclic
moieties.

2. Synthesis and characterization (IR, NMR and X-ray (wherever possible) of complexes of Ni(ll),
Cu(Il), Zn(11) and/or Co(l11) with the bisthiosemicarbazone ligands.

3. Biological activities of synthesized ligands and their metal complexes.

4. Biomolecular interaction studies of synthesized biologically active ligands and their metal

complexes.
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CHAPTER -3
MATERIALS AND METHODS
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3.1 Chemicals and reagents:

Thiosemicarbazide, 4-methyl thiosemicarbazide, 4-Phenyl thiosemicarbazide, 2,5 thiophene
dicarboxaldehyde, Isatin, 2,5 Piperazine dione, 2,6 diacetylpyridine are procured from Sigma-
Aldrich chemicals. Cobalt acetate, nickel acetate, copper acetate and zinc acetate are procured
from Loba chemicals.

3.2 Instrumentation:

3.2.1 Melting Point: The melting point of synthesized ligands were determined with electrically
heated apparatus.

3.2.2 Infrared spectroscopy: Infra-red (IR) spectra was recorded using KBr pellets by
SHIMADZU FTIR 8400S, Fourier Transform, Infrared spectrophotometer.

3.2.3 NMR spectroscopy:

A BRUCKER ADVANCE Il NMR Spectrophotometer operating at 500 MHz in DMSO was used
to record *H NMR spectra, with TMS serving as the internal reference.

3.2.4 Mass spectroscopy:

The mass spectra were acquired using an LCMS Spectrometer.

3.2.5 ESR Spectroscopy:

The JEOL, JES - FA200 ESR Spectrometer was used to record ESR spectra. The X band is used
for study at room temperature and low temperature.

3.2.6 UV-visible spectroscopy: HSA binding studies were carried out using SHIMADZU UV-
1800 Spectrometer.

3.2.7 Fluorescence spectroscopy: HSA binding studies were also carried out using fluorescence
Spectrometer (Perkin Elmer LS6500).

3.2.8 Vibrating Sample Magnetometer (VSM): VSM studies of complexes was done on
Lakeshore VSM7410 at room temperature.

3.2.9 Powder X-Ray Diffractometer (XRD): The powder XRD spectrum was obtained from
BRUKER D8 X-ray diffractometer using Cu K o radiation with A= 1.5405A.

3.3 Experimental Methods:

3.3.1 ESR spectroscopy

ESR spectroscopy is well established method for figuring out the electronic structure of
paramagnetic metals like copper(l1) (one unpaired electron). The spin Hamiltonian (H) can be used

to jointly express the energy changes (Equation-1).
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H=pe.S-g-Bo+hS.A.I (1)

Be is the electron Bohr magneton, S is the electron spin operator, and g is the electronic g-tensor.
| is nuclear spin operator 3/2 for Cu. A is the hfc tensor, h is Planck’s constant.

The shape of the spectrum reflects the ligand field's symmetry. The g value is commonly expressed
as gx, Oy, or gz, depending on which way the g tensor is pointing. A single line with the equation
gx = gy = 0 is obtained in the case of an isotropic symmetric ligand field, signifying a coordination
environment with cubic symmetry. A tetragonal field is indicated in the case of axial symmetry by
the equation gx = gyg,, and potential geometries are extended octahedral, square pyramidal, or
square planar. When an asymmetric field exists, rhombicity is indicated by gx gy gz. G value can
be used to identify a variety of parameters, including electron delocalization, covalency, and
crystal-field splitting.

3.3.2 Anti-Tuberculosis Activity

The anti-tubercular activity was recorded using literature method (Blue Almar method) [167-168].
[169].

3.3.3 Human Serum Albumin binding studies:

3.3.3.1 UV-visible spectroscopic study

The UV-visible absorption of HSA (7 uM) was recorded with the incremental additions of ligands
(0-5 uM) complexes (0-9 uM). The absorption spectra of HSA with the most potent compounds
measured in the range, 200-800 nm. The binding constant (K,) of HSA and compound was

calculated by employing the benesi-Hildebrand (Equation-2):

Ay — Ef + Ef (2)
(A-A4y) (ep— &f) (ep— &5)Kp [ligand or complex] """

In this equation, A, and A indicate the HSA absorption in the unrestricted form and presence of
ligands or complexes respectively, while €f and €, denote the molar extinction coefficients of HSA
in the unrestricted form and presence of ligands or complexes respectively. The ratio of intercept
to the slope was used as Ao/(A-Ao) versus 1/[ligand or complex] plots to calculate the Ky value.
3.3.3.2 Fluorescence study

Fluorescence titrations have been carried out using HSA (7 uM) with incremental additions of
ligands (0-8 uM) and complexes (0-16 uM) in phosphate buffer having pH 7.4 at 298 K. All spectra
were recorded by varying the wavelength in the range of 200-800 nm using 280 nm as excitation
wavelength.

Stern-Volmer equation was used to calculate quenching constant (Equation -3).
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% =1+ Ky [Analyte] = 1 + Kqzo[ligand or complex] ........... 3)

Where, Fo and F signify the HSA’s emission intensity in unrestricted form and the existence of
ligands or complexes, respectively. Quenching constant (Ks, was determined from the plots of
Fo/F versus [ligand or complex]. Further binding constants (Ky) and No. of binding sites (n) were

computed using modified Stern-VVolmer equation (Equation -4)

Fo—F

log = logK, + nlog[ligand or complex]........... 4)

The values of Ky and n were determined from intercept and slope, respectively from log {(F.-F)/F
versus log [ligand or complex]} plots. Whereas, Fo and F are the same as in equation -3.

3.3.4 Molecular Modelling

The molecular docking studies of ligands their complexes, respectively with PDB ID: 2H7M were
performed using Auto Dock software package (vina). To configure every ligand-mycobacterium
tuberculosis enoyl reductase interaction, Auto Dock Tools (1.5.6rc3) was utilised. Water
molecules were removed and polar hydrogen atoms were supplied. Nonpolar hydrogen atoms were
combined with carbon atoms after the gasteiger charges were calculated. To optimise the 3D
structure of ligands, the Gaussian 09W programme was used and the results were saved in PDF
format. The incomplete charges of the PDF files for the ligands, and their complexes respectively
were changed by employing the ADT programme (version 1.5.6rc3), and the resulting file was
kept in Pdbqt format. The dimensions of grid box representing the (x, y, and z) directions-60 A,
60 A, 60 A-were maintained throughout the docking process. The grid was employed with a
spacing of 0.375 A.
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3.4 Synthesis of Ligands:

Reactions was carried out for 6-7 hours. The clear solution after filtration was kept for
crystallization. After two days the compound was collected.

For 'H NMR and *C NMR DMSO was selected as solvent because it is an ideal solvent for a wide
range of organic and inorganic substances and allowing for clearer detection of the proton and
carbon resonances due to complete solubility of the sample in it.

3.4.1 (2,5 Habttsc, tHoL):

To a solution of thiosemicarbazide (0.6g, 7.1mmol) in 40 ml of methanol, was added a 10 ml
solution of 2,5 thiophene dicarboxaldehyde in methanol (0.5g, 3.5mmol), and was refluxed for 6-

7 hours. Brown compound was collected from the brown-coloured solution after two days. Yield:

83%, Main FTIR peaks (neat, cm™), v(NH2) 3409m, 3277; v(-NH-) 3155m; v(C=N) 1600s;

v(C=C) 1583m, 5(NH2) 1535s; v(C=S) 826s. 'H NMR (500 MHz, DMSO-Ds, Sppm): 11.60s (2H,

-N2H-); 8.32s, 7.525 (4H, N*H,); 8.19s (2H, C2H); 7.41s (2H, C**H). 3C NMR (125 MHz DMSO-
De, Sppm): 178.35(CL,"); 141.17(C>¥); 137.39 (C3*'), 131.46 (C*), 114.96 (C5).

O—wm

/ \ c c
SHN Methanol l,ll S ,Ll
—_—
OHC CHO + AN "\ Reflux 1N “NH
S ” NH, I I
C C
HNT s sZ  NH,
2,5 thiophene dicarboxaldehyde thiosemicarbazide 2,5 thiophene dicarboxaldehyde

bisthiosemicarbazone, H,bttsc

3.4.2 (2,5 HabttscN-Me, ?HaL):
To a solution of N-methyl thiosemicarbazide (0.75g, 7.13mmol) in 40 ml of methanol, was added
10ml solution of 2,5 thiophene dicarboxaldehyde (0.5g, 3.56mmol) in methanol, and was refluxed

for 6-7 hours. Brown compound was collected after two days from the brown coloured solution
Yield: 80%, M.P. 220-222°C, Main FTIR peaks (neat, cm™): v(NH2) 3373m; v(-NH-) 3155w;
v(C=N) 1594s; vL(C=C) 1462m; 5(NH2) 1428s; vL(C=S) 801s. 'HNMR (500 MHz, DMSO-Ds,
Sppm): 11.62s (2H, -N?H-); 8.20s (2H, -NH); 8.14s (2H, C>*H); 7.41s (2H, C*°H); 3.02s
(CH3).33C NMR (125 MHz DMSO-Ds, 8ppm): 177.75 (C1,""); 140.70 (C>?); 137.01 (C3*'); 131.20
(C*®); 31.37(CHa).
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S H / \ H
/ \ || \C/Zi:i:Bk\C/

SHoN Methanol llll S ,u
OHC S cCHO + ™2 ~y /

C —_— - ~
Reflux HN NH
N N | |
C C
MeHN” s 7 “NHMe
2,5 thiophene dicarboxaldehyde N-methylthiosemicarbazide 2,5 thiophene dicarboxaldehyde

N-methylbisthiosemicarbazone, Hybttsc N-Me
3.4.3 (2,5 Hzbttsc N-Ph, 3HL):
To a solution of N-phenyl thiosemicarbazide (1.19g, 7.12mmol) in 40 ml of methanol, was added
10 ml solution of 2,5 thiophene dicarboxaldehyde in methanol (10 ml) (0.5g, 3.5mmol and was
refluxed for 6-7 hours. Creamish compound was collected after two days from the light brown

coloured solution. Yield: 85%, Main FTIR peaks (neat, cm™): v(NH2) 3303m; v(-NH-) 3156w;
v(C=N) 1636s; L(C=C) 1594m; §(NH2) 1524s; v(C=S) 836s. 'H NMR (500 MHz, DMSO-Ds,
Sppm): 10.36s (2H, -N2H-); 9.83s (2H, -N!H); 9.16s (2H, C?H); 7.66 -7.14 m (10H, ring
protons).1*C NMR (125 MHz DMSO-De¢/CDCls, ppm):179.89 (C1,'); 139.43 (C*?); 128.69-
123.30 (ring carbon).

: 0N
/ \ | \C/O\C/
SHN c Methanol llll S l!ll
OHC cHO + 2 T Reflux
\N/

Reflux HN NH
S N \NHPh | I
C C
PhHNT s sZ “NHPh
2,5 thiophene dicarboxaldehyde N-phenylthiosemicarbazide 2,5 thiophene dicarboxaldehyde N-phenyl

bisthiosemicarbazone, Hybttsc-N-Ph
3.4.4 (2,3bitsc, *HL):
To asolution of thiosemicarbazide (2.46g, 26.99 mmol) in 60 ml of methanol, was added a solution
of isatin in methanol (10 ml) (2g, 13.59 mmol), and was refluxed for 6-7 hours. Orange compound
was collected from the yellow coloured solution after two to three days. Compound was filtered

and dried in vacuo. Yield: 88%, Main FTIR peaks (neat, cm™), v(NH2) 3332m, 3259m, v(-NH-)
3156m,u(C=N) 1618s, v(C=C)1587m, §(NH2)1457s, v(C=S) 851s. *H NMR (500 MHz,DMSO-
De; Sppm): 12.47s (2H,-N>?'H), 11.20s (1H, N*Hisatin), 9.04, 8.68s (2H, N"'"Hy), 7.37t (1H, C'H,
J=7.5Hz), 7.11t (1H, C®H, J=7.5Hz); 6.94d (1H, C°H, J= 7.5Hz),7.64d (1H, C®H J= 7.5Hz). 3C
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NMR (125 MHz DMSO-Ds, Sppm):179.16 (CL'), 163.19(C?), 142.82 (CB), 132.65(C9),
131.18(C7), 122.49(C5), 121.03 (C®), 119.87(C8), 111.50 (C*).

\C—NH2
/
0 s N—NH
4 2 HN C,l Methanol /
(e} —_—
NG =N
N N NH, Reflux N \ NH
H H H / 2
NH\C
2,3-isatin thiosemicarbazide \\
S

2,3-isatin bisthiosemicarbazone

3.4.5 (2,3 Hzbitsc-N!-Me, SHzL):

To asolution of N-Methyl thiosemicarbazide (2.85g, 27.10 mmol) in 60 ml of methanol, was added
a solution of isatin in methanol (10 ml) (2g, 13.59 mmol), and was refluxed for 6-7 hours. Dark

red compound was collected from the orange-coloured solution after two to three days. Compound
was filtered and dried in vacuo. Yield: 71%, Main FTIR peaks (neat, cm™), v(NH2) 3461m,

3207m,v(C-H) 2976, v(C=N)1546s, vL(C=C) 1458m,u(C=S) 831s. *H NMR (500 MHz , DMSO-
Ds, Sppm): 12.60s (2H,-N>2'H), 11.21s (1H, N*Hisatin), 9.25s (2H, N"''HMe), 7.38t (1H, C'H, J=
7.5Hz), 7.12t (1H, C®H, J=7.5Hz), 7.66d (1H, C®H, J=7.5Hz), 6.93d (1H, C°H, J=8Hz), 3.12s (3H,
CHs).1*C NMR (125 MHz DMSO-Dg, ppm):179.58(C1,"), 162.78(C>?), 143.21(C?), 132.97(C?),
131.58(C"), 123.56(C®),121.35 (C°),120.28(C?), 111.50 (C*),39.53(CHs).

N\
/C—NHMe
0 s N—NH
+ 2 MeHN |Cl, Methanol @{L
O € —_—
\N/ \NHMe Refl N —N
H H eflux H \ NHMe
NH\C
2,3-isatin \\
N-Methyl thiosemicarbazide 3

2,3-isatin bis N-Methylthiosemicarbazone
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3.4.6 (2,3 Hzbitsc-N*-Ph, HL):

To a solution of N-phenyl thiosemicarbazide (4.54g, 27.0 mmol) in 60 ml of methanol, was added
a solution of isatin in methanol (10 ml) (2g, 13.59 mmol), and was refluxed for 6-7 hours. Dark
red compound was collected from the dark orange coloured solution after two to three days.

Compound was filtered and dried in vacuo. Yield: 84%, Main FTIR peaks (neat, cm™), v(NH2)
3290m, v(-NH-) 3173m, v(C=N) 1591s, L(C=C) 1533m, v(C=S) 827s. *H NMR (500 MHz,
DMSO-Ds, Sppm): 12.80 (s, 2H, N>¥'H-), 11.28 (s, 1H, N*Hisatin), 10.84 (s, 2H, N"HPh), 7.79-
6.95 (m, ring protons).'*C NMR (125 MHz DMSO-Ds, Sppm):176.49(CL,"), 162.64 (C?),
142.27(C®), 138.25-111.03(Ring carbons).

N\
/C—NHPh
o s N—NH
+ 2PhHN u Methanol @g/\
—_—
© NN =N
N N NHPh  Reflux N \ NHPh
H H H
NH—
2,3-isatin \
N-phenyl thiosemicarbazide S

2,3-isatin bis N-phenylthiosemicarbazone
3.4.7 (2,5 Hzbptsc, "HzL):
To asolution of thiosemicarbazide (2.46g, 26.99 mmol) in 60 ml of methanol, was added a solution
of 2,5-Piperazinedione in methanol (10 ml) (2g, 13.59 mmol), and was refluxed for 6-7 hours.
White compound was collected from the white-coloured solution after two to three days. Yield:

89%, Main FTIR peaks (neat, cm™), v(NH2) 3356m, 3253m; v(-NH-) 3166m; v(C=N) 1640;
v(C=C) 1615; §(NH2) 1526; v(C=S) 895s. 'H NMR (400 MHz, DMSO-Ds, dppm): 8.65s (2H,

N2H), 8.04s (1H, N*Heip): 7.57, 7.21s (4H, NtHy): 4.57 (4H, C>3'H). *C NMR (100 MHz DMSO-
Ds, Sppm): 181.42 (CL,): 166.54 (C>2); 45.12 (C>3).

O—w

(@7

H
N N
¥ NN
/o HoN N
Methanol \C H _
+ 2HN -7\ S ~
~N NH,  Reflux // N N
o) N H d N

2,5 piperazine dione thiosemicarbazide 2,5 piperazine bisthiosemicarbazone, H,bptsc
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3.4.8 (2,5 Hzbptsc N-Me, 8H2L):

To asolution of N-methyl thiosemicarbazide (2.46g, 26.99 mmol) in 60 ml of methanol, was added
a solution of 2,5-Piperazinedione in methanol (10 ml) (2g, 13.59 mmol), and was refluxed for 6-7
hours. White compound was collected from the white-coloured solution after two to three days.

Yield: 88%, Main FTIR peaks (neat, cm™), v(NH2)3282m; v(-NH-) 3198m; v(C=N) 1639; v(
C=C) 1549; v(C=S) 807s.

H
N N

H

N 0 S Z > Name

= ” MeHN N
9 e Methanol \ H
HoN — —
+ 2 \N/ \NHMe Reflux /C N\N/
o / N
N s H

O—w

H

2,5 piperazine dione N-methyl thiosemicarbazide

2,5 piperazine N-methyl bisthiosemicarbazone, H,bptsc,N-
Me

3.4.9 (2,5 Hzbptsc N-Ph, °HaL):
To asolution of N-phenyl thiosemicarbazide (2.46g, 26.99 mmol) in 60 ml of methanol, was added
a solution of 2,5-Piperazinedione in methanol (10 ml) (2g, 13.59 mmol), and was refluxed for 6-7

hours. White compound was collected from the white-coloured solution after two to three days.
Compound was filtered and dried in vacuo. Yield: 90%, Main FTIR peaks (neat, cm™), v(NH2)
3301m; v(-NH-) 3158m; v (C=N) 1639; v (C=C) 1466; 5(NH2) 1437; v(C=S) 829s. 'H NMR
(400 MHz , DMSO-De, 5ppm): 9.10s (2H, N2H), 9.61, 8.03s (2H, N*Hy); 4.75s (LH, N*Hpip); 7.63-

7.10 (10H, Ring protons).23C NMR (100 MHz DMSO-Ds, dppm): 180.30 (C,'): 166.82 (C>?);
139.48-123.78 (Ring carbon); 45.09 (C3*).

S
.
H
N 0 S / \N/ \NHPh
=z | PhHN H
2 G Methanol \ H
—»
+ HZN\N/ \NHPh Reflux //C N\N/ N
© N : S H
H
. . . 2,5 piperazine N-phenyl bisthiosemicarbazone,
2,5 piperazine dione N-phenyl thiosemicarbazide PP pheny

Hybptsc,N-Ph
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3.4.10 (2,6 Hzbdptsc, °HaL):

To a solution of thiosemicarbazide (0.6g, 7.1mmol) in 40 ml of methanol, was added a solution of
2,6 diacetyl pyridine in methanol (10 ml) (0.5g, 3.5mmol), and was refluxed for 6-7 hours. Brown
compound was collected from the light brown coloured solution after two to three days. Yield:

88%, Main FTIR peaks (neat, cm™), v(NH2) 3423m, 3209; v(-NH-) 3158m; v(C=N) 1606;

v(C=C) 1536 5(NH2) 1513s; L(C=S) 827s. 'H NMR (500 MHz, DMSO-Ds, Sppm): 10.32s (2H, -
N2H-); 8.42s (4H, N'Hy); 8.16s (2H, C*#'H); 7.83s (1H, C°H); 2.43 (6H CHs). 13C NMR (125 MHz
DMSO-Ds, Sppm): 179.09(CL1); 154.09(C3*); 148.60(C?>?); 139.69 (C%):; 122.15
(C*4):12.37(CHs).

X
N N o M on
| | methanol TN
HsC =z CHy T HN C Reflux N N

N 2 \N/ \NH HN” “NH

0 0 H 2 A A

H2N S S NH2
2,6 diacetylpyridine thiosemicarbazide 2,6 diacetylpyridine

bisthiosemicarbazone, H,bdptsc

3.4.11 (2,6 Hzbdptsc N-Me, 1HaL):

To a solution of N-methyl thiosemicarbazide (0.6g, 7.1mmol) in 40 ml of methanol, was added a
solution of 2,6 diacetyl pyridine in methanol (10 ml) (0.5g, 3.5mmol), and was refluxed for 6-7
hours. Dark brown compound was collected from the brown-coloured solution after two to three

days. Yield: 90%, M.P. 210-212°C, solubility: soluble on acetonitrile and methanol and partially
soluble in chloroform. Main FTIR peaks (neat, cm™), v(NH2) 3450m, 3329m; v(-NH-) 3190;
v(C=N) 1634; v(C=C) 1555; §(NH2) 1518s; v(C=S) 836s. *H NMR (500 MHz, DMSO-Ds,
Sppm): 10.34s (2H, -N2H-); 8.70s (2H, N'H); 8.55s (2H, C**'H); 7.85s (1H, C°H); 3.05 (N*HCHs3);

2.43 (6H CHs). *C NMR (125 MHz DMSO-D6, dppm): 179.47 (C*); 154.37 (C>); 148.0
(C*?); 136.70 (C®); 121.53 (C**); 31.59 (N*HCHj3); 12.27(CHs).
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S
H3C >~ CH
| ~ || Methanol 3 | N | 3
HaC A CHs T N c Reflux N N
N NG HN” “NH
N NHMe
0 0 H /J\ )\
MeHN S S NHMe

2,6 diacetylpyridine N-methyl thiosemicarbazide 2,6 diacetylpyridine N-methyl

bisthiosemicarbazone, Hobdptsc N-Me

3.4.12 (2,6 Hzbdptsc N-Ph, 2HaL):

To a solution of N-phenyl thiosemicarbazide (0.6g, 7.1mmol) in 40 ml of methanol, was added a

solution of 2,6 diacetyl pyridine in methanol (10 ml) (0.5g, 3.5mmol), and was refluxed for 6-7

hours. White compound was collected from the white-coloured solution after two to three days.

Yield: 87%, Main FTIR peaks (neat, cm™), v(NH2) 3303m; v(-NH-) 3156; v(C=N) 1636;

V(

C=C)1594; v(C=S) 896s. *H NMR (500 MHz, DMSO-Ds, dppm): 10.69s (2H, -N2H-); 10.23s

(2H, N*H); 8.55s (2H, C**H); 7.84s (1H, C°H); 7.49-7.26 (Ring protons); 2.51 (6H CHs).

X
A & H,;C | = CH
| || Methanol 3 | N | 3
H;C Z CHg + 2H,N C Reflux N N
N NN HN” “NH
N NHPh
o} o} H /K )\
PhHN S S NHPh

2,6 diacetylpyridine N-phenyl thiosemicarbazide 2,6 diacetylpyridine N-phenyl

bisthiosemicarbazone, H,bdptsc N-Ph

3.4.13 Physical parameters of ligands (*HzL to ?HzL)

S.No | Melting point Solubility

1. 213-215°C Soluble in acetonitrile,
methanol and partially

soluble in chloroform.

2. 220-222°C Soluble in acetonitrile,
methanol and partially

soluble in chloroform.
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3. 218-220°C Soluble in acetonitrile,
methanol and partially
soluble in chloroform.

4., 204-206°C Soluble in acetonitrile,
methanol and partially
soluble in chloroform.

S. 208-210°C Soluble in acetonitrile,
methanol and partially
soluble in chloroform.

6. 210-212°C Soluble in acetonitrile,
methanol and partially
soluble in chloroform

7. 200-204°C Soluble in acetonitrile,
methanol and partially
soluble in chloroform.

8. 206-208°C Soluble in acetonitrile,
and partially soluble in
chloroform.

9. 212-214°C Soluble in acetonitrile,
methanol and partially
soluble in chloroform.

10. 215-216°C Soluble in acetonitrile,
methanol and partially
soluble in chloroform.

11. 210-212°C Soluble in acetonitrile,
methanol and partially
soluble in chloroform.

12. 216-218°C Soluble in acetonitrile,

methanol and partially

soluble in chloroform.
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3.4.14 LCMS values for ligands (*HzL to ?HzL)

S.No | Ligand m/z

1. H,L 285.20
2. 2H,L 313.11
3. 3H,L 440.32
4, 4H,L 294.95
5. SH,L 319.06
6. 6H,L 445.05
7. "H,L 261.12
8. 8H,L 288.94
9. H,LL 413.26
10. 10H,L 311.16
11. UH,L 339.17
12. 121, 372.00

3.5 Synthesis of complexes: Cobalt (11) Complexes

3.5.1[Co(2,5 bttsc)] 1.

To asolution of 2,5 thiophene dicarboxaldehyde bisthiosemicarbazone (0.028g, 0.097 mmol), was
added Co(OAC)2 (0.025g, 0.097mmol) in ethanol. The reddish coloured solution was refluxed for
4 hours. After two to three days brown coloured compound was obtained and dried in vaco. Yield:
79%, M.P. 222-224°C. Main FTIR peaks (neat, cm™); v(NH2) 3301; v(-NH-) 3175w; v(C=N)
1609s; v(C=C) 1478m; 8(NH2) 1334s; v(C=S) 656s. ESR data (g, gauss): ¢;2.27; g. 2.07. Mass
spectra: m/z[Co(CsHsNeS3)]*: 340.28 (parent ion peak), 338.34 (Loss of two hydrogens), 274.27

(Loss of one arm of bisthiosemicarabzone)
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S C

(OAc), + I l!ll Ethanol I S I
N ~NH T > N N—n
Hrr (|; Reflux,4H Tl/ \c / I
-~ 0 C

_C 7~ ~NH; c / /" NH,
HoN \\S S HN—" \S \S
2,5 thiophene dicarboxaldehyde bisthiosemicarbazone [Co(2,5-bttsc)]

3.5.2 [Co(2,5 bttsc N-Me)] 2.

To a solution of 2,5 thiophene dicarboxaldehyde N-methyl bisthiosemicarbazone (0.039g, 0.098
mmol), was added Co(OAc)2 (0.025g, 0.098mmol) in ethanol. The reddish coloured solution was
refluxed for 4 hours. After two to three days brown coloured compound was obtained and dried in
vaco. Yield: 78%, M.P. 233-235°C. Main FTIR peaks (neat, cm™); v(NH2) 3339; v(C=N) 1500s;
v(C=C) 1403m; v(C=S) 766s. ESR data (g, gauss): g, 2.22; g. 2.12. Mass spectra:
m/z[Co(C10H12N6S3)]": 373.16 (parent ion peak).

ne )\ A
s H
A A
Co(OAc), + H N Ethanol H S "
N NH >
HN™ | Reflux,4H _N
¢ /° NHCH T / L
N S ® / /"~ NHCH
HaCHN ™ " HLGHN = \ 5
2,5 thiophene dicarboxaldehyde N-methyl [Co(2,5-bttsc N-Me)]

bisthiosemicarbazone
3.5.3 [Co(2,5 bttsc N-Ph)] 3.
To a solution of 2,5 thiophene dicarboxaldehyde N-phenyl bisthiosemicarbazone (0.025¢g, 0.057
mmol), was added Co(OAc)2 (0.014g, 0.057mmol) in ethanol. The reddish coloured solution was
refluxed for 4 hours. After two to three days brown coloured compound was obtained and dried in
vaco. Yield: 81%, M.P. 228-230°C. Main FTIR peaks (neat, cm™); v(NH2) 3251; v(C=N) 1592s;
v(C=C) 1534m; v(C=S) 748s. ESR data (g, gauss): g 2.25; g. 2.08 Mass spectra:
m/z[Co(C20H16N6S3)]: 492.07(parent ion peak).
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S C
Co(OAc), + I ,[l'\ Ethanol j S “
N NH >
HN™ | Reflux,4H N
('; //C\NHPh \ / C
PhHN™ "X\ S / /~ "NHPh
s PhHN™" \
2,5 thiophene dicarboxaldehyde N-phenyl
bisthiosemicarbazone [Co(2,5-bttsc N-Ph)]

3.5.4 [Co(bitsc)] 4

To a solution of 2,3-isatin bisthiosemicarbazone (0.058g, 0.20mmol) was added Co(OAc):
(0.050g, 0.20mmol) in ethanol. The reddish coloured solution was refluxed for 4 hours. After two
to three days brown coloured compound was obtained and dried in vaco. Yield: 80%, M.P. 220-
222°C. FTIR bands (neat, cm™); v(NH2) 3276m; v(C = N) 1640s; v(C = C) 1589m; § (NH2) 1540s;
v(C = S) 773s. ESR data (g, gauss): g 2.18; g 2.11 Mass spectra: m/z[Co(C10HsN7S2)]": 355.06

(parent ion peak).

NH
s 2
>/NH2 /]\
NZ s
N/NH Ethanol \ ’
_
/ Ne—_
Reflux, 4H Co
/ / \S
Co(OAc), + —N NH,
N ) _N\
/
H HN N N
S H NH,
2,3-isatin bisthiosemicarbazone [Co(2,3-bitsc)]

3.5.5 [Co(bitsc-N-Me)] 5.

To a solution of 2,3-isatin-N-methyl bisthiosemicarbazone (0.064g, 0.20mmol) was added
Co(OAC)2(0.050g, 0.20mmol) in ethanol. The reddish coloured solution was refluxed for 4 hours.
After two to three days brown coloured compound was obtained and dried in vaco. Yield: 81%,
M.P. 232-234°C, Main FTIR bands (neat, cm™); v (NH2) 3220m; v(C=N) 1643s; v(C = C) 1593m;
d (NH2) 1532s; v (C=S) 743s. ESR data (g, gauss): gy 2.31; g. 2.09. Mass spectra:
m/z[Co(C12H13N7S2)]": 382.07(parent ion peak).
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NHMe )\
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N S
N/NH Ethanol \
/ g N—
Reflux, 4H Co
/ / \S
Co(OAc), + —N NHMe
N A _N\
—
HN N N
S H NHMe
2,3-isatin N-methyl bisthiosemicarbazone [Co(2,3-bitsc N-Me)]

3.5.6 [Co(bitsc-N-Ph)] 6.

To a solution of 2,3-isatin-N-phenyl bisthiosemicarbazone (0.089g, 0.20mmol) was added
Co(OAC)2(0.050g, 0.20mmol) in ethanol. The reddish coloured solution was refluxed for 4 hours.
After two to three days brown coloured compound was obtained and dried in vaco. Yield: 78%,
M.P. 216-218°C. Main FTIR bands (neat, cm™); v(NH2) 3217m; v(C =N) 1654s; v(C = C) 1513m;
d (NH2) 1450s; uv(C=S) 743s. ESR data (g, gauss): g 2.20; gr 2.12. Mass spectra:
m/z[Co(C24H25N7S2)] *: 519.07amu (parent ion peak).

NHPh
S
YNHPh J\
NZ s
N/NH Ethanol \
/ - N—_
Reflux, 4H Co
/ / \S
Co(OAc), + ——N NHPh
N N —N\ —
HN N N
S H NHPh

2,3-isatin N-Phenyl bisthiosemicarbazone .
[Co(2,3-bitsc N-Ph)]

3.5.7 [Co(2,5 bptsc)] 7.
To a solution of 2,5 piperazinedione bisthiosemicarbazone (0.064g, 0.2mmol), was added
Co(OAC)2 (0.050g, 0.2mmol) in ethanol. The reddish coloured solution was refluxed for 4 hours.

After two to three days brown coloured compound was obtained and dried in vaco. Yield: 88%,

M.P. 224-226°C. Main FTIR peaks (neat, cm™); v(NH2) 3491m, 3262m; v(C=N) 1643s; vL(C=C)

1533m; 6(NH2) 1438s; v(C=S) 812s. ESR data (g, gauss): g 2.35; g1 2.17. Mass spectra:
m/z[Co(CsH12NsS2)]*: 318.34amu (parent ion peak).
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3.5.8 [Co(2,5 bptsc N-Me)] 8.

To a solution of 2,5 piperazinedione N-methyl bisthiosemicarbazone (0.057g, 0.2mmol), was
added Co(OAcC). (0.050g, 0.2mmol) in ethanol The reddish coloured solution was refluxed for 4

hours. After two to three days brown coloured compound was obtained and dried in vaco. Yield:

90%, M.P. 234-236°C. Main FTIR peaks (neat, cm™); v(NH2) 3290m, 3202m; v(C=N) 1643s;

v(C=C) 1545m; 8(NH2) 1424s; v(C=S) 743s. ESR data (g, tensor, A, gauss): g; 2.58; g. 2.06.

Mass spectra: m/z[Co(CgH16NsS2)]": 347.21amu (parent ion peak).
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3.5.9 [Co(2,5 bptsc N-Ph)] 9.

To a solution of 2,5 piperazinedione N-phenyl bisthiosemicarbazone (0.102g, 0.2mmol), was
added Co(OAc)2 (0.050g, 0.2mmol) in ethanol. The reddish coloured solution was refluxed for 4

hours. After two to three days brown coloured compound was obtained and dried in vaco. Yield:

88%, M.P. 244-246°C. FTIR bands (neat, cm™); v(NH2) 3479m; v(C = N) 1577s; v(C = C) 1488m;

v(C=S) 753s. ESR data (g, gauss): gy 2.34; g. 2.14. Mass spectra: m/z[Co(C1sH22NgS2)]*:

471.28amu (parent ion peak).
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3.5.10 [Co(2,6 bdptsc)] 10.

To a solution of 2,6 Diacetyl pyridine bisthiosemicarbazone (0.025g, 0.8mmol), was added

Co(OAC)2 (0.020g, 0.8mmol) in ethanol The reddish coloured solution was refluxed for 4 hours.

After two to three days brown coloured compound was obtained and dried in vaco. Yield: 85%,
M.P. 242-244°C. Main FTIR peaks (neat, cm™); v(NH) 3285, v(C=N) 1590s, vL(C=C) 1487m,

d(NH2) 1447s, v(C=S) 793s. ESR data (g, gauss): g 2.22; g. 2.05. Mass spectra:

m/z[Co(C11H13N7S2)]": 367.08amu (parent ion peak).
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3.5.11 [Co(2,6 bdptsc N-Me)] 11.

To a solution of 2,6 Diacetyl pyridine N-methyl bisthiosemicarbazone (0.025g, 0.7mmol), was
added Co(OAc)2 (0.018g, 0.7mmol) in ethanol. The reddish coloured solution was refluxed for 4
hours. After two to three days brown coloured compound was obtained and dried in vaco. Brown
coloured compound was collected after two days and dried in vaco. Yield: 86%, M.P. 235-237°C.
Main FTIR peaks (neat, cm™); v(NH2) 3265m; v(C=N) 1619s; vL(C=C) 1508m; v(C=S) 810s. ESR
data (g, tensor, A, gauss): g; 2.28; g1 2.22. Mass spectra: m/z [Co (C13H17N7S2)]*: 394.29amu

(parent ion peak).

® ®
H H
H3C N/ CH3 Ethanol sC | N/ | CHs
Co(OAc), + | | —_— N , N
HN/N N\NH Reflux, 4H N7 \Co/ SN
/L§ 44\ FiCHN/ﬂ\S/// .\\S/H\NHCH
HsCHNT s $? “NHCH; 3 3

3.5.12 [Co(2,6 bdptsc N-Ph)] 12.

To a solution of 2,6 Diacetyl pyridine N-phenyl bisthiosemicarbazone (0.025g, 0.5mmol), was
added Co(OAc)2 (0.013g, 0.5mmol) in ethanol. The reddish coloured solution was refluxed for 4
hours. After two to three days brown coloured compound was obtained and dried in vaco. Yield:
88%, M.P. 247-249°C. Main FTIR peaks (neat, cm™); v(NHz) 3385m, 3200m; v(C=N) 1604s;
v(C=C) 1477m; v(C=S) 749s. ESR data (g, tensor, A, gauss): g; 2.45; g. 2.31. Mass spectra:
m/z[Co(C23H21N7S2)]*: 518.13amu (parent ion peak).

® D
HsC =z CHj3 Ethanol HsC | P CHs
N N
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PhHN™ =S S” NHPh PhHN)\S/ \s NHPh

3.6 Complexes of Nickel (11)

3.6.1 [Ni(2,5 bttsc)] 13.

To a solution of 2,5 thiophene dicarboxaldehyde bisthiosemicarbazone (0.035g, 0.12 mmol), was
added Ni(OAc). (0.025g, 0.12mmol) in ethanol. The dark red coloured solution was refluxed for
4 hours. After two to three days dark brown coloured compound was obtained and dried in vaco.
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Yield: 81%, M.P. 226-228°C. Main FTIR bands (neat, cm™); v(NH2) 3419, 3302m; v(C = N)

1598s; v(C = C) 1495m; 6 (NH2) 1436s; v(C=S) 698s. Magnetic moment pess (BM)= 3.22. Mass
spectra: m/z[Ni(CsH10NsS3)]": 342.94amu (parent ion peak), 229.14amu (Loss of (NH2-S).C,

137.00amu (Loss of both arms of bisthiosemicarbazone).

C
Ni(OAc), + H ,Ll\ Ethanol H S I
N NH 3
HN~ | Reflux,4H NN~ \w
— 2 / NH
2,5 thiophene dicarboxaldehyde bisthiosemicarbazone [Ni(2,5-bttsc)]

3.6.2 [Ni(2,5 bttsc N-Me)] 14.
To a solution of 2,5 thiophene dicarboxaldehyde N-methyl bisthiosemicarbazone (0.039g, 0.14
mmol), was added Ni(OAc)2 (0.025g, 0.14mmol) in ethanol. The dark red coloured solution was

refluxed for 4 hours. After two to three days dark brown coloured compound was obtained and
dried in vaco. Yield: 81%, M.P. 232-234°C. Main FTIR bands (neat, cm™); v(NH2) 3314; v(C =
N) 1647s; v(C = C) 1508m; 6(NH2) 1401s; v(C=S) 797s. Magnetic moment pefs (BM)= 3.63. Mass
spectra: m/z[Ni(C10H12NS3)]*: 370.97amu (parent ion peak).

S C
Ni(OAc), + I Ethanol | s i
N NN ——— N N
HN" | Reflux,4H N~ - N
c': /°~NHMe I \Ni L
MeHN"" \s S MeHN/C\S/ \s/ ~NHMe

2,5 thiophene dicarboxaldehyde N-methyl

bisthiosemicarbazone [Ni(2,5-bttsc N-Me)]

3.6.3 [Ni(2,5 bttsc N-Ph)] 15.
To a solution of 2,5 thiophene dicarboxaldehyde N-phenyl bisthiosemicarbazone (0.025g, 0.57
mmol), was added Ni(OAc)2 (0.014g, 0.57mmol) in ethanol. The dark red coloured solution was

refluxed for 4 hours. After two to three days dark brown coloured compound was obtained and
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dried in vaco. Yield: 86%, M.P. 233-235°C. Main FTIR peaks (neat, cm™); v(NH2) 3297,3217;

L(C=N) 1590s; v(C=C) 1509m; d(NH2) 1429s; v(C=S) 751s. Magnetic moment pess (BM)= 3.10.
Mass spectra: m/z[Ni(C20H16N6Ss3)]*: 502.37 amu (parent ion peak).

H\C/@\c/H H\ / \ /H

] c c
Ni(OAc), + | { Ethanol I S I
=N N ———— > N
| é Reflux,4H N/ /
~
_C /~ NHPh / S~
PRHN™ "Ng S PhHN/ N \

2,5 thiophene dicarboxaldehyde
N-phenyl bisthiosemicarbazone

3.6.4 [Ni(bitsc)] 16.
To asolution of 2,3-isatin bisthiosemicarbazone (0.058g, 0.20mmol) was added Ni(OAc)2 (0.050g,

[Ni(2,5-bttsc-N-Ph)]

0.20mmol) in ethanol. The dark red coloured solution was refluxed for 4 hours. After two to three
days dark brown coloured compound was obtained and dried in vaco. Yield: 82%, M.P. 230-232°C.
Main FTIR bands (neat, cm™); v (NH2) 3423, 3229m; v(C=N) 1652s; vL(C=C) 1509m; v(C=S)
790s. Magnetic moment petr (BM)=3.17. Mass spectra: m/z[Ni(C1oHoN7S2)]*: 355.03 amu (parent
ion peak).

NH
S 2
z
N S
N/NH Ethanol \ ’
> N
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N N —
N HN N N/<
H NH,
2,3-isatin bisthiosemicarbazone INi(2,3-bitsc)]

3.6.5 [Ni(bitsc-N-Me)] 17.

To a solution of 2,3-isatin-N-methyl bisthiosemicarbazone (0.064g, 0.2mmol) was added
Ni(OACc)2 (0.050g, 0.2mmol) in ethanol. The dark red coloured solution was refluxed for 4 hours.
After two to three days dark brown coloured compound was obtained and dried in vaco. Yield:

85%, M.P. 222-224°C, Main FTIR bands (neat, cm™); v(NH2) 3220m; v(C=N) 1655s; v(C=C)
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1515s; v(C=S) 776s. Magnetic moment pef(BM)= 3.07. Mass spectra: m/z[Ni(C12H13N7S2)]":
393.36 (parent ion peak).

NHMe
S
YNHMe )\
NT s
N/NH Ethanol \ ,
/ g N—
Reflux, 4H Ni
Ni(OAc), + —N NHMe
N A _N\ ——
H HN N N
S H NHMe
2,3-isatin N-methyl bisthiosemicarbazone [Ni(2,3-bitsc N-Me)]

3.6.6 [Ni(bitsc-N-Ph)] 18.

To a solution of 2,3-isatin-N-phenylbisthiosemicarbazone (0.089g, 0.2mmol) was added Ni(OAc)2
(0.050g, 0.2mmol) in ethanol. The dark red coloured solution was refluxed for 4 hours. After two
to three days dark brown coloured compound was obtained and dried in vaco. Yield: 78%, M.P.
225-227°C. Main FTIR peaks (neat, cm™); v(NHz) 3281m; v(C = N) 1669s; v(C = C) 1525s;
L(C=S) 746s. Magnetic moment et (BM)= 3.32. Mass spectra, m/z: [Ni(C22H17N7S2)]*: 500.08
amu (parent ion peak).

NHPh
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>/NHPh J\
NZ s
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Reflux, 4H Ni
Ni(OAc), + —=N NHPh
N A _N\
HN =
H N N
S H NHPh
2,3-isatin N-phenyl bisthiosemicarbazone [Ni(2,3-bitsc N-Ph)]

3.6.7 [Ni(2,5 bptsc)] 19.
To a solution of 2,5 piperazinedione bisthiosemicarbazone (0.050g, 0.20mmol), was added
Ni(OAC)2(0.0518g, 0.2mmol) in ethanol. The dark red coloured solution was refluxed for 4 hours.

After two to three days dark brown coloured compound was obtained and dried in vaco. Yield:

85%, M.P. 222-224°C. Main FTIR peaks (neat, cm™); v(NH2) 3328m, 3204m; v(C=N) 1659s;
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v(C=C) 1458m; 6(NH2) 1329s; v(C=S) 772s. Magnetic moment et (BM)= 3.53. Mass spectra:
m/z [Ni(CsH12NgS2)]:318.34 amu (parent ion peak).
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3.6.8 [Ni(2,5 bptsc N-Me)] 20.

To a solution of 2,5 piperazinedione N-methyl bisthiosemicarbazone (0.050g, 0.20mmol), was
added Ni(OAc)2 (0.041g, 0.20mmol) in ethanol. The dark red coloured solution was refluxed for
4 hours. After two to three days dark brown coloured compound was obtained and dried in vaco.

Yield: 89%, M.P. 220-222°C. Main FTIR peaks (neat, cm™?); v(NH2) 3272m; v(C=N) 1562s;

v(C=C) 1410m; v(C=S) 725s. Magnetic moment e (BM)= 3.45. Mass spectra: m/z
[Ni(CgH16NsS2)]: 347.21amu (parent ion peak).
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3.6.9 [Ni(2,5 bptsc N-Ph)] 21.

To a solution of 2,5 piperazinedione N-phenyl bisthiosemicarbazone (0.081g, 0.2mmol), was
added Ni(OAc)2 (0.050g, 0.2mmol) in ethanol. The dark red coloured solution was refluxed for 4
hours. After two to three days dark brown coloured compound was obtained and dried in vaco.
Yield: 88%, M.P. 248-250°C. Main FTIR peaks (neat, cm™); v(NH2) 3292m,3204m; v(C=N)
1666s; v(C=C) 1467m; v(C=S) 798s. Magnetic moment Me(BM)= 4.62. Mass spectra:
m/z[Ni(C1sH22NsS2)]*: 545.48 amu (parent ion peak).
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3.6.10 [Ni(2,6 bdptsc)] 22.

To a solution of 2,6 Diacetyl pyridine bisthiosemicarbazone (0.025g, 0.80mmol), was added
Ni(OAc)2 (0.020g, 0.80mmol) in ethanol. The dark red coloured solution was refluxed for 4 hours.
After two to three days dark brown coloured compound was obtained and dried in vaco. Yield:
90%, M.P. 245-247°C. Main FTIR peaks (neat, cm™); v(NHz) 3285, v(C=N) 1590s, v(C=C)

1487m, S(NH2) 1447s, v(C=S) 793s. Magnetic moment pes(BM)= 3.53. Mass spectra:
m/z[Ni(C11H13N7S2)]*: 365.99 amu (parent ion peak).
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2,6 diacetylpyridine bisthiosemicarbazone [Ni(2,6-bdptsc)]
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3.6.11 [Ni(2,6 bdptsc N-Me)] 23.

To a solution of 2,6 Diacetyl pyridine N-methyl bisthiosemicarbazone (0.025g, 0.2mmol), was
added Ni(OAc)2 (0.018g, 0.2mmol) in ethanol. The dark red coloured solution was refluxed for 4
hours. After two to three days dark brown coloured compound was obtained and dried in vaco.
Yield: 85%, M.P. 232-234°C. Main FTIR bands (neat, cm™); v(NHz) 3290m; v(C = N) 1523s; v(C
= C) 1447m; v(C=S) 797s. Magnetic moment Mes(BM)= 3.45. Mass spectra: m/z[Ni
(C13H17N7S2)]*: 394.04 amu (parent ion peak).
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2,6 diacetylpyridine N-methy! [Ni(2,6-bdptsc,N-Me)]

bisthiosemicarbazone

3.6.12 [Ni(2,6 bdptsc N-Ph)] 24.

To a solution of 2,6 Diacetyl pyridine N-phenyl bisthiosemicarbazone (0.025g, 0.2mmol), was
added Ni(OAc). (0.0134g, 0.2mmol) in ethanol. The dark red coloured solution was refluxed for
4 hours. After two to three days dark brown coloured compound was obtained and dried in vaco.
Yield: 89%, M.P. 239-241°C. Main FTIR bands (neat, cm™); v(NH2) 3366m, 3272m; v(C=N)
1615s; v(C = C) 1528m; v(C = S) 769s. Magnetic moment pes(BM)= 2.8. Mass spectra:
m/z[Ni(C23H21N7S2)]*:518.07 amu (parent ion peak).
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86



3.7 Synthesis of Copper(11) complexes

3.7.1 [Cu(2,5 bttsc)] 25.

To asolution of 2,5 thiophene dicarboxaldehyde bisthiosemicarbazone (0.035g, 0.122 mmol), was
added Cu(OAC)2 (0.025g, 0.125mmol) in ethanol. The dark brown coloured solution was refluxed

for 4 hours. After two to three days dark brown coloured compound was obtained and dried in
vaco. Yield: 80%, M.P. 228-230°C. Main FTIR bands (neat, cm™); v(NH2) 3409, 3278m; v(C =
N) 1599s; v(C = C) 1535m; 8(NH2) 1451s; v(C = S) 781s. ESR data (g, tensor, A, gauss): g 2.40;

gL, 2.08; Ay, 174; AL, 40. Mass spectra: m/z[Cu(CsH10NsS3)]": 343.12amu (Parent ion peak),
313amu(Loss of NH2-C-N).
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2,5 thiophene dicarboxaldehyde bisthiosemicarbazone [Cu(2,5-bttsc)]

3.7.2 [Cu(2,5 bttsc-N-Me)] 26.
To a solution of 2,5thiophene dicarboxaldehyde-N-methyl bisthiosemicarbazone (0.039g, 0.12
mmol), was added Cu(OAc). (0.025g, 0.12mmol) in ethanol. The dark red coloured solution was

refluxed for 4 hours. After two to three days dark brown coloured compound was obtained and
dried in vaco. Yield: 78%, M.P. 235-237°C. Main FTIR bands (neat, cm™); v(NH2) 3372; v(C =
N) 1537s; v(C = C) 1508m; v(C =S) 761s; v(M-N) 485s. ESR data (g, tensor, A, gauss): g 2.15;
gL, 2.07; Ay, 160; AL 45. Mass spectra: m/z[Cu(C10H14NeS3)]*: 376.97 amu (M™).
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2,5 thiophene dicarboxaldehyde [Cu(2,5-bttsc-N-Me)]

N-methyl bisthiosemicarbazone
3.7.3 [Cu(2,5 bttsc-N-Ph)] 27.
To a solution of 2,5 thiophene dicarboxaldehyde-N-phenyl bisthiosemicarbazone (0.011g, 0.12
mmol),
was added Cu(OAc). (0.025g, 0.12mmol) in ethanol . The dark red coloured solution was refluxed
for 4 hours. After two to three days dark brown coloured compound was obtained and dried in

vaco. Yield: 80%, M.P. 230-232°C. Main FTIR bands (neat, cm™); v(NH2) 3390; v(C = N) 1679s;

v(C =C) 1595m; v(C = S) 747s. ESR data (g, tensor, A, gauss): g; 2.20; g.,2.12; Ay, 148; AL, 45.
Mass spectra: m/z[Cu(C20H1sNsS3)]: 500.08 (M™).
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2,5 thiophene dicarboxaldehyde

N-phenyl bisthiosemicarbazone [Cu(2,5-bttsc-N-Ph)]

3.7.4 [Cu(bitsc)] 28.

To a solution of isatin thiosemicarbazone (0.073g, 0.2mmol), was added Cu(OAc). (0.050g,
0.2mmol) in ethanol. The dark red coloured solution was refluxed for 4 hours. After two to three
days dark brown coloured compound was obtained and dried in vaco. Yield: 78%, M.P. 235-237°C.
Main FTIR peaks (neat, cm™); v(NH2) 3239m; v(C=N) 1659s; vL(C=C) 1556m; 5(NH,) 1511s;

v(C=S) 823s. ESR data (g, tensor, A, gauss): gy 2.24; g1, 2.09; Ay, 170; AL 38. Mass spectra:
m/z[Cu(C10HaN7S2)]*: 355.06 (parent ion peak).
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3.7.5 [Cu(bitsc-N-Me)] 29.

To a solution of isatin bis-N-methyl thiosemicarbazone (0.080g, 0.2 mmol) was added Cu(OAc):
(0.050g, 0.2mmol) in ethanol. The dark red coloured solution was refluxed for 4 hours. After two
to three days dark brown coloured compound was obtained and dried in vaco. Yield: 80%, M.P.

230-232°C. Main FTIR bands (neat, cm™); v(NH2) 3223m; v(C = N) 1643s; v(C = C)1525m; v(C

= S) 857s. ESR data (g, tensor, A, gauss): gy 2.17; g1, 2.11; Ay, 145; AL, 25. Mass spectra:
m/z[Cu(C12H13N7S2)]": 381.29 (parent ion peak).
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isatin bis-N-methyl thiosemicarbazone [Cu(bitsc-N-Me)]

3.7.6 [Cu(bitsc-N-Ph)] 30.

To a solution of isatin bis-N-phenyl thiosemicarbazone (0.1g, 0.2mmol) was added Cu(OAc):
(0.050g, 0.2mmol) in ethanol. The dark red coloured solution was refluxed for 4 hours. After two
to three days dark brown coloured compound was obtained and dried in vaco. Yield: 78%, M.P.

215-217°C. Main FTIR bands (neat, cm™); v(NH2) 3205m; v(C = N) 1654s; v(C = C) 1596m; v(C

= S) 822s. ESR data (g, tensor, A, gauss): gj 2.26; g, 2.08; Ay, 165; AL, 45. Mass spectra:
m/z[Cu(C22H17N7S2)]": 505.22 (parent ion peak).
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3.7.7 [Cu(2,5 bptsc)] 31.
To a solution of 2,5 piperazinedione bisthiosemicarbazone (0.064g, 0.2mmol), was added
Cu(OAC)2 (0.050g, 0.2mmol) in ethanol. The dark red coloured solution was refluxed for 4 hours.

After two to three days dark brown coloured compound was obtained and dried in vaco. Yield:
87%, M.P. 225-227°C. Main FTIR peaks (neat, cm™); v(NH2) 3407m; v(C=N) 1598s; v(C=C)
1487m; 3(NH2) 1434s; v(C=S) 763s. ESR data (g, tensor, A, gauss): gj 2.465; g1, 2.147; A, 164;

AL, 42. Mass spectra: m/z[Cu(CsH12NgS2)]*: 325.25 (parent ion peak).
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3.7.8 Cu(2,5 bptsc N-Me)] 32.

To a solution of 2,5 piperazinedione N-methyl bisthiosemicarbazone (0.119g, 0.2mmol), was
added Cu(OAc)2 (0.050g, 0.2mmol) in ethanol. The dark red coloured solution was refluxed for 4
hours. After two to three days dark brown coloured compound was obtained and dried in vaco.

Yield: 88%, M.P. 220-222°C. Main IR bands (neat, cm™); v (NH2) 3290m, v(C = N) 1550s, v(C

= C) 1487m, v(C=S) 767s. ESR data (g, tensor, A, gauss): g; 2.48; g.,2.14; A, 168; AL, 51. Mass

spectra: m/z[Cu(CsH16NsS2)]": 349.11 (parent ion peak).
s
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3.7.9 Cu(2,5 bptsc N-Ph)] 33.

To a solution of 2,5 piperazinedione N-phenyl bisthiosemicarbazone (0.102g, 0.2mmol), was
added Cu(OAc)2 (0.050g, 0.2mmol) in ethanol. The dark red coloured solution was refluxed for 4
hours. After two to three days dark brown coloured compound was obtained and dried in vaco.
Yield: 88%, M.P. 234-236°C. Main FTIR peaks (neat, cm™); v(NH2) 3277m; v(C=N) 1638s;
v(C=C) 1595m; v(C=S) 807s. ESR data (g, tensor, A, gauss): g; 2.48; g1, 2.146; A, 162; AL, 40.
Mass spectra: m/z[Cu(C1gH22NgS2)]*: 474.12 (parent ion peak).
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3.7.10 [Cu(2,6 bdptsc)] 34.

To a solution of 2,6 Diacetyl pyridine bisthiosemicarbazone (0.025g, 0.8mmol), was added
Cu(OAC)2 (0.016g, 0.8mmol) in ethanol. The dark red coloured solution was refluxed for 4 hours.
After two to three days dark brown coloured compound was obtained and dried in vaco. Yield:
87%, M.P. 225-227°C. Main FTIR peaks (neat, cm™); v(NHz) 3311m, 3200, v(C=N) 1627s,

v(C=C) 1588m, 5(NH2) 1461s, L(C=S) 806s. ESR data (g, tensor, A, gauss): gy 2.2; g, 2.10; Ay,

147; AL, 44. Mass spectra: m/z[Cu(C11H13N7S2)]*: 371.18 (parent ion peak).

S ®
H3C N/ CH3 Ethanol HsC N/ CHs
Cu(OAc), + | | > N| I |N
P N Reflux, 4H - ~
HN NH NI ~cu |N
HNT s s “NH, HoN" S S°  NH;
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3.7.11 [Cu(2,6 bdptsc N-Me)] 35.

To a solution of 2,6 Diacetyl pyridine N-methyl bisthiosemicarbazone (0.025g, 0.7mmol), was
added Cu(OAc)2(0.014g, 0.7mmol) in ethanol. The dark red coloured solution was refluxed for 4
hours. After two to three days dark brown coloured compound was obtained and dried in vaco.
Yield: 89%, M.P. 232-234°C. Main FTIR peaks (neat, cm™); v(NHz) 3295m; v(C=N) 1579s;
v(C=C) 1511m; v(C=S) 787s. ESR data (g, tensor, A, gauss): g 2.45; g, 2.12; A, 168; AL, 49.
Mass spectra: m/z[Cu(C13H17N7S2)]": 399.17(parent ion peak).

® ®
HsC ~ CH
HsC N/ CH3 Ethanol 8 | N | 8
Cu(OAc), + | | —_ N ’
HN/N N\NH Reflux, 4H N~ \Cu/ SN
A A AN\
HaCHNT s 57 “NHCH,8 HsCHN™ s S” “NHCHs

3.7.12 [Cu(2,6 bdptsc N-Ph)] 36.

To a solution of 2,6 Diacetyl pyridine N-phenyl bisthiosemicarbazone (0.025g, 0.5mmol), was
added Cu(OAc)2 (0.010g, 0.5mmol) in ethanol. The dark red coloured solution was refluxed for 4
hours. After two to three days dark brown coloured compound was obtained and dried in vaco.
Yield: 86%, M.P. 237-239°C. Main FTIR peaks (neat, cm™); v(NHz) 3374m, 3246m; v(C=N)
1591s; v(C=C) 1527m; v(C=S) 752s. ESR data (g, tensor, A, gauss): gj 2.25; g.,2.10; A, 164;
AL 44. Mass spectra: m/z[Cu(C23H21N7S2)]*: 524.15 (parent ion peak).

| X X
HsC Z CHj3 Ethanol H3C | >~ CH3

N N
Cu(OAc), + IN Nl T | |

erlux,
HN/ \NH N/N\C,; /N\N
u
PhHN” s S$Z" “NHPh PhHN)\S/ \S)\NHPh
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3.8.1 [Zn(2,5 bttsc)] 37.

To a solution of 2,5 thiophene dicarboxaldehyde bisthiosemicarbazone (0.026g, 0.11 mmol), was
added Zn(OAc)2 (0.025g, 0.11mmol) in ethanol. The dark orange coloured solution was refluxed
for 4 hours. After two to three days orange coloured compound was obtained and dried in vaco.
Yield: 81%, M.P. 224-226°C. Main FTIR peaks (neat, cm™); 3408m, 3277;
L(—=NH-) 3154w; v(C=N) 1598s; v(C=C) 1534s; 3(NH2) 1451s; v(C=S) 805s. Mass spectra:
m/z[Zn(CgHsNsS3)]": 393.29 amu (parent ion peak), 287 amu (Loss of Zn metal ion).

"\ AC/H BN AC/H

C
S C
Zn(OAc), + [ ,L‘\ Ethanol i s
N NH >
HN™ | Reflux,4H /N
HaN" N S / \ /
2,5 thiophene dicarboxaldehyde bisthiosemicarbazone [Zn(2,5-bttsc)]

3.8.2 [Zn(2,5bttsc N-Me)] 38.

To a solution of 2,5 thiophene dicarboxaldehyde N-methyl bisthiosemicarbazone (0.039g, 0.098
mmol), was added Zn(OAc)2 (0.025g, 0.098mmol) in ethanol. The dark red coloured solution was
refluxed for 4 hours. After two to three days dark brown coloured compound was obtained and
dried in vaco. Yield: 87%, M.P. 232-234°C. Main FTIR peaks (neat, cm™); v(NH2) 3325; v(C=N)
1576s; v(C=C) 1475m; v(C=S) 801s. Mass spectra: m/z[Zn(C1oH12N6S3)]*: 413.26 amu (parent

ion peak).

N ﬂc/H " /Q\C/H

Zn(OAc) ﬁ S I Ethanol (‘;‘
n Cc) *+

_N Ny —— N\ /

le | Reflux,4H C

C— \ /"~ NHMe
Y% NHMe
MeHN/C\S 7 MeHN ™ \
2,5 thiophene dicarboxaldehyde N-methyl [Zn(2,5-bttsc,N-Me)]

bisthiosemicarbazone
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3.8.3 [Zn(2,5bttsc,N-Ph)] 39.

To a solution of 2,5 thiophene dicarboxaldehyde N-phenyl bisthiosemicarbazone (0.025¢g, 0.057
mmol), was added Zn(OAc)2 (0.014g, 0.057mmol) in ethanol. The dark red coloured solution was
refluxed for 4 hours. After two to three days dark brown coloured compound was obtained and
dried in vaco. Yield: 83%, M.P. 226-228°C. Main FTIR peaks (neat, cm™); v(NH2) 3334m, 3200m;
v(C=N) 1598s; L(C=C) 1436m; L(C=S) 742s. Mass spectra: m/z[Zn(C10H12NeS3)]*: 521.13 amu

(parent ion peak).
"\ AC/H H\c [ ) C/H

[}
S S
Zn(OAc), + | IH\ Ethanol ’Ll ||
N >
HT/ M Refuxa ”/ \ /
C—
Y% NHPh / ~~NHPh
PhHN/C\S 7 PhHN"" \S \
2,5 thiophene dicarboxaldehyde N-phenyl [Zn(2,5-bttsc,N-Ph)]

bisthiosemicarbazone
3.8.4 [Zn(bitsc)] 40.
To a solution of 2,3-isatin bisthiosemicarbazone (0.066g, 0.22mmol) was added Zn(OAc).
(0.050g, 0.22mmol) in ethanol. The dark red coloured solution was refluxed for 4 hours. After two
to three days dark brown coloured compound was obtained and dried in vaco. Yield: 88%, M.P.
218-220°C. Main FTIR bands (neat, cm™); v (NH2) 3226m; v(C = N) 1540s; v(C = C) 1440m;

& (NH2) 1280s; v(C=S) 749s. Mass spectra: m/z[Zn(C1oHaN7S2)]*: 365.02 amu (parent ion peak).

NH
s 2
NH2 )\
NZ S
N/NH Ethanol \
> N—_
Reflux, 4H Zn
/ / \S
n(OAc), NH,
—N
HN \, —
N N
H NH,
2,3-isatin bisthiosemicarbazone [Zn(2,3-bitsc)]

3.8.5 [Zn(bitsc-N-Me)] 41.
To a solution of 2,3-isatin-N-methyl bisthiosemicarbazone (0.070g, 0.20mmol) was added
Zn(OAC)2(0.050g, 0.20mmol) in ethanol. The dark red coloured solution was refluxed for 4 hours.

After two to three days dark brown coloured compound was obtained and dried in vaco. Yield:
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84%, M.P. 236-238°C, Main FTIR bands (neat, cm™); v (NH2) 3367m; v(C = N) 1612s; v(C = C)
1550m; v (C =S) 745s. m/z: (M¥). 743s. Mass spectra: m/z[Zn(C10HoN7S2)]*: 429 .03 amu (parent

ion peak).

S NHMe
NHMe
=
N/NH Ethanol N\ S
Reflux 4H N\Z
n
n(OAc), NHMe / / \S
—N

A

N N
NHMe
2,3-isatin N-methyl bisthiosemicarbazone [Zn(2,3-bitsc,N-Me)]

3.8.6 [Zn(bitsc-N-Ph)] 42.

To a solution of 2,3-isatin-N-phenylbisthiosemicarbazone (0.10g, 0.20mmol) was added
Zn(OAC)2(0.050g, 0.20mmol) in ethanol. The dark red coloured solution was refluxed for 4 hours.
After two to three days dark brown coloured compound was obtained and dried in vaco. Yield:
85%, M.P. 220-222°C. Main FTIR bands (neat, cm™); v (NH2) 3358m; v(C =N) 1690s; v(C = C)
1597m; v(C=S) 782s. Mass spectra: m/z[Zn(C22H17N7S2)]": 528.04 amu (parent ion peak).

S NHPh

NHPh )\
N/NH Ethanol \/
Reflux 4H N\
Zn(OAc); + NHPh / /
\ —
N N
H NHPh
2,3-isatin N-phenyl bisthiosemicarbazone [Zn(2,3-bitsc,N-Ph)]

3.8.7 [Zn(2,5 bptsc)] 43.
To a solution of 2,5 piperazinedione bisthiosemicarbazone (0.058g, 0.2mmol), was added
Zn(OAC)2(0.050g, 0.2mmol) in ethanol. The creamish coloured solution was refluxed for 4 hours.

After two to three days dark cream coloured compound was obtained and dried in vaco. Yield:

88%, M.P. 225-227°C. Main FTIR peaks (neat, cm™); v(NH2) 3304m,3220; v(C=N) 1582s;

v(C=C) 1521m; 8(NH2) 1432s; v(C=S) 753s. Mass spectra: m/z[Zn(C22H17N7S2)]": 329.20 amu

(parent ion peak).
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3.8.8 [Zn(2,5 bptsc,N-Me)] 44.

To a solution of 2,5 piperazinedione N-methyl bisthiosemicarbazone (0.056g, 0.2mmol), was
added Zn(OAc)2 (0.050g, 0.2mmol) in ethanol. The creamish coloured solution was refluxed for 4
hours. After two to three days brown coloured compound was obtained and dried in vaco. Yield:

90%, m.p. 228-230°C. Main FTIR peaks (neat, cm™); v(NH2) 3265; v(C=N) 1553s; v(C=C)
1427m; v(C=S) 741s. Mass spectra: m/z [Zn(CsH1sNsS2)] *: 357.01 amu (parent ion peak).
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3.8.9 [Zn(2,5 bptsc N-Ph)] 45.
To a solution of 2,5 piperazinedione N-phenyl bisthiosemicarbazone (0.092g, 0.2mmol), was
added Zn(OAc)2 (0.050g, 0.2mmol) in ethanol. The creamish coloured solution was refluxed for 4

hours. After two to three days cream coloured compound was obtained and dried in vaco. Yield:
88%, m.p. 248-250°C. Main IR bands (neat, cm™); v(NH2) 3395m, 3200m; v (C = N) 1666s; v(C

= C) 1457m; v (C = S) 737s. Mass spectra: m/z[Zn(C22H17N7S2)]*: 477.08 amu (parent ion peak).
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3.8.10 [Zn(2,6 bdptsc)] 46.

To a solution of 2,6 Diacetyl pyridine bisthiosemicarbazone (0.025g, 0.2mmol), was added
Zn(OAC)2 (0.017g, 0.2mmol) in ethanol. The dark red coloured solution was refluxed for 4 hours.
After two to three days dark brown coloured compound was obtained and dried in vaco. Yield:
89%, m.p. 242-244°C. Main FTIR peaks (neat, cm™); v(NHz) 3437m,3310m; v(C=N) 1587s,
v(C=C) 1487m, 8(NH2) 1419s, v(C=S) 717s. Mass spectra: m/z[Zn(C11H13N7S2)]": 372.00 amu

(parent ion peak).

® $
H3C = CH3 H3C N/ CH3
| N | Ethanol ‘ |
Zn(OAc), + _N N
2 HN NH / N
/J\ )\ Reflux, 4H )\ /K
HoNT s s7 NH, / \
2,6 diacetylpyridine bisthiosemicarbazone [Zn(2,6-bdptsc)]
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3.8.11 [Zn(2,6 bdptsc N-Me)] 47.

To a solution of 2,6 Diacetyl pyridine N-methyl bisthiosemicarbazone (0.025g, 0.2mmol), was
added Zn(OAc)2 (0.016g, 0.2mmol) in ethanol. The dark red coloured solution was refluxed for 4
hours. After two to three days dark brown coloured compound was obtained and dried in vaco.
Yield: 84%, M.P. 235-237°C. Main FTIR peaks (neat, cm™); v(NHz) 3395m, 3259m; v(C=N)
1590s; v(C=C) 1528m; v(C=S) 745s. Mass spectra: m/z[Zn(C13H17N7S2)]*: 400.03 amu (parent

ion peak).

X | N
HsC | = CH H;C P CHs
YN l T
Zn(OAc), + N N Ethanol
HN NH Reflux, 4H
MeHN/gS S)\NHMe )\ / \ )\
2,6 diacetylpyridine N-methyl bisthiosemicarbazone [Zn(2,6-bdptsc,N-Me)]

3.8.12 [Zn(2,6 bdptsc N-Ph)] 48.

To a solution of 2,6 Diacetyl pyridine N-phenyl bisthiosemicarbazone (0.025g, 0.2mmol), was
added Zn(OAc)2 (0.01g, 0.2mmol) in ethanol. The dark red coloured solution was refluxed for 4
hours. After two to three days dark brown coloured compound was obtained and dried in vaco.
Yield: 90%, M.P. 240-242°C. Main FTIR peaks (neat, cm™); v(NHz) 3269m; v(C=N) 1598s;
v(C=C) 1489m; v(C=S) 751s. Mass spectra: m/z[Zn(C23H21N7S2)]*: 524.06 amu (parent ion peak).

N | N

H H

HsC | _ _CHs € Z CHs
| N | | |
Zn(OAc), + N N Ethanol / \
HN NH Reflux, 4H )\ )\
PhHN/J\s S)\NHPh PhHN / \ NHPh
2,6 diacetylpyridine N-phenyl bisthiosemicarbazone [Zn(2,6-bdptsc,N-Ph)]
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CHAPTER-4
RESULT AND DISCUSSION (Ligands)
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4.1 Discussion on Synthesis of Ligands
Thiosemicarbazide is reacted with different aldehydes or ketones in 2:1 molar ratio to form
bisthiosemicarbazones. The synthesized bisthiosemicarbazones along with their structures are

given in Table 4.1. The scheme (V) to (VIII) below represents the formation of different

heterocyclic bisthiosemicarbazones.
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Table 4.1 Synthesized bisthiosemicarbazones (HL - H*L)
Sr. | Name of synthesized Structure of Synthesized bisthiosemicarbazone
No. | bisthiosemicarbazone ligands ligands
1. 2,5 thiophene dicarboxaldehyde / \
Bisthiosemicarbazone Hac C/H
(2,5 Habttsc, tHaL) A
Hl\ll ITIH
c c
HoNT s s7 > NH,
2. 2,5 thiophene dicarboxaldehyde- / \
N-methyl bisthiosemicarbazone Ho _H
C C
(2,5 Habttsc N-Me, 2HL) I s N
MeHN S S NHMe
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7. 2,5-Piperazine ﬁ
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4.2 IR Spectroscopy:

Important IR peaks of bisthiosemicarbazones are mentioned in table 4.2 and spectra are presented
in Figures 4.2-4.2.19.

In thiosemicarbazide, amine nitrogen peak v(N-H) appeared at 3352 and 3252 cmand amide
nitrogen peak v(-NH-) appeared at 3159 cm-*. The v(-NH-) band can be divided broadly in two
categories (i) bands in the range 3461-3207cm™ for symmetric and asymmetric stretching, (ii)
bands due to amide group v(-NH-) of bisthiosemicarbazones observed in the range 3190-3156
cm™ indicates the attachment of thio- moieties to the rings of ligands (*H2L-12H2L). While the
—NHiisatiny stretching vibration observed in the range 3097-3069 cm! [170]. The vibrational mode
v(C=0) observed in the range, 1722-1657 cm™ in *H2L-2HzL. Disappearance of v(C=0) band
and appearance of v(C=N) band in the range, 1698-1594 cm-! in 'H2L-?H.L indicate the
condensation of free ligands with thiosemicarbazide. The specific C=S band in ligands *HaL-
12H,L observed in the range, 896-827 cm™.
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Table 4.2 Significant IR peaks of bisthiosemicarbazones (*HzL-2H:L)

Ligands v(NH2) | v(-NH-) | o(C=N), v(C=C) |u(C=S8)
.5 (NHz)

2.5 Habttse, ("H;L) 3409m 3155w [1600s,1583m,15355 | 836s
1277m

2,5 HbttscN-Me, (*H:L) 3155w [1594s,1462m 14285 | 812s
1373m

2.5 Hobttse N-Ph, CHIL) 3303, 3156w [16363,1594w,1524s [895s

2.3 Hahitse, (‘HzL) 3332m 3156w 16985.1618w.158s [851s
1250m

2.3 Hibitsc-N-Me, ("HzL)  [3461m, 3100w |1683s,1616m.1546s [831s
1207m

2,3 Hibitse-N'-Ph, (*H:L)  [3200m 3173w [16835.1591m.1533s [827s

2.5 Hobptsc, ("H:L) 3356m, 3166mw (16405,1512m.1526s | 895s
3253m
2.5 Hobptsc N-Me, (*H:L) 3282 3198 1639.1549s 807
2,5 Haobptsc N-Ph, ("H:L) 3301m 3158w |1639s, 1466m 8203
2,6 Hobdptsc, (\"H:L) 3423m, 313Bmw | 16065, 1513 m 827s
3209m
2.6 Hzbdptsc N-Me, ('H;L) 3450m, 3190 w 1634z 1555m 836s
3329%m
2,6 H:hdptsc N-Ph, (\*H:L) 3303m 3156w 1636 s, 1594m 836s
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4.3. NMR Spectroscopy:
4.3.1. 'H NMR Spectroscopy:

Important tHNMR signals of ligands are given in Table 4.3 and spectra are presented in Figures
43.1.1-43.1.11.

In *H NMR spectra, amide proton (N>2'H) in tH2L-12H2L appeared in the range 512.85-8.65 ppm.
Two broad singlets appeared in the range § 9.04-7.21ppm in *HaL, “Hz2L, "H2L, *°HzL due to non-
equivalent N"*'"H, proton. The amino proton in 2HzL -SH2L and HzL -2HL appeared in the
range 510.84-8.03ppm respectively. Signal of N*H proton observed in the range, 11.80-4.75ppm
in ligands “HzL -"HzL and °HL. Signal of (C*>*H) in ligands 'HzL -*HzL and °HzL -H2L
appeared in the range §9.16-6.20ppm. The signal due to methyl group in ligands ?H2L, SHaL, 8H2L
and *H2L appeared in the range §3.12-2.43 ppm. Ring protons in *H2L-?HzL appeared in the
range 08.55-4.57ppm. The signal at 63.35 ppm is due to water peak in deuterated
dimethylsulfoxide (d-DMSO). Presence of all these signals ensures the formation of
bisthiosemicarbazones (*HzL-2HaL).

Table 4.3 'H NMR signals of synthesized bisthiosemicarbazone ligands

Synthesized Ligands (N>¥H) (NV'Hy) (C¥?H) (N*H) (CHs) (ring protons)
2,5 Habttsc, (*HaL) 11.60's 8.325 8.19s - - 7.41s
2,5 HabttscN-Me, (?HaL) 11.62s 8.20s 8.14s - 3.02s 7.41s
2,5 Habttsc N-Ph, (HL) 10.36s 9.83s 9.16s - - 7.66 -7.14 m (10H)
2,3 Habitsc, (*HzL) 12.47s 9.04s 8.68s 6.21s, 11.20s 7.64 -6.94
6.20 s
2,3H2bitsc-N!-Me, (*HzL) 12.60s 9.25s c 11.21s 3.12s 7.66 -6.93
2,3 Hzbitsc-N*-Ph, (°H:L) 12.80s 11.28s 10.84s 7.790-6.95
2,5 Habptsc, ("HzL) 8.655 7.57,7.21s 8.04s 4.57(4H, C>3'H).
2,5 Habptsc N-Ph, (°H:L) 9.10s 9.61, 8.03s 4.75s 7.63-7.10 (10H)
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2,6 Hzbdptsc, (*°HaL) 10.32s 8.42s 7.76s - 2.43 8.16s(2H, C**H);
, 7.835(1H, C°H)
7.565
2,6 Habdptse N-Me, (MHaL) | 10.34s 8.70s 7655, 3.05 8.555(2H, CH+H);
6.63s (N'HMe): | 7.855(1H, C°H);
243
(6HMe).
2,6 H2bdptsc N-Ph, (*2H.L) 10.69s 10.23s 251 8.555(2H, C*'H):

7.84s(1H, C°H); 7.49-
7.26(Ring protons of
phenyl ring);

4.3.2. 3C NMR Spectroscopy:

Important 3CNMR signals of ligands are given in Table 4.3.2. and their spectra are given in figure

4.3.2.1-4.3.2.9.

In *CNMR spectra, C'!" in H2L-12H2L observed in the range (181.42 -176.49)ppm. C>*'signal
in 'H2L-H2L appeared in the range §(166.78 -139.43) ppm. The signal due to C** in *H2L-12H2L
appeared in the range 8(154.37-45.09) ppm. The signal due to methyl group in ligand 2HL

appeared at 631.37 ppm, in ligands 2HzL, °HzL, 8H2L and H:L the signal of methyl group

appeared in the range & (39.53-31.59) ppm. Ring carbons in *H2L-*HzL appeared in the range
8(139.69-111.03) ppm. Presence of all

bisthiosemicarbazones (*HzL-2

Table 4.3.2 3C signals of bisthiosemicarbazones (*HzL-2H:L)

HaL).

these signals

ensures the formation of

Synthesised Ligands (ct (C*?) (c*» CHs Ring carbon
2,5 Habttsc, (*H2L) 178.43 140.67 137.2

131.17-114.80
2,5 HabttscN-Me, (?HaL) 177.75 140.70 137.01 31.37 131.0
2,5 Habttsc N-Ph, (3H2L) 179.89 139.43

128.69-123.30
2,3 Hzbitsc, (“HzL) 179.16 | 163.19 142.82

132.65-111.50
2,3H2bitsc-N*-Me, (°HzL) 179.58 162.78 143.21 39.53 132.97-111.19
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2,3 Habitsc-N-Ph, (°HL) 176.49 162.64 | 142.27 - 138.25-111.03
2,5 Habptsc, ("H2L) 181.42 166.54 45.12 - -
2,5 Habptsc N-Ph, (°HzL) 180.30 166.82 45.09 - 139.48-123.78
2,6 Hzbdptsc, (1°H.L) 179.09 | 154.09 148.60 - 139.69 (C%);
122.15(C*4)
2,6 Hzbdptsc N-Me, (11H,L) 179.47 148.0 154.37 31.59 121.53(C*+)
(N*HMe);
12.27(Me)
2,6 Habdptsc N-Ph, (*?HL) - - - - -
PerkinElmar Spectrum IR Varsion 10.6.1
17 September 2021 15:03
Analyst Administrator
Date 17 September 2021 15:03
96,
9
B85 T e B pes2wT
ol th;ﬂ\{\tez e 537.5dcm1, 84.45%T
1383 56cm-1, 82 86%T
= 75 1520.1;;1'-1. 76.13% r1052.2}m-1. TEEIHT
=
70 321.05:\1. st N .
770,561, 68 BEAT roznT
65 .
B80.12cm-1, 65.20%T
6H 1180.63cm-1, 61.79%T
554 1657.04cm-1, 54.50%T
%000 3500 3000 2500 2000 1500 1000 500400
cm-1
Sample Name Description Cuality Checks
(TL)2 Sample 025 By Administrator Date Friday, September 17 The Quality Checks do not report any warnings for the
201 sample.

Figure 4.2.1: IR Spectra of 2,5 thiophene
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Figure 4.2.2: IR Spectra of thiosemicarbazide
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Figure 4.2.3: IR spectra of 2,5 thiophene dicarboxaldehyde bisthiosemicarbazone (*HL)
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-methyl bisthiosemicarbazone

IR Spectra of 2,5 thiophene dicarboxaldehyde N

(2,5 HabttscN-Me, 2H,L)

Figure 4.2.5:
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Figure 4.2.6: IR Spectra of N-phenyl thiosemica
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Figure 4.2.7: IR Spectra of 2,5 thiophene dicarboxaldehyde N-phenyl bisthiosemicarbazone

(2,5 Habttsc N-Ph, 3HsL)
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Figure 4.2.9: IR Spectra of 2,3-isatin bisthiosemicarbazone (2,3bitsc, *H2L)
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Figure 4.2.12: IR Spectra of 2,5-Piperazinedione
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Figure 4.2.13: IR Spectra of 2,5-Piperazine bisthiosemicarbazone (2,5 Hzbptsc, "HaL)
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Figure 4.2.14: IR Spectra of 2,5-Piperazine bis N-methyl thiosemicarbazone (2,5 Hzbptsc,

8HzL)
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Figure 4.2.15: IR Spectra of 2,5-Piperazine bis N-phenyl thiosemicarbazone (2,5 Hzbptsc, °H.L)
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Figure 4.2.16: IR Spectra 2,6 Diacetyl pyridine
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Figure 4.2.17: IR Spectra 2,6 Diacetyl pyridine bisthiosemicarbazone (2,6 Hzbdptsc, °HaL)
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Figure 4.2.18: IR Spectra 2,6 Diacetyl pyridine bis N-methyl thiosemicarbazone
(2,6 Hzbdptsc N-Me, HaL)
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Figure 4.2.19. IR Spectra of 2,6 Diacetyl pyridine bis N-phenyl thiosemicarbazone
(2,6 Hzbdptsc N-Ph, 12H,L)
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Figure 4.3.1.4b: Expanded *HNMR spectra of 2,3-isatin bisthiosemicarbazone (*HzL)

Documents
MNAve-TSC-(L2)

— 1280
1121
928

TR

—T34

—7i4

I L1
Ep
-2kb

FB0a0
8

b

C— N HMe
7 5500
MY —NFH

IR
R 5000
: NN

N 4 NTHMe e
NZH*-C\\/ j f J 4500
S

=000
3500

3000

Ring proton L2500

NEH
2000
1

I 1500
MTH 1000
]

g=lia)

M
T El

%

-

-S00

Hisatn)
T

TS, [ S
4 oz E

T T T T T T T T T
15 15 14 1z 1z 11 10 =1 2 =1 4

w
)
-
o
—
W)
w
i

7 B
1 (pprri)
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Figure 4.3.2.1: ®*CNMR spectra of 2,5 thiophene dicarboxaldehyde bisthiosemicarbazone (*HL)
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Figure 4.3.2.3: ®*CNMR spectra of 2,3-isatin bisthiosemicarbazone (*HL)
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Figure 4.3.2.6: 3C NMR spectra of 2,5-Piperazine N-Phenyl bisthiosemicarbazone, (2,5 Hzbptsc,
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CHAPTER5
COBALT(Il) COMPLEXES
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5.1 Discussion on Complexes of Cobalt (I1)

Reaction of Cobalt acetate with ligands *HzL-2HzL in molar ratio 1:1 resulted in the formation of
complexes of stoichiometry, [Co(L)] (L=1L-°L, 1°L-!2L_; 1-6, 10-12) and the complexes (7-9) with

substituted 2,5 piperazine bisthiosemicarbazone (‘Hz2L-°HzL) of formula [Niz(L)2] give the

formation of dimer. The stoichiometry of complexes was confirmed by the binding ratio study

using job plot method. The binding ratio of representative ligand with cobalt(1) “Hz2L:Co(Il) came

out as 1:1. The list of complexes formed is given in Table 5.1

Table 5.1: Bisthiosemicarbazone complexes of cobalt(Il) 1-12

C
MeHN” s s? “NHMe

2,5thiophene  dicarboxaldehyde-N-
methyl bisthiosemicarbazone
(2,5 Habttsc -N-Me, ?HzL)

Sr. Ligands Complexes
No.
1. / \
H\C C/H < ////// \\\\\\ N
I s I “Co’
HN NH
/C§ C\
NS S [Co(2,5 bttsc)]1
2,5 thiophene dicarboxaldehyde
Bisthiosemicarbazone
(2,5 Habttsc, 'H2L)
2.

< Uy 1, \\\\\ N

[Co(2,5 bttsc,N-Me)]2

133



T

~N 7
Il S I
HT/ \TH
c C
PhHNT s s >NHPh

2,5thiophene  dicarboxaldehyde-N-
phenyl bisthiosemicarbazone
(2,5 Habttsc- N-Ph, *HzL)

<S ////// \\\\\\ N

[Co(2,5 bttsc,N-Ph)]3

C'—NHZ
N——NH
@NLN
H \ /NHZ
NH—

\

2,3-isatin bisthiosemicarbazone
(2,3 Hzbitsc, *H2L)

S /////// \\\ N

[Co(2,3 bitsc)]4

C—NHMe
N—NH
@NLN
N \ NHMe
NH—_

\

2,3-isatin-N-methyl
histhiosemicarbazone
(2,3 Hzbitsc-N-Me, °HzL)

< ////// \\\\\\ N

[Co(2,3 bitsc-N-Me)]5
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NHPh
NH\C

\

2,3-isatin-N-phenyl
bisthiosemicarbazone
(2,3 Hzbitsc-N-Ph, °HzL)

<S ////// \\\\\\ N

[Co(2,3 bitsc-N-Ph)]6

S
I

C

e

2,5-Piperazine bisthiosemicarbazone
(2,5 Hzbptsc, "H2L)

H,N

S

C

MeHN \ 7 e
C—N

2,5-Piperazine bis N-methyl
thiosemicarbazone
(2,5 Hzbptsc N-Me, 8H2L)

NHMe

[Co(2,5 bptsc N-Me]8
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s
|

C

PhHN Ji j/ \ <" NNHph

2,5-Piperazine bis N-phenyl
thiosemicarbazone
(2,5 Hzbptsc N-Ph, °HzL)

PhHN—__ /N\N N Ni
-
[~
se ]
\C¢N
PhHN/

[Co(2,5 bptsc N-Ph]9

2,6 Diacetyl pyridine bis N-methyl
thiosemicarbazone
(2,6 H2bdptsc N-Me, *H2L)

10. | N N\
HsC = CH
3 | N | 3 < ////’//, \\\\\\\N
/N N\
HN NH S
HoN S S NH, [Co(2,6 bdptsc]10
2,6 Diacetyl pyridine
bisthiosemicarbazone
(2,6 Hz2bdptsc, 1°H2L)
11. | A N\
H3C l N/ | CH3 < /////// \\\\\\ \N
/N N\
HN NH S

[Co(2,6 bdptsc,N-Me] 11
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12. N

/

\

\\\\\\\ N

\

HsC CHj,

| N | ///////
N N
HN NH

A N

PhHN S S

NHPh [Co(2,6 bdptsc,N-Ph] 12
2,6 Diacetyl pyridine bis N-phenyl
thiosemicarbazone

(2,6 Hzbdptsc N-Ph, 1?HzL)

5.2 Binding studies: By Job Plot method

To confirm the structure of the complex (No. of binding sites) the representative ligand 2,3 Hzbitsc
(*H2L) was selected for binding study with cobalt (11) using UV-visible spectroscopy.

Solvents like methanol, acetonitrile, ethanol, and DMSO were used in the UV-visible studies. Due
to better sample solubility and finer absorption bands, it has been found that DMSO is the best
solvent among the alternatives. Using the same solvent, 1 mM metal salt solutions were made and
20 equivalents of 1 mM Cobalt(Il) solution were incrementally added to 0.3 mM of ligand to
conduct the UV-visible titrations for the ion analysis, 20 equivalents of 1ImM of metal solution
were successively added to 0.3 mM of ligand solution “HzL. The results for the sample with 20
equivalents of each metal ion in the compound “HzL solution are depicted in Figure 5.2.1. The
corresponding shift in absorbance maxima (An/Ao) after 20 equivalents of Co(l1) ions are added at
a time is illustrated in Figure 5.2.2 (a). An represents the absorbance maxima with the subsequent
Co(ll) ions addition, while A, represents the absorbance maxima of “HzL. (b) To determine the
detection limit for Co(ll), correlate [Ao.-An/Ac] vs. Co(ll) Concentration. Based on Linear
calibration curve, detection limit for Co(lIl) was came out to be 8.5 uM, displayed in Figure 2(b),
and the binding ratio was calculated as 1:1 for (*HzL): Co(I1)[173].
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Figure 5.2.1: Absorbance responses measured after adding 20 equivalents of 1 mM Co(ll)
solution to the solution of “HzL (0.3 mM).

The difference between absorbance values before and after isosbestic points (Where the overall

absorbance of sample remains constant) can be seen at wavelength 332nm and 403nm, as well as

hypsochromic shifting (shift to a shorter wavelength in the spectral band) of maxima between both

wavelengths with a notable decrease in intensity[174], which confirm the binding of ligand with
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Figure 5.2.2: a) Relative shift in absorbance maxima; b) Linear calibration curve [Ao-

An/AcVs.(AnlAo) after 20 equivalent of Co(ll) addition.
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b) An = Absorbance maxima for detection of Co (Il) with addition, and A, = Absorbance

maxima of (*HaL)

5.3 IR Spectroscopy:

The important IR peaks of bisthiosemicarbazones and their Co(ll) complexes are mentioned in
Table 5.3.1 and spectra are given in Figures 5.3.1-5.3.12. The v(N-H) bands in ligands *HzL-
12H,1_ appeared in the range 3461-3204 cm™* which showed a slight high energy shift in complexes
(3491-3200 cm™). The bands due to —N?H — group in the range, 3190-3126 cm™ appeared in
ligands. But on complexation this band gets disappeared in all the complexes (1-12) suggesting
deprotonation on complexation and coordination of bisthiosemicarbazone to metal centre in
dianionic form [175]. The bands of v(C=N) in the range, 1698-1594 cm™ in the ligands is shifted
to lower frequency in complexes 1-12 and appeared in the range 1654-1500 cm™. The specific
v(C=S) band observed in the range, 896-812 cm™ in free ligands which get shifted to lower energy
in Co(Il) complexes (1-12) and observed in the range, 793-687 cm™. The significant low energy
shift of this band indicates binding of bis- ligand in thiolate form [176]

Table 5.3.1: IR peaks of bisthiosemicarbazones (*H2L-*?HL) and their cobalt (1) complexes (1-
12)
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Synthesized Ligands v(NH:) | v(-NH-) | {C=N) [ v(C=C) | & (NH2) | v{C=8)

and Metal complexes

(2,5 Habttsc, "H:L) 340%m, | 3155 (1600 [1583m  (1533s 8362
3277m

[Colbitsc)] 1 - 1609s  [1478m (1334 |556s
3301m

(2.5 HabttscN-Me, *H2L) 3153s 15943 1462m |- 8123
3373m

[Colbttsc.N-Me)] 2 - 1500: | 1403m |- 7663
3339m

(2.5 Hibttse N-Ph, “HaL) 3156s 1636s [13%w [ 895s

3303m

[Colbttsc,N-Fh] 3 ) - 1592s  [1534m [ 748
3251m

(2.3 Hsbitse, “HaL) 333Im. [3156m (1698 (1618w  [1584:  [351s
32509m

[Colbitsc)] 4 - 1640 [1389m  [1540m |[773s
3276m

(2,3 Hobitse-N'-Me, "H:L)3461m, | 3190m  [1683s  [1616m | 831s
3207m

[Colbitsc,N-Me)] 5 - 1643s  [1393m (1532 1433
3220m

(2.3 Hpbitse-N*-Ph,"H:L) [3200m  [3173m  [1683s  [15%1m | 827

[Colbitsc,N-Ph)] 6 - 1654s [1513m (1450 1443
3217m

(2.5 H:bptse, "HiL) 3356m, |3166s (1640s 15262 1512m | 8933
3253m
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[Co(bptsc)] 7 3491m. | - 1643s 1533m | 1438m | 733s
3262m
(2,5 Habptse N-Me, SH,1) 3335m, [3197m  (1642s 1558s | - 804s
3287m
[Co(bptsc. N-Me)] 8 3200m, |- 15455 1424m | - 7435
3202
(2,5 Hibptsc N-Ph, °H;L)[3301lm | 3158m [1639s, | 1466m | - 8295
[Co(bptsc.N-Ph)] 9 3479 - 1577s 1488m | - 753
(2,6 Habdptsc, H,1)  [3423m, | 3158m | 1606s |1513m 827s
3209m
[Co(dptsc)] 10 h - 1590s | 1487m | 1447 | 793s
3285m
(2,6 H:bdptsc N-Me, 3450m, | 3190m | 1634s, |1555m | - 836s
H,L) 3329m
[Co(dptsc, N-Me)] 11 - 1619s | 1508m 687s
3265m
(2,6H:bdptscN-Ph,12H,L) 303mm 3156s | 1636s, | 1594m | - 896s
[Co(dptsc N-Ph)] 12 3385m. |- 1604s | 1477Tm | - 749s
3200

*s= strong; m= medium and w= weak
5.4 Mass Spectrometry:
The molecular ion peak [M]" observed are listed in Table 5.3 and spectra are given in Figures
5.4.1-5.4.12. All the complexes have m/z values in well agreement with proposed stoichiometry.
The parental ion peak in (m/z)* found at 340.28 amu (1), 373.16 amu (2), 492.07 amu (3), 355.06
amu (4), 382.07 amu (5), 519.07 amu (6), 318.34 amu (7), 347.21 amu (8), 471.28 amu (9), 367.08

amu (10), 394.29 amu (11), 518.13 amu (12) confirms the formation of bisthiosemicarbazones.
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Table 5.4.1: The m/z values (amu) derived from mass spectra and expected formula of

complexes 1-12.

Sr. No. Parent peak Expected formula for
(experimental mass) parent ion (m/z)*
1 340.28 [Co(CsHsNeS3)] 1
2 373.16 [Co(C10H12N6S3)] 2
3 492.07 [Co(C20H16N6S3)] 3
4 355.06 [Co(C10HaN7S2)] 4
5 382.07 [Co(C12H13N7S2)] 5
6 519.07 [Co(C22H17N7S2)] 6
7 318.34 [Co(CesH12NsS2)] 7
8 347.21 [Co(CsH16NsS2)] 8
9 471.28 [Co(C18H20NgS2)] 9
10 367.08 [Co(C11H13N7S2)]10
11 394.29 [Co(C13H17N7S2)]11
12 518.13 [Co(C23H21N7S2)]12
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Figure 5.3.1: IR Spectra of [Co(bttsc)] 1
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Figure 5.3.6: IR Spectra of [Co(bitsc,N-Ph)] 6

100

95

3401 ém !

a0 +
3262 cm! /

2076 em

85

Transmittance %

80

75 T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
1

Wavenumber cm™

Figure 5.3.7: IR Spectra of [Co(bptsc)] 7
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Figure 5.4.2: Mass spectrometry of complex [Co(bttsc,N-Me)]2
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Figure 5.4.4: Mass spectrometry of complex [Co(bitsc)]4
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Figure 5.4.7: Mass spectrometry of complex [Co(bptsc)] 7
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Figure 5.4.8: Mass spectrometry of complex [Co(bptsc,N-Me)] 8

Figure 5.4.9: Mass spectrometry of complex [Co(bptsc,N-Ph)] 9

152



180523-P-5 204 (1.104) Cm (202:210) 3: Sean ES-
100+ 45253 &1l

o | na l

v

7 W o e P e g R e e S T o 7 %0 Y SR T, PR Y SO T e o L g . e e
42 A4 M6 M8 450 452 454 A5G 458 460 462 484 468 488 4T0 472 4T4 476
180523-P-5 191 (1.030) Cm (180:185)

Figure 5.4.10: Mass spectrometry of complex [Co(dptsc)] 10

Figure 5.4.11: Mass spectrometry of complex [Co(dptsc,N-Me)] 11
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Figure 5.4.12: Mass spectrometry of complex [Co(dptsc,N-Ph)] 12

5.5 ESR spectroscopy:
The ESR spectra of cobalt(I1) complexes 1-12 was done at temperature 125k. The spectra are given
in Figures 5.5.1-5.5.12 and experimental data are given in Table 5.5.1. The two different g values
(gi and gy of complexes 1-12 represent axial symmetry for the complexes. The experimentally
calculated g values of complexes are higher than g., which are further higher than g value of free
electron supports ground term, d,.2_,2 in tetrahedral structure [177].

Geometric parameter G was calculated using (Equation -5) to measure the exchange
interaction between cobalt centre.
gp-20023 . (5)

g1 —2.0023

(axial) =
The G value obtained for complexes (1-12) was found to be less than 4. According to Hathaway

and Tomlinson, negligible exchange was observed between two cobalt centre (G < 4).

Table 5.5.1: ESR calculation of complexes 1-12 at 125k temperature

Complexes Polycrystalline state | g. O Qiso G(atRT)
(atRT)

[Co(2,5 bttsc)] 1 2.2712.07 (9i/ 9u) 2.07 2.27 2.13 3.95

[Co(2,5bttsc-N-Me)] 2 2.2212.12(gi1/ 91) 212 2.22 2.15 1.84
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Figure 5.5.1: ESR Spectrum of complex 1

[Co(2,5bttsc-N-Ph)] 3 2.25/2.08(gi/gs) | 2.08 2.25 213 321
[Co(2,3Hzbitsc)] 4 2.18/2.11 (9i/ 9) 2.11 2.18 2.12 1.64
[Co(2,3H:bitsc-N-Me)] 5 2.31/2.09(gi/g.) 2.09 2.31 2.16 3.50
[Co(2,3H:bitsc-N*-Ph)] 6 2.20/2.12(gi1/g1) 2.12 2.20 2.17 1.67
[Co(2,5H,bptsc)]7 2.35/2.17(q1/g9.) 2.17 2.35 2.62 2.07
[Co(2,5H,bptsc-N'-Me)] 8 2.58/2.06(g1/g.) 2.06 2.58 2.40 1.73
[Co(2,5H bptsc-N*-Ph)] 9 2.34/2.14(q1/g.) 2.14 2.34 221 2.52
[Co(2,6H2bdptsc)] 10 2.22/ 2.05(91/ 91) 2.05 2.22 2.16 45
[Co(2,6Hzbdptsc-N*Me)] 11 2.28/2.22(gi1/9.) 2.22 2.28 2.25 1.27
[Co(2,6H2bdptsc-N*-Ph)] 12 2.45/2.31(gi1/g1) 231 2.45 2.39 1.45
10'00 20'00 30'00 40'00 50'00 so'oo 1000 2000 3000 4000 5000
Magnetic Field,Gauss Magnetic Field,Gauss

Figure 5.5.2: ESR Spectrum of complex 2
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Figure 5.5.3: Spectrum of complex 3
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Figure 5.5.5: Spectrum of complex 5
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Figure 5.5.4: Spectrum of complex 4
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Figure 5.5.6: Spectrum of complex 6
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Figure 5.5.7: Spectrum of complex 7 Figure 5.5.8: Spectrum of complex 8
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Figure 5.5.9: Spectrum of complex 9 Figure 5.5.10: Spectrum of complex 10
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Figure 5.5.11: Spectrum of complex 11 Figure 5.5.12: Spectrum of complex 12

5.6 Electronic spectra:

The electronic spectra of ligands (*H2L-°HzL) and their cobalt complexes (4-6) were recorded at
wavelength 400-800nm at room temperature. A strong band in the range, 41,666 cm™-37,593 cm-
Lin 4H2L-5H2L corresponds to t—>n" transition, additional band at 36,363cm™ in SH2L appeared
due to n—” transition[139]. Apart from the bands appeared in ligands, some additional bands also
appeared in electronic spectra of complexes. The bands at 25,000cm™ (4), 24,330cm™ (5) and
22,321cm™ (6) are due to the d-d transition in the visible region transition from electronic level
2h1g—2Asg of Co(ll) atom and have been assigned to LCMT transitions[178]. The presence of these

bands ensure tetrahedral geometry around the Co(ll) atom.
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Figure 5.6: Electronic spectra of Ligands(*H2L-®HzL) and their metal complexes (4-6).

5.7 Anti-tuberculosis activity:

Ligands (*Hz2L-'?H2L) and their corresponding cobalt(Il) complexes (1-12) were evaluated and
given in Table 5.7.1 [179]. No particular structure-activity relationship has been observed. The
anti-T.B activity of ligands generally gets enhanced upon complexation. It was found from the
experimental data that the activity of ligand 2,5 Hzbttsc N-Ph (3HzL), 2,3 Hzbitsc (*HzL) and 2,5
H2bptsc ("HzL) showed no change upon complexation, maintaining its maximum anti-TB activity
with an MIC of 1.6 pg/ml, equivalent to the standard drugs Rifampicin and Streptomycin (MIC =
1.6 ng/ml). It has been observed that increasing the hydrophobicity of a ligand, due to substitutions
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at the N1 atom, enhances anti-TB activity. The increased hydrophobicity likely facilitates transport
through the cell membrane, thereby boosting activity. Whereas, the activity of ligand (2,5 Hzbptsc,
N-Me) and (2,5 Hz2bptsc) (MIC = 3.12 and 1.6pg/ml) was also high but the activity gets low in
its complex 8 and 10 as compared to its ligands. The anti-TB activity of ligands *H2L, 2HzL, *HaL,
SHaL, °*HoL, HoL and H.L (MIC = 6.25 HoL; 3.12 2HaL, °HaL; 100 °HaL, SHoL; 50
OH, L, *2H,L pg/ml) get enhanced on complexation with cobalt(ll) (MIC =1.6 1,2,9; 25 5,12; 50
6,10 pg/ml). Chelation of ligand with cobalt (1) may have resulted in increase of its retention time
on bio-membrane to allow longer interaction at target site. The possible interactions of ligand as
well as complexes have been studied using molecular docking for most potent ligand 2,5 Hzbttsc
(*Hz2L) and its [Co(2,5bttsc)] complex.

Table 5.7.1: Anti-T.B activity of bisthiosemicarbazones (H*L-H*?L) and complexes (1-12)
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MIC (ug /mL)

5. No Compound 100 50 | 25 | 125|625 | 312 | 16 | 038
1. |2,5H;bttsc (H:L) s | s 8 8 8 R R | R
2. | [Co(2,5 bitsc)] 1 s | s S S S S S R
3. | 2,5H:bttsc N-MeCH;L) | S | 8 g g g g R | R
4. | [Co@5bitscN-Me)]2 | S | 8 S S S S S R
5. |2,5HbttscNPhCHoL) | S | 8 g g g g g R
6. |[Co25bitscNPh)]3 | S | S S S S S S R
7. | 2,3 Hybitsc (“H:L) s | s R | R R R R | R
8. | [Co(2,3 bitsc)] 4 s | 8 R | R R R R | R
9. [ 2,3 Hibitsc-N-Me s | R R | R R R R | R
(*H:L)

10. | [Co(2,3bitscNLMe)]5 | S | S 8 R R R R | R

11. | 2,3 Hybitsc-NLPh s| R R | R R R R | R
(°H:L)

12. | [Co(2,3 bitsc-NL-Ph s | s R | R R R R | R
Me)] 6

13. | 2,5Hsbptsc ("HyL) s | s g g g g g R

14. [ [Co(2,5 bptsc)] 7 s | s S S S S S R

15. | 2,5 Hibptsc, N-Me s | s 8 8 8 8 R | R
(*H:L)

16. | [Co2,5bptsc, NMe)]8 | S | 8 S S S R R | R
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17. | 2,5 Hibptsc, N-Ph S S S S S S R R
(H:L)

18. | [Co(2,5 bptsc, NPh)]9 | S S S S S S S R

19. | 2,5 Hibdptsc (°H;L) S S S S R R R R

20. | [Co(2,5 bptsc)] 10 S S S R R R R R

21. | 2,5 Hybdptsc, N-Me S| s R R R R R R
('HL)

22. | [Co(2,5 bdptsc, N-Me)] | S S S R R R R R
11

23. | 2,5 Hybdptsc, N-Ph S| s R R R R R R
(*H:L)

24. | [Co(2,5 bdptsc, N-Ph)] | S S S R R R R R
12

5.8 Human Serum Albumin binding studies of 2,5 Hzbttsc (*HzL) and [Co(2,5bttsc)]
Interaction of human serum albumin (HSA) with amphiphilic compound is due to hydrophobic
and hydrophilic characters of its amino acid residues. Its reversible binding to numerous drugs
molecules, enhances the solubility, reduces the toxicity and guarded the bounded molecules from
oxidation in plasma. It has been chosen as a key target in drug-protein binding to comprehend the
pharmacokinetics and pharmacological effects of drug molecules because of these exceptional
potentials. Interactions of HSA with most potent ligand *HzL and its complex 1 has been studied
through UV-visible and fluorescence spectroscopy.

5.8.1 UV-visible spectroscopic study

HSA (7 uM) shows an absorption band at 280 nm in its UV-visible absorption spectrum. On
incremental additions of ligand 2,5 Hobttsc (0-5 puM) and [Co(2,5bttsc)] (0-8uM) remarkable
increase in absorbance of (HSA) at 280 nm (41% for ligand 2,5Hzbttsc and 31% for [Co(2,5bttsc)]
was observed. The enhanced intensity of absorption peak can be due to change in concentrations
of ligand 2,5H2bttsc and complex [Co(2,5bttsc)] showed agitations in the microenvironment of

protein's chromophores due to the interaction of HSA with ligand and its complex. On addition a
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new peak at 385 nm was observed due to the electronic transition between metal orbitals. The
binding constants for interactions of 2,5H:bttsc-HSA and [Co(2,5bttsc)]-HSA systems were
determined with the Equation-2 (Benesi-Hildebrand equation), and initiate to be (7.14x10%)M*
and (15.07x10°) M™(Figure 5.8.1.2). The high binding constant obtained confirmed the strong

binding affinities for effective delivery to their targeted sites.
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Figure 5.8.1.1: UV-visible absorption of HSA with incremental additions of ligand 2,5Hbttsc
(a) and [Co(2,5bttsc)] (b)
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Figure 5.8.1.2: Benesi-Hildebrand plot {Ad/(A-Ao) vs. 1/[ligand or complex]} for binding

studies of HSA with ligand 2,5Hzbttsc (a) and complex [Co(2,5bttsc)] (b).

5.8.2 Fluorescence studies

Fluorescence titrations were performed using HSA (7 uM) with progressive additions of

2,5Hobttsc (0-7 uM) and complex [Co(2,5bttsc)] (0-8 uM). Binding of ligand and complex was

also confirmed by Fluorescence studies. Aromatic fluorophores of HSA, such as (TRP) and (TYR)
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amino acid residues, exhibit intrinsic fluorescence[180]. The interaction of ligand 2,5H:bttsc and
complex [Co(2,5bttsc)] with HSA may influence the fluorescence produced by these fluorophores
[181-183]. When (TRP-214) amino acid residue was positioned in subdomain IlA of HSA, an
emission band at 353 nm was exposed in the emission spectrum of HSA (7 uM) when 280 nm was
used as the excitation wavelength[184]. Increasing the amounts of ligand 2,5H2bttsc (0-7 uM) and
complex [Co(2,5bttsc)] (0-8 uM) resulted in favourable quenching (92-94%) of HSA emission at
353nm (Figure 5.8.2.1), indicating the binding of ligand 2,5H:bttsc and complex [Co(2,5bttsc)] to
HSA.
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290 320 350 380 410
Wavwvelength (nm)

Figure 5.8.2.1: Emission spectra of HSA (Aex = 280 nm) in incremental additions of ligand
2,5HoDbttsc (a) and complex [Co(2,5bttsc)] (b)

The Equation-3 (Stern-Volmer equation) was employed to analyse quenching in fluorescence, and
Stern-Volmer graphs [185] (Figure 5.8.2.2) have been created. Throughout the studies, good
linearity of plots was seen, with correlation coefficients (R) of 0.9737 for the ligand 2,5Hbttsc
and 0.9188 for complex [Co(2,5bttsc)]. The ligand 2,5H2bttsc and complex [Co(2,5bttsc)] were
found to have fluorescence quenching efficiency values of 1.52x10%° M and 2.74 x10° M,
respectively, as a result, the complex formation of ligand 2,5H2bttsc and complex [Co(2,5bttsc)]
with HSA may be the cause of the speckled quenching in HSA fluorescence upon the addition of

these molecules.
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Figure 5.8.2.2: Stern-Volmer graphs (Fo/F versus [ligand or complex]) for HSA binding to

ligand 2,5Hzbttsc (a) and complex [Co(2,5bttsc)](b).

Using a modified Stern-Volmer (Equation-4), double logarithmic graphs were formed to examine
the interaction between ligand 2,5H:2bttsc and its complex [Co(2,5bttsc)] with HAS [186,187],
(Figure 5.8.2.3). The binding constants (Kb) were found for 2,5Hzbttsc and [Co(2,5bttsc)] as
2.691x10% M and 5.623x10° M. The significant binding affinity of ligand 2,5Hbttsc and
complex [Co(2,5bttsc)] with HSA is confirmed by the binding constant values, which were found
to be in the 5.623-2.691x10° M range for both the ligand-HSA and complex-HSA. Based on the
modified Stern-Volmer equation, binding sites (n) for the binding of ligand 2,5Hzbttsc and
complex [Co(2,5bttsc)] with HSA was determined to be 1.21 and 1.37 respectively.
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Figure 5.8.2.3: Modified Stern-Volmer plots {log(Fo-F)/F vs log [ligand or complex]} for HSA
interaction with ligand 2,5Hzbttsc (a) and complex [Co(2,5bttsc)] (b)
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5.9 Docking study

Docking of ligand 2,5bttsc (*H2L) its cobalt (I1) complex [Co(2,5bttsc)] 1 with mycobacterium
tuberculosis enoyl reductase showed -5.8 and -6.8 Kcal/mol, minimum binding energy
respectively. The detailed modelling study of interactions between ligand (*HzL) and its complex
1 with target mycobacterium tuberculosis enoy| reductase revealed that the ligand (*H2L) exhibited
hydrogen bonding interactions with oxygen atom of (ASP 148) (d = 2.68 A) and (PRO156) (d =
2.61 A) amino acid residues of chain A. Nitrogen atom of ligand exhibited hydrogen bonding with
(TYR158) (d = 2.60 A) amino acid residue. Ligand (*HzL) interacted with (PHE149), (TYR158),
(PRO193), and (MET199) amino acid residues, of chain A through hydrophobic and other
interactions. The cobalt complex 1 exhibited hydrogen bonding interactions with (GLY192) (d =
2.80 A), (ILE194) (d = 1.96 A), and (MET199) (d = 3.69 A) amino acid residues, of chain A.
Additionally, it interacted with (PHE149) amino acid residues, of chain A through sulfur-n type

interactions (Figure 5.9.1).

MET199
GLY192

Figure 5.9.1: 3D representation of interactions of ligand (*HzL) (a), its complexes with cobalt(lI)
1 (b) with mycobacterium tuberculosis enoyl reductase
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5.10 Conclusion: Reaction of cobalt (1) acetate with H2L-?H.L yielded complexes of
stoichiometry, [Co(L)] 1-12 in molar ratio 1:1. The complexes were characterized using FTIR,
mass spectrometry, UV-visible spectroscopy, and ESR spectroscopy. The ligands (*Hz2L-1?HzL)
and their cobalt(ll) complexes (1-12) were tested for anti-tuberculosis activity. The following
conclusion has been drawn from the results obtained:

1. All the complexes have m/z values in well agreement with proposed stoichiometry.

2. In ESR spectroscopy, the g value is higher than g,, it indicates the existence of unpaired

electrons in the ground state term d,2_,. within the tetrahedral structure.

3. Anti-T.B activity of ligands generally get enhanced upon complexation. The anti-TB
activity of *HzL (MIC = 6.25ug/ml) get more enhanced on complexation with Co(ll) 1
(MIC=1.6pg/ml).

4. Low binding energy obtained from molecular modelling (-5.8) *HzL, (-6.68) 1 Kcal/ mol,
indicate strong interaction, which also supports the experimental data.

5. The ligand *H2L and complex (1) exhibited highest binding affinities with HSA,
exhibiting binding constant 7.14x10° Mt and 15.07x10° M. The binding sites (n) for the
binding of ligand (*H2L) and complex (1) with HSA obtained from modified Stern-Volmer

equation were found to be 1.10 and 1.37.
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CHAPTER G
NICKEL(I1) COMPLEXES
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6.1 Discussion on Complexes of Nickel (I1):

Reaction of nickel acetate with ligands *Hz2L-1?H2L form complexes of stoichiometry, [Ni(L)] in
1:1 (M:L) molar ratio (L=1L-'2L; 13 -18, 22-24) and the complexes (19-21) with substituted 2,5

piperazine bisthiosemicarbazone ("Hz2L-°HzL) of formula [Niz>(L).] give the formation of dimer.

The stoichiometry of complexes was confirmed by the binding ratio study using job plot method.

The binding ratio of representative ligand with Nickel(I1) 1°Hz2L:Ni(Il) came out as 1:1. The list

of complexes formed is given in Table 6.1.1.

Table 6.1.1: Bisthiosemicarbazone complexes of Nickel(ll) 1-12

C
MeHN” s s? “NHMe

2,5thiophene  dicarboxaldehyde-N-

methyl bisthiosemicarbazone
(2,5 Hzbttsc -N-Me, 2HaL)

Sr. Ligands Complexes
No.
1. / \
H\C C/H < /////I \\\\ N
I s I "N
HN NH
/C§ C\ .
HNT s 577 NH, [Ni(2,5 bitsc)]1
2,5thiophene dicarboxaldehyde
bisthiosemicarbazone
(2,5 Habttsc, 'H2L)
2.

< /////I \\\\\\ N

[Ni(2,5 bttsc,N-Me)]2
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T

~N 7
Il S I
HT/ \TH
c C
PhHNT s s >NHPh

2,5thiophene  dicarboxaldehyde-N-
phenyl bisthiosemicarbazone
(2,5 Habttsc- N-Ph, *HzL)

<S /////I \\\\\\ N

[Ni(2,5 bttsc,N-Ph)]3

C——NH,
N——NH
: :N N
H \ NH;
i/

\

2,3-isatin bhisthiosemicarbazone
(2,3 Hzbitsc, *H2L)

< /////I \\\\\\ N

[Ni(2,3 bitsc)]4

C——NHMe
N—NH
: :N N
N \ NHMe
NH—

\

2,3-isatin-N-methyl
bisthiosemicarbazone
(2,3 Hzbitsc-N-Me, °HaL)

< /////I \\\\\ N

[Ni(2,3 bitsc-N-Me)]5
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NHPh
NH\C

\

2,3-isatin-N-phenyl
bisthiosemicarbazone
(2,3 Hzbitsc-N-Ph)

< /////I \\\\\ N

[Ni(2,3 bitsc-N-Ph)]6

S
I

C

Y L

2,5-Piperazine bisthiosemicarbazone
(2,5 Habptsc, "HaL)

I
N\
\
H /N\l\\ll\s
T
\ 2
HZN\C/N\N/ N H / N
\
S——ni
/ \N/ ”
s. |
\C¢N
/
H,N

S
|

C

MeHN Ji j/ \ 7 NHve

2,5-Piperazine bis N-methyl
thiosemicarbazone
(2,5 Hzbptsc N-Me, 8HaL)

[Ni(2,5 bptsc N-Me]8
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|

H
N N c
PhHN Z \H/ “nHen
Y
/N N
S H

2,5-Piperazine bis N-phenyl

thiosemicarbazone
(2,5 Hzbptsc N-Ph, °HzL)

PhHN

[Ni(2,5 bptsc N-Ph]9

2,6 Diacetyl pyridine bis N-methyl
thiosemicarbazone
(2,6 Hz2bdptsc N-Me, *H2L)

HsC = CH;
|l\l N '\ll S/,/,//I/I,,’N_,.\“\\\\\\\N
s ~ |
HN NH
N/ \S
HoN S S NH .
2 2 [Ni(2,6 bdptsc]10
2,6 Diacetyl pyridine
bisthiosemicarbazone
(2,6 Hzbdptsc, 1°HzL)
11. | N /— N\
H5C = CHj,
|'\l N Nl S”//////,ll,N-..\\\\\\\\\\N
s ~ |
HN NH
/g )\ N/ \S
MeHN S S NHMe

[Ni(2,6 bdptsc,N-Me] 11
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12. N N\
HaC | _ CHs
| N | //////II ‘\\\\\\\N
_N N NP
HN NH
PhHN/KS S)\NHPh

[Ni(2,6 bdptsc,N-Ph] 12
2,6 Diacetyl pyridine bis N-phenyl

thiosemicarbazone
(2,6 Hzbdptsc N-Ph, 1?HzL)

6.2 Binding studies: By Job Plot method

To confirm the structure of the complex (No. of binding sites) the representative ligand 2,6
Hadptsc (*°HzL) was selected for binding study with nickel(Il) using Uv-visible spectroscopy.
Based on the fine spectrum and solubility found in a variety of solvents, including methanol,
ethanol, acetonitrile, and DMSO. The DMSO as the solvent system was made possible by the
probe's solubility in DMSO solvent. To optimise the concentration level and ascertain the detection
mechanism, a 0.5 mM °HzL solution was prepared using DMSO as the solvent. Metal salt
solutions containing 1 mM were prepared using the same solvent. To perform the UV-visible
titrations for the ion analysis, 0.5 mM of ligand was gradually supplemented with 28 equivalents
of 1 mM metal ion solution. For the °H:L, 0.3 mM of receptor solution was gradually
supplemented with 24 equivalents of 1 mM Ni(ll) ion solution. The results for the sample 2,6
Hodptsc °HzL solution that contained 24 equivalents of each metal ion shows a notable absorption
peak at 361,400nm with a shoulder peak at 377nm. (Figure 6.2.2)
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Figure 6.2.2: Absorbance responses measured after adding 24 equivalents of 1mM Ni(ll) solution
to solution of 0.5 mM 4HaL.
The absorption peak at 361 nm decrease to a wavelength value of 352 nm when the Ni(ll) ion
concentration is increased. This causes a noticeable hypsochromic shift (blue shift) [188,189]
along with a distinct isobastic point at 352 nm, and the development of a robust complexation

between the ligand °HzL and Ni(Il) [190].
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Figure 6.2.3:a) Relative shift in absorbance maxima; b) Linear calibration curve [Ao-

An/AoVs.(An/Ao) after addition of 24 equivalent of Ni(ll) .
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An = Sequential addition of Ni(ll) ions for detection of absorbance maxima and A, = Peak
absorbance maxima of (1°HzL).

6.3 IR Spectroscopy:

The important IR peaks of bisthiosemicarbazones and their (I1) complexes are mentioned in Table
6.3.1 and spectra are given in Figures 6.3.1-6.3.12. The v(N-H) bands in ligands *H2L-*?H2L
appeared in the range 3461-3204 cm™ which showed a slight low energy shift in complexes 3419-
3204 cm™. The bands in free ligands due to —~N?H — group appeared in the range 3190-3126cm™.
But on complexation this band gets disappeared in all the complexes (13-24) suggesting
deprotonation on complexation and coordination of bisthiosemicarbazone to metal centre in
dianionic form[175]. The bands of v(C=N) in the range, 1698-1594 cm™ in the ligands is shifted
to lower frequency in complexes 13-24 and appeared in the range 1666-1523 cm™. The specific
v(C=S) band observed in the range 896-812 cm™ in *H2L-12HL, which get shifted to lower energy
in complexes (13-24) and observed in the range, 797-698 cm™. Significant low energy shift of this

band indicates binding of bis- ligand in thiolate form [176].
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Table 6.3.1: Significant IR peaks of bisthiosemicarbazones (*H2L-*?H:L) and Nickel(Il)
complexes (13-24)

Synthesized v(NH2) | v(-NH-) | o(C=N) | o(C=C)| & (NHz) | v(C=S)

histhiosemicarbazones

[Ligands and Metal

complexes

(2.5 Habttsc, THaL) 3409m, | 3155m | 1600s | 1583m | 1535s | 836s
3277m

[Ni{bttsc)] 13 3419m, . 1508s | 1405m | 1436s | 608s
3302m

(2.5 HabttscN-Me, “HiL) 3155w | 15945 | 1462m ; 8125
3373m

[Ni(bttsc,N-Me)] 14 3314m - 16475 | 1564m - 7975

(2.5 Habttsc N-Ph, “H:L) 3156w | 1636s | 1504w - 803g
3303m

[Ni{bttsc. N-Ph)] 15 3207m, - 15005 1500 - 751s
1217s

(2.3 Habitsc, “HaL) 3332m, | 3156w | 1608s | 1618w | 1584s | 851s
3250m

[Ni(bitsc)] 16 - 1650s | 1571m | 1452m | 776s
3267m

(2.3 Hobitsc-N'-Me, "HaL) | 3461m, - 1683s | 1616m - 831s
3207m

[Ni(bitse, N-Me)] 17 $770m - 16555 | 1515m | - 7765

(2.3 Hobitsc-N1-Ph) 3200m | 3173w | 16855 | 1591m - 827s
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[Ni(bitsc, N-Ph)] 18 - 1670: | 1595m - 746z
3220m

(2,5 Hzbptse, "HaL) 3356m, | 3166m | 1640s | 15265 | 1512m| 895s
3233m

[Nibptzc)] 19 3328m - 1659z | 1458m | 1320m | 772s
3204m,

1.5 Hsbptse N-Me., SHLLY | 3335m, | 3197m | 1642z | 13538s - 80ds

(2.5 Habp . "H:L)

3287m

[Ni(bptse N-Me)] 20 3272 - 1562 1410 - 725

(2.5 H:bptse N-Ph, "H:L) | 3300m | 3138w | 1630s, | 1466m - 820s

[MNi(bptzc, N-Ph)] 21 3207m, - 1666z | 146Tm B 708z
3204m

(2,6 H:bhdptsc, WHaL) 3423m, 3158m 1606s | 15313 m E27s
3209m

i(dptzc)] 22 - 1602 | 1524m| 1493m | 786s
[Mildptsc)] 3206m

(2.6 H:bdptse N-Me, WHoL)| 3450m, | 3190w | 1634s. | 1335m _ 838z
3320m

[Ni(dptsc, N-Me)] 23 3200m - 1523z | 144Tm - 7975

(2,6H:hdptse N-Ph, 2H,L) 3156w | 1636z | 1594m - 8082
3303m

[Ni(dptsc, N-Ph)] 24 3366m, - 1613z | 1528m - 733s
3272m

*s= strong; m= medium and w= weak
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6.4 Mass Spectrometry:

The molecular ion peak [M]" observed are listed in Table 6.4.1 and spectra are given in Figures
6.4.1-6.4.12. All the complexes have m/z values in well agreement with proposed stoichiometry.
The parental ion peak in (m/z)* found at 342.94amu (1), 370.97amu (2), 502.37amu (3), 355.03
amu (4), 393.36 amu (5), 500.08 (6), 318.34 amu (7), 347.21amu (8), 545.48amu (9), 365.99 amu
(10), 394.04 amu (11), 518.07 amu (12) confirms the formation of bisthiosemicarbazones.

Table 6.4.1: The m/z values (amu) derived from mass spectra and expected formula of complexes
13-24.

Sr. No. Parent peak Expected formula for parent ion
(experimental mass) | (m/z)*
1 342.94 [Ni(CsH10NgSs)] 13
2 370.97 [Ni(C10H12N6S3)] 14
3 502.37 [Ni(C20H16NsS3)] 15
4 355.03 [Ni(C10HoN7S2)] 16
5 393.36 [Ni(C12H13N7S2)] 17
6 500.08 [Ni(C22H17N7S2)] 18
7 318.34 [Ni(CsH12NsS2)] 19
8 347.21 [Ni(CsH1sNsS2)] 20
9 545.48 Ni(C1sH22NsS2)] 21
10 365.99 [Ni(C11H13N7S7)] 22
11 394.04 [Ni (C13H17N7S2)] 23
12 518.07 [Ni(C2sH21N7S2)] 24
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The Electron spin resonance (ESR) for Ni(1l) complexes was difficult to get because of their large
D value and peculiar relaxation properties. Therefore, Vibrational spectroscopy with magnetic
field (VSM) was possible for Ni(1l) complexes.

6.5 Vibrational spectroscopy with magnetic field (VSM)

VSM can be used to determine the material's magnetic properties. The main premise is based on
Faraday's law of electromagnetic induction. According to law, a change in magnetic field produces
an electric field. This technique is used for the calculation of magnetic properties such as coercivity
(Hc), remanence (Mr), and saturation magnetization (Ms).

VSM analysis was performed to measure the magnetic properties of the synthesized complexes.
Complexes (13-24) were taken for VSM analysis. Magnetic hysteresis loops obtained
experimentally are given in Figures 6.5.1-6.5.12. In the magnetic field range of +12 to -12 KOe,
the M-H hysteresis pattern for the synthesised nickel(Il) complexes at ambient temperature are
displayed in Figure 6. The magnetic characteristic saturation magnetization (Ms): A point at which
no further increase in magnetization is feasible with increasing the external magnetic field.
Remanence (Mr): magnetization left behind after removing the external magnetic field. Coercivity

(Hc): 1t is the measure of reverse field needed to bring the magnetization to zero after saturation,
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are shown in Table 6.5.1. To calculate the experimental magnetic moment, (Equation-6) was used
[191,192].

Ms*Mw

nB = coan. e (6)

Where, Ms is the saturation magnetization and Mw is the molecular weight of compound. The
magnetic moment found experimentally was in the range of 2.8-4.62 B.M for complexes (13-24).
The magnetic moment depends on both spin and orbital angular momentum contributions. The

spin-only formula is given below in (Equation -7):

heo =4S +1) e 7

Orbital angular momentum can be added to this by the (Equation-8).

R, =4S+ D +LL+1) e, (8)

It is anticipated that an orbital angular momentum contribution will occur when the ground term
exhibits triply degeneracy, or a triplet state.

Four coordinate Nickel(Il) system has possibility to form square planar geometry and tetrahedral
geometry. In square planar geometry all the electrons are paired up so there is no unpaired electron
and thus no magnetization is possible. But in tetrahedral geometry two electrons remain unpaired
due to which magnetization occurs in this case and the lowest energy term will be *T1g. Nickel (11)
has an effective electronic configuration of 3d8, the complexes are tetrahedral with a d electron
configuration of e*t24, and the spin-only magnetic moment can be estimated as 2.83 BM. It was
observed that the complexes shows a magnetic moment that is greater than what would be
predicted for two unpaired electrons in tetrahedral environment due to the orbital angular
momentum of the tetrahedral Ni(ll) complex significantly contributes to the magnetic moment,
resulting in magnetic moment values as high as 4.0 BM [193,194].
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Table 6.5.1: VSM parameters of nickel(11) complexes (13-24)
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Metal Complexes Saturation Coercivity Remanence Magnetic

magnetization | aanetization | magnetization moment
(emu/g) (emu/g) (emu/q) (B.M)
[Ni(2,5 bttsc)]13 113.34 0.49 37.47 3.22
[Ni(2,5 bttsc N-Me)]14 118.68 141 29.06 3.63
[Ni(2,5 bttsc N-Ph)]15 114.69 0.73 31.75 3.10
[Ni(2.3 Habitsc)] 16 116.63 0.84 35.82 317
[Ni(2,3 Habitsc-NI-Me)]17 112,81 0.84 26.14 3.07
[Ni(2,3 Hzbitsc-NI-Ph)] 18 122.56 0.73 36.63 3.32
[Ni(2,5 Hzbptsc)]19 130.08 0.99 36.64 353
[Ni(2,5 Hzbptsc-N-Me)] 20 126.84 0.24 36.18 3.45
[Ni(2,5 Hzbptsc-N-Ph)] 21 170.71 0.36 4954 4.62
[Ni(2,5 Hzbdptsc )]22 129.26 0.82 3257 353
[Ni(2,5 Hzbdptsc-N-Me)]23 170.43 1.04 49.57 3.45
[Ni(2,5 Hzbdptsc-N-Ph)]24 225.80 0.42 53.48 3.00

From the above table it is clear that the 13-24 possess high magnetic moment than spin only
moment because of orbital contribution.

6.6 Anti-tuberculosis activity:

All the ligands (*Hz2L-'?HzL) and their nickel(11) complexes (13-24) were evaluated and are given
in Table 6.5 [179]. No particular structure-activity relationship has been observed. The anti-T.B
activity of ligands generally gets enhanced upon complexation, but it was found from the
experimental data that the activity of ligand 2,5 Hzbptsc ("HzL) has no change on complexation
and exhibited maximum anti-T.B activity (MIC = 1.6ug/ml), even same to standard drugs
Rifampicin or Streptomycin (MIC = 1.6ug/ml). The activity of ligand (*HzL- HzL) and (*2HzL)
(MIC = 6.25 (*H2L); 1.6 (*HzL), (®H2L) and 12.5 pg/ml (*?HzL)) was also high but the activity
gets low in its complex 13 -15 and 24 (MIC = 12.5 13,14, 3.12 15 and 50 24 pg/ml) as compared
to its ligands. The anti-TB activity of ligands *HzL- ®HaL, °HzL- ™H2L (MIC = 50 “HL; 100
3H,L, ®HaoL; 3.12 ®HaL; 50 °HoL YH2L pg/ml) get enhanced on complexation with nicke(ll)
(MIC =25 4-6; 1.6 9; 12.5 10,11 pg/ml). Chelation of ligand with nickel(I1) may have resulted in

increase of its retention time on bio-membrane to allow longer interaction at target site. The
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possible interactions of ligand as well as complexes have been studied using molecular docking
for most potent ligand 2,5 Hzbttsc (*°H2L) and its [Ni(2,6 bdptsc)] 22 complex.

Table 6.5: Anti-T.B activity of bisthiosemicarbazones (HL-H*L) and complexes (13-24)

Mycobactenum fuberculosis H37TEV stram
MIC (pg /mL)
5. No Compound 100 | 50 2y | 125 | 625 | 312 | 16 | D8
1. | 1,5 H:bttse (*H:L) 5 S 3 5 5 E E
2. | [Ni(2,5 bttsc)] 13 5 S 3 3 E R E
3. | 1,5H:bttsc N-Me 8 3 3 3 5 3 3 R
(*H:L)
4. | [Ni(2,5 bttsc N-Me)] 14 | S S 3 3 E R E E
3. | 2,5 Hibttsc N-Ph 8 3 3 3 5 3 3 R
(*H:L)
6. | [Ni(2,5 bttsc N-Ph)] 15 5 S 3 E E R E E
7 2,3 Hzbitse (*H2L) 5 5 R E E E E E
8. | [Ni(2,d bitsc )] 16 5 S 5 E E R E E
9. | 2,3 Hzbitse-N'-Me 5 E E E E E E E
(*H:L)
10. | [Ni(2,3 bitsc-N'-Me)] 8 S S E E R E R
17
11. | 1,3 Hzbitse-N'-Ph 5 E R E E R E E
(*H:L)
12. | [Ni(2,3 bitsc-N*-Ph)] 5 5 3 E E E E E
13
13. | 2,5 H:bptse ("H:L) 5 S 5 5 5 S 3 E
14. | [Ni(2,3 bptsc)] 19 5 5 3 5 5 3 5 E
13. | 2,5 H:bptse, N-Me 5 S 3 3 3 S E E
(*H.L)
16. | [Ni(2.5 bptse, N-Me)] 5 5 3 3 5 E E E
20
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17. | 2,5 Hybptsc, N-Ph S S S S S S R R
(H:L)

18. | [Ni(2,5 bptsc, N-Ph)] S S S S S S S R
21

19. | 2,5 Hybdptsc (1°H;L) S S R R R R R R

20. | [Ni(2,5 bdptsc)] 22 S S S S R R R R

21. | 2,5 Hz;bdptsc, N-Me S S R R R R R R
(1'H;L)

22. | [Ni(2,5 bdptsc, N-Me)] | S S S S R R R R
23

23. | 2,5 H;bdptsc, N-Ph S S S S R R R R
(*H:L)

24. | [Ni(2,5 bdptsc, N-Ph)] S s | R R R R R R
24

6.7 Human Serum Albumin binding studies:
Interactions of HSA with most potent ligand 2,6 Hzbdptsc (*°HzL) and its complex [Ni(2,6
bdptsc)] 34 has been studied through UV-visible spectroscopy.

6.7.1 UV-visible spectroscopic study

Interactions of HSA with ligand 2,6 Hz2bdptsc and its complex [Ni(2,6 bdptsc)] has been studied
using UV-visible absorption of HSA (7u«M) in the non-appearance and incremental additions of
2,6 Haobdptsc (0-5 uM) and [Ni(2,6 bdptsc)] (0-6 puM). The HSA's UV-visible spectrum shows an
absorption peak at 280 nm. Significant, increase in absorbance of HSA at 280 nm (58% for ligand
2,6 Hzbdptsc and 47% for [Ni (2,6 bdptsc)] on increasing concentrations of ligand 2,6 Hzbdptsc
and complex [Ni(2,6 bdptsc)] showed agitations in the microenvironment of protein’s
chromophores due to the interaction of HSA with ligand and its complex. With the increase in
concentration of ligand and its complex, a new peak at 320 nm appeared due to electronic transition

of ligand and its Ni(ll) complex. Using the Benesi-Hildebrand equation, the binding constants for
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the ligand-HSA and complex-HSA system interactions were determined by (Equation-2) [195]
and initiate to be (5.2x10% M and (6.4x10° M, respectively (Figure 6.7.1.2). The strong binding
affinities (high binding constant) indicate the effective transport of ligand 2,6 H2bdptsc and
complex [Ni(2,6 bdptsc)] to their target sites.

12 0.46
“ 0.9 . 0.36 T
5 5
E: 3
5 06 3 026
z 2
“ 0.3

- 0.16

W\
0 0.06 \
240 280 320 360 232 244 256 268 280 292
Wavelength (nm) Wavelength (nm)

Figure 6.7.1.1: UV-visible absorption of HSA with incremental additions of ligand 2,6
Hzbdptsc (a) and [Ni(2,6 bdptsc)] (b)
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Figure 6.7.1.2: Benesi-Hildebrand plot {Ad/(A-Ao) vs. 1/[ligand or complex]} for binding
studies of HSA with ligand 2,6 Hzbdptsc (a) and complex [Ni(2,6 bdptsc)] (b)

6.8 Docking studies:

The interactions of the potent ligand 2,6 Hobdptsc (*°HzL) and their nickel complex [Ni(2,6
bdptsc)] 34 have been studied by molecular docking using Autodock 4.0 in order to corroborate
and explain the experimental results [46]. Docking of ligand 2,6 H2bdptsc and their nickel
complex [Ni(2,6 bdptsc)] with mycobacterium tuberculosis enoyl reductase yielded minimal

binding energies of -6.4 and -7.0 Kcal/mol, respectively. The results show that the strongest
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binding with the target was exhibited by °HzL and its complex 34. It is evident from the binding
energy statistics that complexes 34 gets more firmly bound in comparison to free ligands with
mycobacterium tuberculosis enoyl reductase. For complex 34 a higher binding energy (negative)
denotes an extra stable structure in docked state. This corresponds to the same order as the
experimental data showed.

The docking analysis of interactions between ligand °H:L and its complex 34 with
mycobacterium tuberculosis enoyl reductase revealed that the ligand °HzL had interaction
(hydrogen bonding) with oxygen atom of amino acid residue lysine (LYS 164) (d = 2.81 A), and
proline (PRO 155) (d = 2.39 A) of chain A. The ligand 1°HzL interacts with amino acid residues
methionine (MET198), tyrosine (TYR157), phenylalanine (PHE148), isoleucine (ILE 214) and
leucine (LEU 217) of chain A via hydrophobic and other interactions. The complex 34 interacts
with the target by hydrogen bonding with isoleucine (ILE 193) (d = 3.64 A), tyrosine (TYR 157)
(d = 5.09 A) amino acid residues of the chain (Figure 6.8.1)

(a) (b)
Figure 6.8.1: 3D representation of interactions of ligand °HzL (a) and its complex 22 (b) with

mycobacterium tuberculosis enoyl reductase
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6.9 Conclusion:  Reaction of Nickel (II) acetate with 'H2L-?HzL yielded complexes of

stoichiometry, [Ni(L)] 13-24 molar ratio in 1:1. All complexes were meticulously characterized
using FTIR, Mass, UV-visible, and V.SM. Ligands ranging from *HzL-1?HL, together with their

respective complexes (13-24), and were subjected to evaluation for anti-tuberculosis efficacy. The

following conclusion has been drawn from the results obtained:

1.
2.

All the complexes have m/z values in well agreement with proposed stoichiometry.

The magnetic moment found experimentally was in the range of 3.0-4.62 B.Mn for
complexes (13-24) confirms the tetrahedral geometry.

The anti-T.B activity of ligands generally get enhanced upon complexation. It has been
observed that with the increase of hydrophobicity of ligand due to substituent present at N*
atom, mostly the anti-TB activity gets increased. Also, the anti-TB activity of °HzL (MIC
= 50png/ml) get more enhanced on complexation with Ni(ll) 22 (MIC=12.5ug/ml).

Low binding energy obtained from molecular modelling (-6.4) 1°HL, (-7.0) 22 Kcal/ mol,
indicate strong interaction, which also supports the experimental data.

The ligand '°H2L and complex (22) exhibited highest binding interactions, featuring
binding constant of 6.4 x 10° Mt and 5.2 x 10° M with HSA.
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CHAPTER 7
COPPER(I1) COMPLEXES
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7.1 Discussion on Complexes of Copper (11):

Reaction of Copper acetate with ligands *Hz2L-*?HzL form complexes of stoichiometry, [Cu(L)]
(L=, 25-?L, 36) and and the complexes (31-33) with substituted 2,5 piperazine
bisthiosemicarbazone ("H2L-°HzL) of formula [Cuz(L)-] give the formation of dimer in 1:1 (M:L)

molar ratio. The formula [Cu(L)] for complexes is also confirmed by finding the binding ratio of

ligand with copper metal. The binding ratio of representative ligand with copper (11) tHzL:Cu(ll)

came out as 1:1. The list of complexes formed is given in Table 7.1.1.

Table 7.1.1: Bisthiosemicarbazone complexes of Copper(ll) 25-36

C
MeHN” s s? “NHMe

2,5thiophene  dicarboxaldehyde-N-

methyl bisthiosemicarbazone
(2,5 Hzbttsc -N-Me, 2HaL)

Sr. Ligands Complexes
No.
1. / \
H\C C/H < ////// \\\\\\ N
I s I “Ccu'
HN NH
/C§ C\
NS S [Cu(2,5 bttsc)]1
2,5thiophene dicarboxaldehyde
Bisthiosemicarbazone
(2,5 Habttsc, 'H2L)
2.

< ////// \\\\\\ N

[Cu(2,5 bttsc,N-Me)]2
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e

~N 7
Il S I
HT/ \TH
c C
PhHNT s s >NHPh

2,5thiophene  dicarboxaldehyde-N-
phenyl bisthiosemicarbazone
(2,5 Habttsc- N-Ph, *HzL)

<S ////// \\\\\\ N

[Cu(2,5 bttsc,N-Ph)]3

C——NH,
N——NH
: :N N
H \ NH;
i/

\

2,3-isatin bisthiosemicarbazone
(2,3 Hzbitsc, *H2L)

< z ", \\\\\ N

[Cu(2,3 bitsc)]4

C——NHMe
N—NH
: :N N
N \ NHMe
NH—

\

2,3-isatin-N-methyl
bisthiosemicarbazone
(2,3 Hzbitsc-N-Me, °HaL)

< //////’ \\\\\ N

[Cu(2,3 bitsc-N-Me)]5
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NHPh
NH\C

\

2,3-isatin-N-phenyl
bisthiosemicarbazone
(2,3 Hzbitsc-N-Ph)

< ///// I \\\\\\ N

[Cu(2,3 bitsc-N-Ph)]6

S
I

et

2,5-Piperazine bisthiosemicarbazone
(2,5 Hzbptsc, "H2L)

S
|

C

MeHN \ - NHMe
C—N

2,5-Piperazine bis N-methyl
thiosemicarbazone
(2,5 Hzbptsc N-Me, 8H2L)
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[Cu(2,5 bptsc N-Me]8

s
|

C

PhHN Ji j/ ~ / “SNHPh

2,5-Piperazine bis N-phenyl
thiosemicarbazone
(2,5 Hzbptsc N-Ph, °HzL)

[Cu(2,5 bptsc N-Ph]9

10. N
=
N

H,N S S NH,
2,6 Diacetyl pyridine
bisthiosemicarbazone

(2,6 Hzbdptsc, 1°HzL)

\\\\\\

< S///II’ "

[Cu(2,6 bdptsc]10

11. AN

HN” “NH
MeHN/KS S)\NHMe
2,6 Diacetyl pyridine bis N-methyl
thiosemicarbazone
(2,6 Hz2bdptsc N-Me, tH2L)

N\

\\\\\\\

< ///IIII

[Cu(2,6 bdptsc,N-Me] 11
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12.

\

HsC
3 I N
N
HN™

A

PhHN S

thiosemicarbazone

(2,6 Hzbdptsc N-Ph, 12HzL)

N

S)\NHPh

2,6 Diacetyl pyridine bis N-phenyl

CH3 < ///I/I/
~

[Cu(2,6 bdptsc,N-Ph] 12

NH

N

\

\\\\\\

7.2 Binding studies: By Job Plot method

To confirm the structure of the complex (No. of binding sites) the representative ligand ligands 2,5

Habttsc and 2,3 Habitsc with copper(ll) was selected for binding study using Uv-visible

spectroscopy.
7.2.1 Binding ratio of 2,5 Hzbttsc with Copper(ll)

UV-visible spectroscopy studies were carried out using methanol, acetonitrile, ethanol, and DMSO

as solvents. However, DMSO was chosen as the preferred solvent due to its superior solubility and

the distinct, well-defined absorption peaks observed. The concentration optimization is done with

0.3 mM solution of 2,5 Hobttsc in DMSO. 1mM solution of copper(ll) acetate was prepared in
DMSO and 24 equivalents of this solution was added to 0.3mM solution of 2,5 Habttsc

successively [196-198].

Absorbance

270

200 230 360 200 420 450 480 510 540

Wavelength (nm)

570 G000

Figure 7.2.1: Absorbance recorded with sequential accumulation of 24 equivalent 1 mM Cu(ll)

solution in the solution of 0.3 mM 2,5 Habttsc.
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The solution of 2,5 Hobttsc give absorption peak at 401 nm along with a small shoulder peak at
423 nm with absorption intensities 1.793 and 1.457 respectively. Incremental addition of metal
solution to the ligand resulted in a hypochromic shift accompanied by a bathochromic shift
exhibiting the merging and shifting of the two peaks at 401 nm and 423 nm into a new peak at 454
nm are shown in Figure 7.2.1. This significant shift can be attributed to the redistribution of
electrons between the metal and the ligand., which confirms the binding of ligand to metal
[199,200]. The relative change in absorbance maxima (An/Ao) upon the sequential addition of 24
equivalents of Cu(ll) ions is illustrated in Figure 7.2.2 (a)

064 064  Y=2.4403x+0.0414

0.5 1 " 0.5 -

04 0.4

0.3 0.34

0.2 0.21

014 0.14

Relative change in absorbance (An/Ao)
Relative change in absorbance (An/Ao)

00 0.0

T T T T T 1
0.05 0.10 0.15 0.20 0.25 0.30

Concentration of Cu(ll) 1073M

T T T T T 1
0.05 0.10 0.15 0.20 0.25 0.30

Concentration of Cu(Il) 103M

(a) (b)
Figure: 7.2.2: a) Comparative change in peak absorbance; b) Linear calibration curve [Ao- An/Ao

Vs. (An/Ao) on sequential accumulation of 24 equivalent of Cu(ll)]

The detection limit of Cu(ll) has been calculated using Linear calibration curve [Ao-An/Ao] V5.
concentration of Cu(ll) (Figure 7.2.2) and calculated to be 0.447 uM, and with the binding ratio
of 2,5 Habttsc : Cu(ll) as 1 : 1 suggest the strong chelation of 2,5 Habttsc with copper [173].

7.3 Binding ratio of 2,3 Hzbitsc with Copper(l1)

After optimising the concentration value using absorption studies, 0.2 mM solution of 2,3 Habitsc
was prepared. Metal salt solutions at a concentration of 1 mM using the same solvent, were
prepared. The UV-visible titrations for the ion analysis were carried out by adding 30 equivalents
of 1 mM of metal solution into 0.2 mM of ligand solution of 2,3 Hobitsc [201-205].
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The UV-visible titrations for the ion analysis were carried out by adding 30 equivalents of 1 mM
of metal solution into 0.2 mM of ligand solution of 2,3 Hzbitsc. Upon adding Cu(Il) ions
successively, the intensity of absorption was noticeably reduced between 353nm and 391nm
(Figure 7.3.1), whereas the intensity of absorption increased below 353nm and above 391nm,
leading to isosbestic points at these specific wavelengths. At the same time the concentration of
Cu(Il) increased, a 2 nm hypsochromic shift was observed, which confirms the binding of the

metal ions by the ligand [206].

369 nm

Absorbance (a.u)

0.0

300 330 360 390 420 450 480

Wavelength (nm)
Figure 7.3.1: Uv visible responses to the addition of 30 equivalents of 1 mM Cu(ll) solution to
0.2mM solution of 2,3 Habitsc
The detection limit of Cu(ll) was obtained using a correlation plot of A,-An/Ao against conc. of
Cu(ll) ions (Figure 7.3.2), where absorbance maxima with subsequent addition of Copper(ll) ions
is An, and of 2,3 Habitsc is Ao at 0.2mM [207]. Detection limit of Cu(ll) was found to be 0.438
M. The binding ratio obtained is 1:1 (2,3 Hzbitsc: Cu(Il)) which indicates strong binding of 2,3
Habitsc with copper [206].
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Figure 7.3.2: a) Comparative change in peak absorbance; b) [Ao.-An/Ao] Vs concentration of Cu(ll)
correlation plot.

7.4 IR Spectroscopy:

The important IR peaks of bisthiosemicarbazones and their Cu(ll) complexes are mentioned in
Table 7.5.1 and spectra are given in Figures 7.4.1-7.4.12. The v(N-H) bands in ligands *HaL-
12H,L appeared in the range 3461-3204 cm™ which showed a slight high energy shift in
complexes(3409-3200 cm™). The bands due to —N2H — group appeared in the range 3190-3126
cmL. But on complexation this band gets disappeared in all the complexes (25-36) which suggested
deprotonation during complexation and coordination of bisthiosemicarbazone to metal centre in
dianionic form [175]. The bands of v(C=N) in the range, 1698-1594 cm™ in the ligands is shifted
to lower frequency in complexes 25-36 and appeared in the range 1679-1537 cm™The specific
v(C=S) band observed in the range, 896-812 cm™ in H2L-12H2L which get shifted to lower energy
in complexes (25-36) and observed in the range, 787-746 cm. Significant low energy shift of this

band indicates binding of bis- ligand in thiolate form [176].
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Table 7.4.1: Significant IR peaks of bisthiosemicarbazones (*H2L—*?HzL) and their Copper(I1)
complexes (25-36)

Synthesized wNHz) | v(-NH-)| o(C=N)| v(C=C) [ & (NH2) | v(C=85)

Ligands and Metal

complexes

(2,5 Hibttsc, 1H,L) 3409m, 3155m [1600s  [1583m  |1533s 836s
3277m

[Cu(bttsc)] 25 3405m, - 1599s  [1535m  [1451s  [781s
3278m

(2.5 HabttscN-Me, *H:L) 3155w (15948 1462m |- 812s
3373m

[Cu(bttsc.N-Me)] 26 - 1537s 1508m |- T61s
3372m

(2.5 Habttse N-Ph, HoL) 3343 3156w |1636s (1594w | 8955

[Cu(bttsc.N-Ph)] 27 3390m, - 1679s (1595 i 747s
3204m

(2.3 Hybitsc, ‘HiL) 3332m. 3156w [1698s |1618w  [1584s  [851s
3259m
[Cu(bitsc)] 28 i 16795  |1609m  [1556m  [785s

323%m

(2,3Habitsc-N1-Ne,SH: L)[346 1m, 3100w |1683s |1616m | 831
3207m

[Culbitsc N-Me)] 20 - 1643s 1607m | 780s
3223m

(2.3 Habitsc-N1-Ph) 3290m 3173w |1685s  |1591m | 827s

[Cu(bitsc N-Ph)] 30 - 1654s 1596m | 7785
3205m
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(2,5 Hbptsc, TH;L) 3356m., 3166m (1640s 1526s 1512m | 895s
3253m

[Cu(bptsc)] 31 3407m - 1598s 1487m | 1428m | 763s

(2,5H:bptsc N-Me, SH,L) 3335m.  [3197m  [1642s 1558s |- 804s
3287m

[Cu(bptsc. N-Me)] 32 [3290m - 1550s 1424m |- 767

(2,5 Hibptsc N-Ph, *H,L) 3301m 3158m [1639s 1466m | - 829s

[Cu(bptsc N-Ph)] 33 3277m - 1638s 1595m |- 749s

(2,6 Hibdptse, WH,L)  [3423m, 3158m | 1606s |1513m 827s
3209m

[Cu(dptsc)] 34 3311m, - 1627s | 1588m | 1461m | 746s
3200m

(2,6 H;bdptsc N-Me,  [3450m, 3190m | 1634s, | 1555m |- 836s

LH,L) 3329m

[Cu(dptsc.N-Me)] 35 - 1579s | 1501m |- 787s
3295m

(2,6 Hibdptsc N-Ph, 3156m | 1636, | 1594m |- 836s

’H,L) 3303m

[Cu(dptsc.N-Ph)] 36 3374m, | 1591s | 1527m |- 752s
3246m

7.5 Mass Spectrometry:

The mass spectra of compounds (25-36) are given in Figures 7.6.1- 7.6.12. The molecular ion
peak [M]* was found and listed in Table 7.5.1. All the complexes have m/z values in well
agreement with proposed stoichiometry. The parental ion peak in (m/z)* found at 345.01 amu (25),
376.97 amu (26), 500.08 amu (27), 355.06 amu (28), 381.29 amu (29), 505.22 amu (30), 325.25
amu (31), 349.11 amu (32), 474.12 amu (33), 372.17 amu (34), 399.17 amu (35), 524.15 amu (36)

confirms the formation of bisthiosemicarbazones.

211



Table 7.5.1: The m/z values (amu) derived from mass spectra and expected formula of

complexes (25-36).

Sr. No. | Parent peak (experimental | Expected formula for parent
mass) ion (m/z)*
1. 343.12 [Cu(CsH10N6S3)] 25
2. 376.97 [Cu(C10H14N6S3)] 26
3. 500.08 [Cu(C20H16N6S3)] 27
4. 355.06 [Cu(C1oHeN7S2)] 28
3 381.29 [Cu(C12H13N7S7)] 29
6. 505.22 [Cu(C22H17N7S2)] 30
7 325.25 [Cu(CeH12NsS2)] 31
8. 349.11 [Cu(CgH16NsS2)] 32
9. 474.12 [Cu(C18H20NsS?)] 33
10. 371.18 [Cu(C11H13N7S,)] 34
11. 399.17 [Cu (C13H17N7S2)] 35
12. 524.15 [Cu(C23H21N7S?)] 36
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Figure 7.5.12: Mass spectrometry of complex [Cu(dptsc,N-Ph)] 36

7.6 ESR spectroscopy:

The ESR spectra of copper (11) complexes 25-36 was done at room temperature as well as at 125k.
The experimental calculations are given in Table 7.6.1 and 7.6.2. All the spectra are presented in
Figures 7.6.1-7.6.12. The presence of two different g values (giand g.) suggests axial symmetry
of the complexes (25-36). Experimentally found g; values of complexes are greater than g., which

further are more than g value of free electron supports ground term d,z_,2 in square planar

-y
structure [208]. Geometric parameter G was calculated using (Equation-5) to measure the
exchange interaction between copper centre.
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g” —2.0023 = Liiiiiiiieieeens (5)

g1-2.0023

(axial) =

According to Hathaway and Tomlinson, exchange interaction will be negligible if the alignment
of tetragonal axis is parallel (G > 4), otherwise significant exchange interaction with considerable
misalignment (G < 4) will be observed [209,210]. The G value of 2.19 (26), 1.62 (27), 2.71 (28),
1.55 (29), and 3.34 (30) respectively indicate a significant exchange interaction between copper
center, whereas exchange interaction is negligible in complexes 25 (G = 5.15). The structure of
complexes and encompass of distortion from regular geometry can determined from (empirical
factor), f = g1/ Al (cm™) [211-213]. From the literature, it has been observed that square planar
complexes have empirical factor in the range, 105-146 cm™ [210]. The observed value of f for 25-
36, lies in the range, 134-148 cm™ for complexes 25-36 indicating a square planar geometry with
slight distortion for these complexes.
The giso and Aiso has been calculated using (Equation 9 and 10) respectively [214].

Oiso =i+ 29./3 ... ©)

Aiso = Ai+ 2A1/ 3 e (10)
From giso and Aiso Values, sigma bonding parameter (o) can be calculated using (Equation-11)
[213].

A; Jiso— 2-0023
o ==Be pEe o tm . (11)
PK K

In this case, (K) stands for Fermi contact (K = 0.43), and (P) stands for free ion dipole term (P =
0.036 cm™) [201]. Pure ionic bonding is supported by a value of o = 1, whereas pure covalent
bonding is supported by a value of 0.5. The o2 value of complexes 25-36 falls in the range, 0.65 —

0.87 thus confirms a mixture of ionic and covalent bonding.
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Table 7.6.1: ESR calculations for complexes 25-36

Compound Polycrystalline | gy g Zizo Ay AL “Ais
state (at RT)

[Cu(25bttzc)] 25 | 2.40/2.08(z/ g [ 2.08 240 218 174 40 66.6

[Cul2, Sbttzc-N- 2157207 (/g | 207 215 218 160 43 703

Me)] 26

[Cul2, Sbttze-N- 2200212 (m gy | 212 220 214 148 43 703

Ph)] 27

[Cu(2 3H-bitsc)] 28 | 224209 (g/ g1) | 2.09 224 212 170 38 63.1

[Cu(2 3H:bitse-N'- | 217/2.11(g /gy) | 2.11 217 213 145 23 63.0

Me)] 29

[Cu(2 3H:bitec-N'- | 2.26/2.08(g /gy |2.08 226 214 165 43 832

Ph)] 30

[Cu(2.5H:bptsc)]31 | 2.46/2.147(g /gy) | 2.147 246 224 160 50 571

[Cul2,5H:bptac- 2182 146(g /g1y [ 2.146 248 223 148 51 582

N Ne)] 32

[Cu{2,5H:bptsc- 2482 143(g /g1 [ 2.143 248 226 170 52 013

N'-Ph)] 33

[Cu (2.6 Hobdptsc)] | 2.2/ 2.10(g /gy | 2.10 22 212 147 44 791

M

[Cu (2,6 H:bdptsc - | 2.45/2.12(g /gy [ 212 245 222 163 49 369

ML) 35

[Cu (2,6 H:bdptsc - | 225/2.10(g /gy | 2.10 225 213 164 44 B3

MN'-Ph)] 36

"Expresszed in units of cm! multiplied by a factor of 10
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Table 7.6.2: ESR bonding parameters for complexes 25-36

Compound G o? 1
(at RT)

[Cu(2.5 bttsc)] 25 5.15 0.83 137
[Cu(2.5 bttsc-N-Me)] 26 2.19 0.65 134
[Cu(2,5 bttsc-N-Ph)] 27 1.62 0.83 148
[Cu(2.3 Hybitsc)] 28 2.71 0.69 131
[Cu(2,3 Hybitsc-N'-Me)] 29 1.55 0.71 146
[Cu(2.3 Hybitsc-N!-Ph)] 30 3.34 0.87 129
[Cu(2,5 Hybptsc)] 31 3.34 0.93 144
[Cu(2.5H;bptsc-Ni-Me)] 32 335 0.94 144
[Cu(2,5H;bptsc-N!-Ph)] 33 3.48 0.84 145
[Cu (2.6 Hybdptsc)] 34 1.60 0.82 147
[Cu (2.6 Hybdptsc -N'-Me)] 35 | 3.32 091 143
[Cu (2,6 Hybdptsc -N!-Ph)] 36 | 3.33 0.87 128

! S

T T T T T T T T T T T 1
1000 2000 3000 4000 5000 6000
Magnetic field, Gauss

T T T T T T
1000 2000 3000 4000 5000 6000
Magnetic field,Gauss

Figure 7.6.1. Spectrum of complex 25 Figure 7.6.2. Spectrum of Complex 26
ESR best fit simulated (red) and Experimental ESR best fit simulated (red) and Experimental
(black) (black)
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Figure 7.6.3: Spectrum of complex 27
ESR best fit simulated (red) and
Experimental (black)
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Figure 7.6.4: Spectrum of complex 28
ESR best fit simulated (red) and

Experimental (black)
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Figure 7.6.5: Spectrum of complex 29
ESR best fit simulated (red) and

Experimental (black)
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Figure 7.6.6: Spectrum of complex 30
ESR best fit simulated (red) and
Experimental (black)
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Figure 7.6.7: Spectrum of complex 31 at room Figure 7.6.8: Spectrum of complex 31 a
temp. at low temp. ESR best fit simulated (red)
Experimental (black)
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Fig. 7.6.9. Spectrum of complex 32 at
Room temp.
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Figure 7.6.11. Spectrum of complex 33 at room

temp.
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Figure 7.6.10. Spectrum of complex 32 at
low temp. ESR best fit simulated (red) and
Experimental (black)
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Figure 7.6.12: Spectrum of complex 33 at
low temp. ESR best fit simulated (red) and
Experimental (black)
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Figure 7.6.13: Spectrum of complex 34 at low Figure 7.6.14: Spectrum of complex 35 at low
temp. ESR best fit simulated (red) and temp. ESR best fit simulated (red) and
Experimental (black) Experimental (black)
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Figure 7.6.15. Spectrum of complex 36 at low
temp. ESR best fit simulated (red) and

Experimental (black)
7.7 Anti-tuberculosis activity:
All the ligands (*HzL-*2H2L) and their copper complexes (25-36) were evaluated and is given in
Table 7.7.1 [179]. The anti-T.B activity of ligands generally gets enhanced upon complexation. It
was found from the experimental data that the activity of ligand 2,5H2bttsc N-Me (?HzL) and 2,5
H2bptsc ("HzL) has no change on complexation and exhibited maximum anti-TB activity (MIC =
1.6pg/ml), even same to standard drugs Rifampicin or Streptomycin (MIC = 1.6ug/ml). The
activity of ligands 2,5 Hobttsc N-Ph, 2,5 Hobptsc, N-Me and 2,5 Hobdptsc, N-Ph (MIC = 1.6, 3.12
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and 12.5 pg/ml) was also high but the activity gets low in its complex 27, 32 and 36 (MIC = 1.6
27,36; 25 32 pg/ml) as compared to its ligands. The anti-TB activity of *HaoL, *H2L,°HzL, SHaL,
"HaL, HaL and ?HaL (MIC = 6.25 *HoL; 3.12 2HaL, °HaL; 100 °HaL, ®H2L; 50 °HL M HaL
pg/ml) get enhanced on complexation with copper(ll) (MIC = 3.12 25; 25 28; 50 29,30; 1.6 33;
12.5 34 and 6.25 35 pg/ml). Chelation of ligand with copper(I1) may have resulted in increase of
its retention time on bio-membrane to allow longer interaction at target site. The possible
interactions of ligand as well as complexes have been studied using molecular docking for most
potent ligands 2,5 Habttsc N-Me (?HzL) ,2,3 Habitsc (*H2L) and its complexes [Cu(2,5bttsc N-
Me)] 26 and [Cu(2,3bitsc)] 28.
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Table 7.7.1: Anti-T.B activity of Bisthiosemicarbazones (*HzL -*?HzL) and complexes (25-36)

MIC (g /mL)
5. No Compound 100 50 | 25 | 125 ] 625 | 312 | 16 | 0.8

1. | 2,5 Hobtisc (CH:L) 5 | 8 5 5 5 R

2. | [Cu(2.5 bttsc)] 25 EE 5 5 5 g

3. | 25Hbttsc NMe (CHL) | 8 | 8 5 5 5 g 8 R

4. | [Cu25bttscN-Me)]26 | 8 | 8 5 5 5 g 5 R

5. |25HbtscNPh(CH:L) | § | S 5 5 5 g 5 R

6. | [CuZSbttscN-PR)]27 | 8 | 8§ 5 R | R | R | R | R

7. | 2,3 Habitse (“HoL) s | s R R | R | R | R | R

2. | [Cu(2.3 bitsc)] 28 5 | s 5 R | R | R | R | R

9. | 2,3 Hobitse N'_Me s | R | R R | R | R | R | R
(HL)

10. | [Cu(2.3 bitsc-N1-Me)] EE R R | R | R | R | R
29

11 | 2,3 Hebitsc-N'-Ph S| R | R R | R | R | R | R
(H:L)

12. | [Cu@3bitscN'Ph)J30| S | S R R | R | R | R | R

13. | 2,5 Hobptsc ('H:L) EE 5 5 5 5 5 R

14. | [Cu(2.5 bptsc)] 31 5 | s 5 5 5 g 8 R

15. | 2,5 Hibptsc, N-Me 5 | 8 5 5 5 g R | R
(H:L)

16. | [Cu@.Sbptsc, NMe)] | S | S 5 5 5 R | R | R
32

17. | 2,5 Hibptsc, N-Ph 5 | s 5 5 5 g R | R
CHL)

18. | [Cu(2.5 bptsc, N-Ph)] s | s 5 5 5 g g R
33
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19. | 2,5 H:bdptsc (\"H:L) 5 3 E E E E E E

20, | [Cui2,5 bptsc)] 34 5 5 ! ! E E R B

21. | 1,5 H:bhdptsc, N-Me 5 3 E E E E E E
(UHL)

22, | [Cuil,5 bdptse, N-Me )] | 5 ! ! ! ! E R B
35

23. | 1,5 H:bhdptsc, N-Ph 5 3 3 3 E E E E
(H:L)

24. | [Cu(2,5 bdptsc, N-Ph)] 5 3 3 E E E E E
36

7.8 Human Serum Albumin binding studies

Interactions of HSA with most potent ligand 2,5 Habttsc N-Me (*HzL), 2,3 Habitsc (*HzL) and its
complex [Cu(2,5bttsc N-Me)] 26, [Cu(2,3bitsc)] 28 has been studied through UV-visible and
fluorescence spectroscopy.

7.8.1 UV-visible spectroscopic study

HSA (7 uM) shows an absorption band at 280 nm in its UV-visible absorption spectrum. On
incremental additions of 2,5 Hobttsc N-Me and its complex [Cu(2,5bttsc N-Me)] (0-9uM) the
absorbance of HSA at 280nm was significantly increased (56% for ligand 2,5H2bttsc N-Me and
45% for [Cu(2,5bttsc N-Me)]. The enhanced intensity of absorption peak can be due to change in
concentrations of ligand 2,5H2bttsc N-Me and complex [Cu(2,5bttsc N-Me)] showed agitations in
the microenvironment of protein's chromophores due to the interaction of HSA with ligand and its
complex (Figure 7.8.1.1). On addition a new peak at 389 nm was observed due to the electronic
transition between metal orbitals. Using the Benesi-Hildebrand equation, the binding constants for
the interactions of the ligand-HSA and complex-HSA system were determined. (Equation-2) [195]
and initiate to be (4.24 x 10°) Mand (4.92 x 10°) M, respectively (Figure 7.8.1.1). The strong
binding affinities (high binding constant) indicate the effective transport of ligand 2,5Hbttsc N-
Me and complex [Cu(2,5bttsc N-Me)] to their target sites.
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Figure 7.8.1.1: UV-visible absorption of HSA with incremental additions of ligand 2,5H:bttsc N-
Me (a) and complex [Cu(2,5bttsc N-Me)] (b)
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Figure 7.8.1.2: Benesi-Hildebrand plot {A./(A-Ao) vs. 1/[ligand or complex]} for binding studies
of HSA with ligand 2,5Hzbttsc N-Me (a) and complex [Cu(2,5bttsc N-Me)] (b)

7.8.2 Fluorescence study

Fluorescence titrations have been carried out using HSA (7 uM) with incremental additions of
2,5H2bttsc N-Me (0-8 M) and complex [Cu(2,5bttsc N-Me)] (0-16 uM). Binding of ligand and
complex was also confirmed by Fluorescence studies. Aromatic fluorophores of HSA such as
(TRP) and (TYR) amino acid residues displays intrinsic fluorescence [180]. The fluorophores
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produced by fluorescence, could affect the interaction of ligand 2,5H2bttsc N-Me and complex
[Cu(2,5bttsc N-Me)] to HSA [181-183]. Tryptophan (Trp-214), an amino acid residue located in
subdomain I1A of HSA, caused an emission band to appear in the emission spectrum of HSA (7
uM) at 349 nm when excitation wavelength was set at 280 nm [184]. Increasing concentrations of
ligand 2,5H2bttsc N-Me (0-8 «M) and complex [Cu(2,5bttsc N-Me)] (0-16 xM) directed to
satisfactory quenching (91-94%) of emission of HSA at 349 nm (Figure 7.8.2.1) which confidently
directed the binding of ligand 2,5Hbttsc N-Me and complex [Cu(2,5bttsc N-Me)] to HSA.
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Figure 7.8.2.1: Emission spectra of HSA (Xex = 280 nm) in incremental additions of ligand
2,5H2bttsc N-Me (a) and complex [Cu(2,5bttsc N-Me)] (b)

Quenching in fluorescence have been evaluated with the help of the Stern-Volmer equation
eqnuation (Equation-3)[215] and Stern-Volmer plots were formed (Figure 7.8.2.2). The graphs'
good linearity was found using the correlation coefficient (R) 0.9858 for ligand 2,5H2bttsc N-Me
and 0.9543 for complex [Cu(2,5bttsc N-Me)] during the experiments. Stern-VVolmer quenching
constant (Ksv) a parameter for fluorescence quenching efficiency of the ligand 2,5H:bttsc N-Me
and complex [Cu(2,5bttsc N-Me)], were determined and calculated to be 2.03 x 10® M for ligand
2,5H;bttsc N-Me and 22.51x10°% M for complex [Cu(2,5bttsc N-Me)] (Table 7.7). Therefore, the
spotted quenching in HSA fluorescence on the additions of ligand 2,5H2bttsc N-Me and complex
[Cu(2,5bttsc N-Me)] may be due to the complex formation of ligand 2,5H;bttsc N-Me and complex
[Cu(2,5bttsc N-Me)] with HSA.
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Figure 7.8.2.2: Stern-Volmer plots (Fo/F vs [ligand or complex]) for binding of HSA with ligand
2,5Hzbttsc N-Me (a) and complex [Cu(2,5bttsc N-Me)] (b)

Double logarithmic plots were achieved using modified Stern-VVolmer (Equation-4) [186,216] for
checking interaction of ligand 2,5H2bttsc N-Me and complex [Cu(2,5bttsc N-Me)]with HSA. The
values of binding constants (Kp) were found to be (4.55 x 10%) M, 2, 5Hbttsc N-Me and (5.52 x
10%) M1 [Cu(2,5bttsc N-Me)] (Table 4). The value of binding constant for the ligand-HSA and
complex-HSA were found in the range of 4.55-5.52 x 10® M which confirms the strong binding
affinity of 2,5H2bttsc N-Me and complex [Cu(2,5bttsc N-Me)] with HSA. The binding sites (n)
for the binding of ligand 2,5H2bttsc N-Me and complex [Cu(2,5bttsc N-Me)] with HSA have been
gained from the modified Stern-Volmer equation and were initiate to be 1.02 and 1.21, respectively
(Table 7.8.2.1) (Figure 7.8.2.2).
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Figure 7.8.2.3: Modified stern-volmer plots {log(Fo-F)/F vs log [ligand or complex]} for binding
of HSA with ligand 2,5Hzbttsc N-Me (a) and complex [Cu(2,5bttsc N-Me)] (b)

Table 7.8.2.1: Interaction parameters for binding of *H,L and 26 with HSA

Compound Ky (10° M1) aR Ko (10°M?1)  n aR
H,L 2.03 0.9858 4.55 1.02 0.9786
[Cu(2,5bttsc  22.51 0.9543 5.52 121 0.9814
N-Me)]

R is the correlation coefficient

7.8.3 HSA Binding Studies of 2,3 Hzbitsc (*HzL) and [Cu(2,3bitsc)]

Studies on UV-vis absorption

The absorption spectra (UV-visible) of HSA (7uM) were measured in without or with incremental
additions of 2,3 Habitsc (0-6 pM) and complex [Cu(2,3bitsc)] (0-8 uM) to determine the
interactions between HSA and H:bitsc or complex [Cu(2,3bitsc)]. An increase in HSA absorbance
at 280 nm (67% for 2,3 Hobitsc and 83% for [Cu(2,3bitsc)]) by increasing the amount of 2,3 Hobitsc
or complex [Cu(2,3bitsc)] indicates changes in the microenvironment of protein chromophores
due to its interaction 2,3 Hobitsc and complex [Cu(2,3bitsc)] (Figure 7.8.3.1).With increased
concentration of Hzbits can additional peak at 356 nm and of complex [Cu(2,3bitsc)] peak at 406
nm appeared indicating electronic transition in ligand orbitals and metal orbitals, respectively.
Benesi-Hildebrand equation (Equation- 2) was employed to calculate binding constants for
interactions in the Hzbitsc-HSA and [Cu(2,3bitsc)]-HSA systems and found to be 4.90x10° M
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and 6.09x10° M, respectively (Figure 7.8.3.2). Results demonstrated that 2,3 Hobitsc and

[Cu(2,3Dbitsc)] had high binding affinities for successful transport to their target locations.
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Figure 7.8.3.1: UV-visible absorption of HSA with incremental additions of ligand 2,3 Habitsc (a)
and [Cu(2,3bitsc)] (b)
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Figure 7.8.3.2: Benesi-Hildebrand plot {Ad/(A-Ao) vs. 1/[ligand or complex]} for binding studies
of HSA with ligand 2,3 Habitsc (a), and complex [Cu(2,3bitsc)] (b)

7.8.4. Fluorescence studies

The interaction of 2,3 Habitsc and [Cu(2,3bitsc)] with HSA may influence the fluorescence
produced aromatic fluorophores of HSA[217]. Amino acid tryptophan (Trp-214) located at sub
domain I1A of HSA is responsible for emission band at 350 nm of HSA (7 «M). The intensity of
this band decreases with increasing concentration (0-8 «M) of 2,3 Habitsc and [Cu(2,3bitsc)]
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indicates high quenching (91-94%) of HSA emission confirming binding of 2,3 Hzbitsc and
[Cu(2,3bitsc)] to HSA [218] (Figure 7.8.4.1).

FI (auw)

330 430

380
Wavelength (nm)

280

(a)

1200
1000 |
800 ||

600

FI(auw)

400

200

0

179 199 319 339 350 379 399 419
Wavelength (nm)

(b)

Figure 7.8.4.1: Emission spectra of HSA (Aex = 280 nm) in incremental additions of ligand 2,3
Hobitsc (a) and complex [Cu(2,3bitsc)] (b)

Stern-Volmer equation (Equation- 3) was employed to estimate quenching in fluorescence and

Stern-Volmer graphs (Figure 7.8.4.2) were plotted [218]. During the experiments, the graphs' good

linearity was found using the correlation coefficient (R) of 0.9744 for Hobitsc and 0.9515 for
[Cu(2,3Dbitsc)]. The Stern-Volmer quenching constant (Ksv) of 2,3 Hobitsc and [Cu(2,3bitsc)] was
calculated and found to be 9.6x10*M-! and 4.5x10° M, respectively (Table 4). As a result, the

speckled quenching in HSA fluorescence with addition of 2,3 Habitsc and [Cu(2,3bitsc)] may be
attributed to complex formation of 2,3 Hobitsc and [Cu(2,3bitsc)] with HSA.
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Figure 7.8.4.2: Stern-Volmer plots (Fo/F vs [ligand or complex]) for binding of HSA with ligand
2,3 Hobitsc (a) and complex [Cu(2,3bitsc)] (b)

Using modified Stern-Volmer (Equation-4), double logarithmic graphs were plotted to find
interaction of 2,3 Hzbitsc and [Cu(2,3bitsc)] with HSA (Figure 8) [187]. High affinity of Habitsc
and [Cu(2,3bitsc)] for HSA with binding constants (Kp) 2.59x10° M™! and 5.77x10 M
respectively was observed (Table 4). The number of binding sites (n) for 2,3 H:bitsc and
[Cu(2,3bitsc)] with HSA were confirmed by modified Stern-Volmer equation and found to be 1.10
and 1.25, respectively (Table 7.8.4.3, Figure 7.8.4.3).
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Figure 7.8.4.3: Modified stern-volmer plots {log(Fo-F)/F vs log [ligand or complex]} for binding
of HSA with ligand 2,3 Habitsc (a) and complex [Cu(2,3bitsc)] (b)
Table 7.8.4.3: Interaction of 2,3 Hobitsc and [Cu(2,3bitsc)] parameters for binding with HSA

Ligand or complex  Ksv (M?) R Kb (10° M) n aR
2,3 Habitsc 9.6x 10* 0.9744 2.59 1.10 0.9897
[Cu(2,3bitsc)] 45x105  0.9515 5.77 125  0.9826

2R is the correlation coefficient

7.9 Docking studies
In order to validate and explain the experimental findings, interactions of potent ligands 2,5bttsc-

N-Me (*H2L) with their copper complex [Cu(2,5bttsc-N-Me)] 26, and 2,3 Hqbitsc (*H2L) with
[Cu(2,3bitsc)] 28 has been examined by molecular modeling using Autodock 4.0. [46]. The

minimum binding energy obtained from docking of ?HzL ,*HzL and their copper complexes 26,
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28 with mycobacterium tuberculosis enoyl reductase is -5.8, -6.6, -7.6 and -8.7 and Kcal/mol
respectively. Results indicate that “H2L and its complex 28 displayed strongest binding with target.
From the binding energy data, it is clear that compounds 26 and 28 are strongly bound with M.
tuberculosis enoyl reductase vis-a-vis free ligands. A greater negative binding energy signifies a
more stabilized structure in the docked state for 26 and 28. This is in agreement with the same
order as found from the experimental results.

The detailed docking study of interactions between ligand ?Hz2L and its complex 26 with
mycobacterium tuberculosis enoyl reductase showed that the ligand ?HzL displayed interactions
(hydrogen bonding) with amino acid residue of oxygen atom (PRO156) (d = 2.00 A) of chain A.
Ligand ?HzL interacted with (PHE 149), (TYR158), (PRO193), and (MET199) amino acid
residues of chain A through hydrophobic and other interactions. The complex 26 unveiled
interactions with target through hydrogen bonding with amino acid residues of serine (SER 94) (d
=3.54 A), tyrosine (TYR 158) (d = 2.05 A), and (LYS 165) (d = 2.62 A) of chain (Figure 7.10.1).
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Figure 7.10.1: 3D representation of interactions of ligand 2HzL (a), and its complex 26 (b)

During the docking studies of “HzL with complex 28 the H-bonding interactions between oxygen
atoms of amino acid residues of (GLY 14 and GLY 96) (d = 2.59 A), (ILE15) (d = 2.49 A), and
(SER 94) (d = 2.39A) of chain A of mycobacterium tuberculosis enoyl reductase with “HaL were
observed. Apart from that, amino acid residues of (PHE 41), (VAL 65), and (ILE 95 and ILE122)
of amino acid residues of chain A also showed the hydrophobic interactions with of “HaL.
Complex 28 indicated hydrogen bonding interactions with the oxygen atoms of the chain A of
amino acid residues (GLY14 and GLY 96) (d = 2.29 and 3.48 A) and (SER 94) (d = 2.27A) along
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with other interactions with the amino acids (PHE 41), (VAL 65), and (ILE 95 and ILE 122).
(Figure 7.10.2).
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Figure 7.10.2: The interactions of the ligand “HzL (a and b) and its copper complex 28 (c and d)

with the enoyl reductase of Mycobacterium tuberculosis are shown in 3D and 2D, respectively.
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7.10 Conclusion: Reaction of Cu(ll) acetate with 'HoL-?HoL yielded complexes of

stoichiometry, [Cu(L)] 25-36 in molar ratiol:1. All compounds were characterized through FTIR,

Mass, UV-visible, and ESR spectroscopy. Ligands (*Hz2L-1?HzL), along with their corresponding

complexes (25-36), were scrutinized for anti-tuberculosis activity. The following conclusion has

been drawn from the results obtained:

1.
2.

All the complexes have m/z values in well agreement with proposed stoichiometry.
The presence of two different g values, gi and g, suggests axial symmetry for the
complexes. Furthermore, a higher g value compared to g. confirms the existence of free

electrons in the ground term d,2_ 2 within the square planar structure.

Empirical parameter ( f) for complexes 25-36 ranges from 134 to 148 cm, indicating a
square planar structure with slight distortion.

Anti-T.B activity of 2HzL and “HzL (MIC = 3.12, 50ug/ml) get enhanced on complexation
with Cu(Il) (MIC=1.6, 25ug/ml).

Molecular modelling studies with minimal binding energies -5.8 (*H2L), -7.6(*H2L), -6.6
(26) and -8.7 (28) Kcal/ mol, confirmed significant intermolecular interaction of these
compounds which also supports the experimental data.

Strong binding interactions with HSA was shown by ligand 2HzL, *“HzL and complex 26,28
with binding constant (4.24 x10°) M? and (4.92 x10°) M* and (4.90x10® M and
(6.09x10°) M1 indicates significant binding interaction with HSA, respectively.

The binding sites (n) for binding of ligand (?H2L) and complex (26) with HSA was found
to be 1.02 and 1.21, and for ligand (*H2L) and complex (28) with HSA was 1.10 and 1.25

respectively.
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CHAPTER 8
ZINC(11) COMPLEXES
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8.1 Discussion on Complexes of Zinc (11):

Reaction of Zinc acetate with ligands *HzL-2HzL molar ratio in 1:1 resulted in the formation of
complexes of stoichiometry, [Zn(L)] (L=1L-5L, 1°L-12_; 37-42, 46-48) and the complexes (43-45)
with substituted 2,5 piperazine bisthiosemicarbazone ("HzL-°HzL) of formula [Ni2(L).] give the

formation of dimer. The stoichiometry of complexes was confirmed by the binding ratio study

using job plot method. The binding ratio of representative ligand with *HzL:Zn(I1) came out as

1:1 by using the job plot method. The list of complexes formed is given in Table 8.1.1:

Table 8.1.1: Bisthiosemicarbazone complexes of Zinc(l1) 37-48

Sr. No.

Ligands

Complexes

1.

2,5thiophene dicarboxaldehyde
Bisthiosemicarbazone
(2,5 Habttsc, 'H2L)

< ////// \\\\ N

[Zn(2,5 bttsc)] 37

C
MeHN” s s? “NHMe

2,5thiophene  dicarboxaldehyde-N-

methyl bisthiosemicarbazone
(2,5 Hzbttsc -N-Me, 2HaL)

< /////// \\\\\\ N

[Zn(2,5 bttsc,N-Me)] 38

R

e
C c
PRHNT s sZ

<S //////I \\\\\\ N

[Zn(2,5 bttsc,N-Ph)] 39
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2,5thiophene  dicarboxaldehyde-N-
pheny! bisthiosemicarbazone
(2,5 Habttsc- N-Ph, 3HaL)

S
\\C'—NH2
N—NH
Qi
b \ NH,

\

2,3-isatin bisthiosemicarbazone
(2,3 Habitsc, “H2L)

< ////// \\\\\\ N

[Zn (2,3 bitsc)] 40

\\C—NHMe
/
/N—NH
Crd,
N \ NHMe
NH—

\

2,3-isatin-N-methyl
bisthiosemicarbazone
(2,3 Hzbitsc-N-Me, °H2L)

<S ////// \\\\\\ N

[Zn (2,3 bitsc-N-Me)] 41
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C——NHPh
N—NH
@LN
N \ NHPh
NH—

\

2,3-isatin-N-phenyl
bisthiosemicarbazone
(2,3 Habitsc-N-Ph)

< S ////,, \\\\\\ N

[Zn(2,3 bitsc-N-Ph)] 42

s
|

o LT

2,5-Piperazine bisthiosemicarbazone
(2,5 Habptsc, "HaL)

HoN

[Zn(2,5 bptsc)] 43

B
|

C

Ji j/ \ NTYR

2,5-Piperazine bis N-methyl

MeHN

thiosemicarbazone
(2,5 Hzbptsc N-Me, 8H2L)

NHMe
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[Zn(2,5 bptsc N-Me] 44

9 S NHPh
PhHN Ji j/ \ N en N/C\s
\
H /N ZZ\S
2,5-Piperazine bis N-phenyl / \
. . N A H N\N/
thiosemicarbazone i/ W N\S/
P9 L
(2,5 H2bptsc N-Ph, ®H2L) s— | S\
~/ ¢
|
S\C/N
/
PhHN
[Zn(2,5 bptsc N-Ph] 45
10. X N\
HsC | = CHs ,
| N | < e \\\\\\\
/N N\
HN NH
HZN/KS s)\NHQ [Zn(2,6 bdptsc] 46
2,6 Diacetyl pyridine
bisthiosemicarbazone
(2,6 Hzbdptsc, 1°HzL)
11. N N\
H3C | / CHj N
| N | < /////I’ \\\\\\\
N N<
HN NH
MeHN/KS S)\NHMe [Zn(2,6 bdptsc,N-Me] 47

2,6 Diacetyl pyridine bis N-methyl
thiosemicarbazone
(2,6 H2bdptsc N-Me, 1*H2L)

249



12. N
[ \

HiC = CH
3 | N | 3 < /////I/ \\\\\\ \N
~N N
HN NH
PhHN/gS s)\NHPh [Zn(2,6 bdptsc,N-Ph] 48

2,6 Diacetyl pyridine bis N-phenyl
thiosemicarbazone
(2,6 Hzbdptsc N-Ph, 1?HzL)

8.2 Binding studies: By Job Plot method

To confirm the structure of the complex (No. of binding sites) the representative ligand (2,5
bptsc,N-Ph) (°HzL) was selected for binding study with Zinc(I1) using UV-visible spectroscopy.
Synthesised (°HzL) has been explored for studies with the Zinc(Il) metal in order to find out the
binding ratio. The solution 0.4 mM of the probe (°H2L) was prepared in solvent DMSO, with the
goal of optimising the concentration level and see out how it senses. Metal salt solutions were
prepared with a concentration of 1 mM using the same solvent. To execute the UV-visible titrations
for the ion analysis, 32 equivalents of 1mM of zinc(l1) solution were successively added into
0.4mM of ligand (°H2L) solution. The results for the sample with 32 equivalents of each metal ion
in the compound solution are depicted in Figure 8.2.1. The comparative alteration in absorbance
maxima (An/Ao) upon sequential addition of 34 equivalents of Zinc(ll) ions is shown in Figure
8.2.2 (a).
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Figure 8.2.1: Absorbance noted with succeeding addition of 32 equivalents of 1mM Zinc(l1)
solution in the solution 0.4 mM of °HzL.

The ligand solution displayed absorption peak at 401nm along with a small shoulder peak at
425nm, corresponding to absorption intensities 1.06 and 0.91 respectively. Incremental addition
of metal solution to the ligand resulted in a hyperchromic shift [190, 206].There by confirming the
binding of the metal ions by the ligand.
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Figure 8.2.2: a) The Virtual change in absorbance peak; b) Linear calibration curve [Ao- An/Ao

Vs. (An/Ao) upon succeeding addition of 32 equivalent of concentration of Zn(l11)]
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The detection limit of Zn(Il) has been calculated using Linear calibration curve of Ao-An/Ao V5.
the concentration of Zn(ll) (Figure 8.2.2) and came out to be 0.447 uM, the binding ratio of
%H,L:Zn(ll) is 1 : 1 suggest the strong chelation of °H,L with Zinc(I1) [199].

8.3 IR Spectroscopy:

The important IR peaks of bisthiosemicarbazones and their Zinc(11) complexes are mentioned in
Table 8.3.1 and spectra are given in Figures 8.3.1-8.3.12. The v(N-H) bands in ligands *HaL-
12H,_ appeared in the range 3461-3204 cm™ which showed a slight low energy shift in complexes
(3408-3200 cm™). The bands due to —N2H — group observed in the range, 3190-3126 cm™in free
ligands. But on complexation this band gets disappeared in all the complexes (37-48) suggesting
deprotonation on complexation and coordination of bisthiosemicarbazone to metal centre in
dianionic form [175]. The bands of v(C=N) in the range, 1698-1594 cm™ in the ligands is shifted
to lower frequency in complexes 13-24 and appeared in the range 1666-1537 cm™. The specific
v(C=S) band observed in the range, 896-812 cm™ in 1H2L-12HzL which get shifted to lower energy
in complexes (37-48) and observed in the range, 781-714 cm™. Significant low energy shift of this
band indicates binding of bis- ligand in thiolate form [176].
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Ligands and Metal viNHz) | v(-NH-) | w(C=N) | v(C=C) |a(NHz) |uv(C=5)

complexes

(2.5 Habttsc, "H:L) 340%m, | 3155m  [1600:  [1383m  |1333s 836s
3277m

[Zn(bitsc)] 37 3408m, | - 15765 [1475m  [1396s 7815
3277m

(2.5 HabttseN-Me, THoL) 3155w [1504s 1462m |- 812s
3373m

[Zn(bttsc N-Me)] 38 - 15373 1508m |- 7415
3325m

(2.5 Hzbttsc N-Ph, *H;L) 3156w [1636:  [150d4w | 8033
1303m

[Znibttsc N-Ph)] 39 3334m, |- 1508s  [1436m | 7425
3200m

(2.3 H:bitse, “HaL) 3332m, [3156w  [|1698:  [1618w  |1384s 851z
325%m

[Znibitsc)] 40 - 15405 [1440m  |1280m  [749s
3226m

(2,3 Habitse-N'-Me, *HoL) [3461m, | - 1683z [1616m | 831z
3207m

[Zn(bitsc N-Me)] 41 - 16125  [1350m | 7435
1367m

(2.3 Hzbitse-N'-Ph) 3200m (173w [1683:  [1591m | 8275

Table 8.3.1: Significant IR peaks of bisthiosemicarbazones (*H2L—'?H2L) and Zinc(I1) complexes
(37-48)
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[Zn{bitse N-Ph)] 42 - 15973 1534m - 152z
3381m

(2,5 Habptsc, "HaL) 3356m, | 3166m  [1640s 15262 1512m | 893z
3253m

[£n(bptsc)] 43 330dm, | - 15823 1521m 1432m 153z
3220

(2.5 H:bptsc N-Me, *H:L) 3335m, |3197m 16423 1558s - 804z
328Tm

[Zn(bptsc,N-Me)] 44 3265m | 1533s 1427m - 14z

(2.5 H:bptsc N-Ph, *"H:L) |3301m | 3138w  |16309s, 1466m - L

[Zn(bpt=c,N-FPh)] 45 3305m, |- 16662 1457m - 137
3200m

(2,6 H:bdptsc, YH2L) 342 3m, J138mw | 1606 = 1513m 8273

3200m

[Zn(dptsc)] 46 343 Tm, - 1587 1471m 141%m s
3310m

(2,6H:bdptsc N-Me, ' HoL) (3450m, | 3190w | 1634s, | 1555m - 836z
3320m

[Zn{dptzc N-Me)] 47 3305m, |- 1380z 1528m - 745z
3250m

(2,6H:bdptsc N-Ph, “HiL) 3303m 3156 w | 1636s 1594m - 806z

[Znidptzc N-Fh)] 48 3260m | 1398m | 1489z - 151

*s= strong; m= medium and w= weak
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8.4 Mass Spectrometry:

The molecular ion peak [M]" observed are listed in Table 8.4.1 and spectra are given in Figures

8.4.1-8.4.12. All the complexes have m/z values in well agreement with proposed stoichiometry.
The parental ion peak in (m/z)* found at 393.29 amu (37), 413.26 amu (38), 521.13 amu (39),
365.02 amu (40), 429.03 amu (41), 528.04 amu (42), 329.20 amu (43), 357.01 amu (44), 477.08
amu (45), 372.00 amu (46), 400.03 amu (47), 524.06 amu (48) confirms the formation of

bisthiosemicarbazones.

Table 8.4.1: The m/z values (amu) derived from mass spectra and expected formula of complexes

37-48.
Sr. No. | Parent peak Expected formula for parent
(experimental mass) ion (m/z)*
1 393.29 [Zn(CsH10N6S3)] 37
2 413.26 [Zn(C10H14N6S3)] 38
3 521.13 [Zn(C20H16N6S3)] 39
4 365.02 [Zn(C10HsN7S2)] 40
5 429.03 [Zn(C12H13N7S,)] 41
6 528.04 [Zn(C22H17N7S2)] 42
7 329.20 [Zn(CeH12NsS2)] 43
8 357.01 [Zn(CsH16NsS2)] 44
9 477.08 [Zn(C18H20NsS7)] 45
10 372.00 [Zn(C11H13N7S2)] 46
11 400.03 [Zn(C13H17N7S2)] 47
12 524.06 [Zn(C23H21N7S,)] 48
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8.5 XRD studies:

X-ray diffraction (XRD) is a strong analytical technique for determining the atomic or molecular
structure of crystalline materials. The diffraction pattern formed by X-rays interacting with the
crystal lattice provides a lot of information about the material's structural features. When
electromagnetic radiation interacts with an ordered periodic structure, diffraction occurs. X-rays
are electromagnetic waves with extremely short wavelengths of a few angstroms (1 Angstrom
=0.1nm), equal to the distance between two successive planes in a crystal. The short wavelength
of X-rays reveals their tremendous energy value. Diffraction occurs when an electromagnetic wave
bends around the corners of an obstacle, as if the size of the aperture or obstacle matches the
wavelength of the wave. For diffraction to occur, the incident radiation's wavelength must match
the periodic structure's repeat distance. In crystalline substances, inter-atomic distances range from
1-10 Angstrom, making X-rays suitable for diffraction from the atoms. This characterisation
approach relies on constructive interference in cathode ray tubes, resulting in a monochromatic
stream of X-rays from the crystalline sample. X-ray diffraction (XRD) is a non-destructive method
for studying X-ray interactions with materials. Elastic diffusion, also known as Rayleigh diffusion,
is when a monochromatic X-ray beam interacts with an object and scatters in random directions
with the same energy as the input photons. This characterisation approach only applies to
crystalline or semi-crystallized materials. If the sample has a regular arrangement of atoms,
dispersed light will be oriented in specific directions based on X-ray wavelength, crystal lattice
dimensions, and orientation [220]. Bragg's condition states that constructive interference of rays
from planes results in a diffracted beam from a crystalline material. To determine the X-ray pattern

of a material, measure its intensity as a function of angle [26].

The powder X-ray diffraction patterns of the complexes were recorded in the range of 20
= 10-60° to obtain additional details regarding the crystalline structure of the metal-ligand
complexes. All the complexes showed strong sharp peaks in XRD graphs indicates crystalline
behaviour of the complexes (37-48). The powder XRD analysis of the complexes are shown in
Figures 8.5.1-8.5.10 and the XRD parameters of complexes 37-48 are given in Tables 8.5.1-8.5.10.
The diffraction of X-rays from crystalline planes is described by William H. and W. Lawrence

Bragg in their law known as Bragg's Law [221]. It clarifies the relationship between the
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wavelength used for X-rays and the angle at which a beam diffracts from a crystalline surface. The

interplanar spacing (d) can be calculated using (Equation -12) according to Bragg's rule [222].

d=-"2 (12)

25in6

where A = 1.5406 A denotes the X-ray wavelength, n is the diffraction peak order, and 0 is Bragg's
angle. The d-spacing values for the prepared samples acquired are given in Table 8.14.

To determine the average crystalline size, Debye-Scherer's (Equation -13) is used.

A
" Bcos(0)

Where, D is the Size of crystals, A is the X-ray wavelength, f = Full width at the diffraction peak's
half maximum, 0 stands for Bragg's angle. The crystal size, crystal system, space group and cell
parameters of complexes are given in Table 8.5.11.

The average crystal size of the complexes was calculated using the equation-13. The complexes
37-48 have different crystal sizes as 25.95 37, 53.74 38, 53.74 39, 0.993 41, 5.77 42, 8.2 42, 15.23
43, 16.65 44, 13.10 45, 42.34 46, 23.22 47, 38.96 48. It was observed that crystalline complexes
(37-39,43-48) has good crystal size as compared to amorphous complexes (40,42) and belongs to
different crystal system. The crystal structure of complexes can vary depending on the type of the
ligands (ionic, covalent, or m-acceptor), as well as their sizes and forms. Bulky ligands or ligands
with flexible binding sites can cause distortion in metal-ligand interactions and change how metal
complexes pack together. Bulky ligands, for example, may hinder close packing, resulting in more
open or asymmetrical crystal formations. Large ligands or substituents on ligands can cause steric
hindrance, pushing the complex to form a certain arrangement that may depart from ideal
geometry. Furthermore, Steric conflicts can change the relative orientation of molecules in the
crystal lattice, resulting in distinct unit cells and symmetries. The spectra of amorphous complexes
(40,42) are given after crystalline complexes.
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Table 8.5.1: XRD parameters of [Zn(bttsc,N-Me)] 37
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Figure 8.5.1: XRD Spectra of [Zn(bttsc)] 37

Table 8.5.2: XRD parameters of [Zn(bttsc,N-Me)] 38
T 11-1
1500 1 Peaks | 20 0 | Sin@ | d(Calcd) | dlobsd) | qk]
3 e 1. 12.28 |6.14 | 0.106 | 7.26 7.19 |10-1
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Figure 8.5.2: XRD Spectra of [Zn(bttsc,N-
Me)] 38
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Table 8.5.3: XRD parameters of [Zn(bttsc,N-Ph)] 39

Peaks | 20 0 | Sin0 | d(Calcd) | globsd) | hk]
1. 16.10 | 8.05 | 0.140 | 5.50 |5.49 | 002
2. 22.06 [ 11.03 | 0.191 | 405 |4.03 | 110
3. 33.57 | 16.78 | 0.288 | 2.67 | 2.68 | 004

Figure 8.5.3: XRD Spectra of [Zn(bttsc,N-Ph)]

39

Table 8.5.4: XRD parameters of [Zn(bitsc,N-Me)] 41

Figure 8.5.4: XRD Spectra of [Zn(bitsc,N-Me)]

41

RIS Peaks| 20 | © |Sin0 | dC¥d) [ desd [ hki
] 1. [1239] 619 [0107| 7.19 | 6.93 | 040
2 2. |16.38| 8.19 |0.142| 542 | 566 | 060
£ 3. 200210010173 | 445 | 442 | 113
4 |2210|11.05|0191| 403 | 401 | 006

1J A 5. | 2514 | 1257|0217 | 354 | 356 | 115

R 6. |27.08 | 1354|0234 | 329 | 328 | 173

7. |3339 1669|0287 | 268 | 268 | 200
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Figure 8.5.5: XRD spectra of [Zn(bptsc)] 43
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Figure 8.5.6: XRD spectra of [Zn(bptsc,N-Me)] 44

Table 8.5.5: XRD parameters of [Zn(bptsc)] 43

Peaks | 20 0 Sin@ | d(Calcd) | globsd) | K]
1. 22.91|11.45|0.198 | 3.89 | 3.87 | 201
2. 24.15 | 12.06 | 0.208 | 3.68 | 3.68 | 102
3. 26.91 | 13.45|0.232 | 3.32 | 3.29 | 011
4. 28.12 | 14.06 | 0.242 | 3.17 | 3.17 | 012
S. 35.41|17.70 | 0.304 | 253 | 2.52 | 300

Table 8.5.6: XRD parameters of [Zn(bptsc,N-Me)] 44

Peaks | 20 0 Sin@ | d(Calcd) | globsd) | hk]
1. 10.49 | 5.24 | 0.091 | 8.46 | 842 | 101
2 11.35| 5.67 | 0.098 | 786 | 7.78 | 111
3 2291|1145 |0.198 | 3.89 | 3.87 | 201
4. 2423 112111 0.209 | 3.67 | 3.66 | 211
5 28.14 | 14.07 | 0.243 | 3.16 | 3.17 | 202
6 35.41|17.70 | 0.304 | 253 | 2.52 | 300
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Table 8.5.7: XRD parameters of [Zn(bptsc,N-Ph)] 45

Peaks 20 0 Sin@ | d(Calcd) | dlebsd) | hk]
1. 1049 | 524 | 0.091| 846 | 842 | 101
2 11.35 | 567 [ 0.098| 786 | 7.78 | 111
3. 2415 | 12.06 | 0.208 | 3.68 | 3.68 | 102
4 28.12 | 14.06 | 0.242 | 3.17 | 3.17 | 012

Figure 8.5.7: XRD spectra of [Zn(bptsc,N-Ph)] 45
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Table 8.5.8: XRD parameters of [Zn(bdptsc)] 46

Figure 8.5.8: XRD Spectra of [Zn(bdptsc)] 46

Peaks | 260 0 Sin@ | d(Calcd) | gbsd) | hk]
1. 10.17 | 5.08 | 0.088 | 8.75 8.74 | -102
2. 12.31 | 6.15 | 0.107 | 7.19 | 7.10 | 021
3. 20.03 | 10.01 | 0.173 | 4.53 | 4.54 | 302
4. 2421 112.10 1 0.209 | 3.68 | 3.65 | 140
S. 2542112710220 | 350 | 3.50 | 331
6. 26.27 | 13.13 | 0.227 | 3.42 | 3.39 | 116
7. 28.19 | 14.09 | 0.243 | 3.16 | 3.16 | 126
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Figure 8.5.9: XRD Spectra of [Zn(bdptsc,N-Me)] 47

80

021

Table 8.5.9: XRD parameters of [Zn(bdptsc,N-Me)]

47
Peaks | 20 0 Sin@ | d(Caled) | g(obsd) | hik]
1. 1231 | 6.15 | 0.107 | 7.199 | 7.104 | 021
2. 18.47 | 9.23 | 0.160 | 4.81 4.88 | 114
3. 20.03 | 10.01 | 0.173 | 4.53 4.54 | 302
4. 24.21|12.10|0.209 | 3.68 | 3.65 | 140
5. 2542 (12.71|0.220 | 3.50 | 3.50 | 331
6. 26.27 | 13.13 | 0.227 | 3.42 | 3.39 | 116
7. 28.19 | 14.09 | 0.243 | 3.16 | 3.16 | 126

Table 8.5.10: XRD parameters of [Zn(bdptsc,N-Ph)] 48

Peaks | 20 0 | Sin® | dCacd [ gobsd [kl

2 o0 te 1. 1231 | 6.15 | 0.107 | 7.199 | 7.104 |021

5 " 2. 1847 | 9.23 | 0.160 | 4.81 | 4.88 |114
LI 3. 2003 | 10.01 | 0.173 | 453 | 454 |302

| I B R 4, 2421 | 12.10 | 0.209 | 368 | 3.65 | 140
NN WMJ—MW 3 2542 | 12.71 | 0220 | 350 | 350 |33l

T e 6. 2627 | 1313 | 0227 | 3.42 | 3.39 |116

Figure 8.5.10: XRD Spectra of [Zn(bdptsc, N- 5 28.19 | 14.09 ] 0243 | 316 | 316 | 126

Ph)] 48
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Figure 8.5.11: XRD Spectra of [Zn(bitsc)] 40

Table 8.5.11: Crystal system, crystallite size, space group and cell parameters of complexes
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Figure 8.5.12: XRD Spectra of [Zn(bitsc,N-Ph)]

42

(37-48)

Complex | Crystal system | Crystallite size | Space group Cell
No. (nm) parameters(A)
37 Triclinic 25.95 P-1(2) a=2.95390

b= 4.84300
c=5.58800
38 Monoclinic 53.74 P-121/m 1 (11) | a=13.36500
b=5.09700
c=6.63800
39 Tetragonal 7.96 I 4/m m m(139) | a=5.49300
c=10.97000
40 Hexagonal 10.99 P-31m (162) | a=6.64000
c=39.75000
41 Orthorhombic 5.77 Fmmm(69) |a=5.36710
b= 33.97190
c=24.07220
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42 Monoclinic 8.2 a=6.19647
Pnma(62) |- g 74909

c=6.22045

43 Hexagonal 15.23 P 63 mc (186) | a=5.47000
c=8.92000
44 Cubic 16.65 P4132(213) |a=6.93520 A
45 Hexagonal 13.10 P 63 mc (186) | a=5.47000
c=8.92000
46 Monoclinic 42.34 P12/c1(13) |a=13.06020
b= 12.07450
c=15.71140
47 Monoclinic 23.22 Plc1(7) a= 15.05020
b= 15.05450
c=21.51140
48 Monoclinic 38.96 P12/c1(13) |a=10.02000
b=11.50100
c=16.28600

8.6 Anti-tuberculosis activity:

All the ligands (*Hz2L-*2H2L) and their Zinc(ll) complexes (37-48) were evaluated and is given in
Table 8.6.1 [179]. No particular structure-activity relationship has been observed. The anti-T.B
activity of ligands generally gets enhanced upon complexation. It was found from the experimental
data that the activity of ligand 2,5 Hzbttsc N-Ph (3HzL), and 2,5 Hz2bptsc ("HzL) has no change
on complexation and exhibited maximum anti-T.B activity (MIC = 1.6ug/ml), even same to
standard drugs Rifampicin or Streptomycin (MIC = 1.6ug/ml). The anti-TB activity of ligands
HaL, 2H2L, 2H2oL (MIC = 6.25 *H2L; 3.12 2HaL, 12.5 ?HoL pg/ml) didn’t get enhanced on
complexation with Zinc(Il) (MIC = 25 37; 12.5 38; 50 12 pg/ml). Whereas, the anti-TB activity
of ligands *HaL, SHzL, (MIC=50 *H.L,*°H,L,**H2L ;100°HL ;100 ®H2L ;3.12 8H2L °HaL ; pg/ml)
gets enhanced upon complexation (MIC = 12.5 40, 47; 25 41,46; 1.6 42; 0.8 44,45 pg/ml).
Chelation of ligand with cobalt (I1) may have resulted in increase of its retention time on bio-

membrane to allow longer interaction at target site. The possible interactions of ligand as well as
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complexes have been studied using molecular docking for most potent ligand 2,5 Hzbptsc ("HzL)

and its [Zn(2,5 bptsc)] 43 complex.

Table 8.6.1: Anti-T.B activity of bisthiosemicarbazones (*Hz2L-?HzL) and complexes (37-48)

MIC (ng /mL)
5. No Compound 100 50 o125 | 625 | 312 16 | 08

1. | 2.5 H:bttsc (*"H:L) 5 3 2 5 3 R R

2. | [Zn(2,5 bitzc)] 37 5 8 5 R E R R R

3. | 2,5H:bttsc N-Me (*H:L) | S 5 5 5 5 5 5 R

4 | [Zn(2,5 bitsc N-Me)] 38 | 5 5 5 5 R R E R

5. | L5 H:bttse N-Ph *HiL) | S ! 5 5 5 5 5 R

6. | [Zn(2,5 bitsc N-Ph)] 39 5 5 5 5 5 5 5 R

7. | 2.3 Hzbitse (*H:L) 5 8 R R E R R R

8 | [Zn(2,3 bitse )] 40 5 5 5 5 R R E R

& | 2,3 Hibitse-N"-Me 5 R R E R R E R
(*H2L)

10, | [Zn(2,3 bitsc-N1-Me)] 5 5 5 E R R E R
41

11. | 2.3 H:bitsc-N"-Ph 5 E R R E R R R
(*H:L)

12. | [Zn(2,3 bitse-N-Ph)] 42 | S 8 5 5 8 5 5 R

13. | 2,5 H:bptsc ("HaL) 5 3 g ! 3 5 5 R

14, | [Zn(2,5 bptsc )] 43 5 5 5 5 5 5 5 5

15. | 2,5 H:bpise, N-Me 5 5 5 5 5 5 E R
(*H2L)

16. | [Zn(2,5 bptsc, N-Me)] 5 8 5 5 8 5 5 5
44

16. | 1,5 H:bptse, N-Ph 5 8 5 5 8 5 R R
(*H:L)

17. | [Zn(2,5 bptse, N-Ph)] 45 | S 3 5 5 3 5 5 8

19 | 2,5 H:bdptsc (\"H:L) 5 5 R E R R E R
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20. | [Zn(2.5 bdptsc)] 46 HEE 5 R | R| R| R | R

21. | 2,5 Hibdptsc, N-Me s| s R | R | R | R | R | R
(UH,L)

22. | [Zn(2.5 bdptsc, NMe)] | S HE S R | R | R | R
47

23_ | 2.5 Hibdptsc, N-Ph S| s 5 S R | R | R | R
(ZH;L)

24. | [Zn(2.5 bdptsc, N-Ph)] | S S| R | R | R | R | R | R
18

8.7 Human Serum Albumin binding studies:

Interactions of HSA with most potent ligand 2,5 Hz2bptsc, N-Ph (°HzL) and its complex [Zn(2,5
bptsc, N-Ph)] 45 has been studied through UV-visible spectroscopy.

8.7.1 UV-visible spectroscopic study

Interactions of HSA with ligand 2,5 Hzbptsc, N-Ph (°HzL) and its complex [Zn(2,5 bptsc, N-Ph)]
45 has been studied using UV-visible absorption of HSA (74M) in the absence and incremental
additions of °HzL (0-5 uM) and 45 (0-6 uM). UV-visible spectrum of HSA gives absorption peak
at 280 nm). Significant, increase in absorbance at 280 nm of HSA (57% for ligand °HzL and 48%
for 45 on elevated ligand concentrations °H2L and complex 45 showed agitations in the
microenvironment of protein’s chromophores due to the interaction of HSA with ligand and its
complex. The binding constants for interactions of the ligand-HSA and complex-HSA system were
calculated using Equation-2 (Benesi-Hildebrand) [195] and initiated to be (3.13x10°) M and
(9.34x10°) M, respectively (Figure 8.7.1.1). The strong binding affinities (high binding constant)
indicate the effective transport of ligand °HzL and complex 45 to their target sites.
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Figure 8.7.1.1: UV-visible absorption of HSA with incremental additions of ligand 2,5
Hzbptsc,N-Ph (a) and [Zn(2,5 bptsc,N-Ph)] (b)
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Figure 8.7.1.2: Benesi-Hildebrand plot {Ad/(A-Ao) vs. 1/[ligand or complex]} for binding
studies of HSA with ligand 2,5 Hzbptsc,N-Ph (a) and [Zn(2,5 bptsc, N-Ph)] (b)

8.8 Docking studies:

The interactions of the potent ligand 2,5 Hobptsc, N-Ph (°H2L) and their Zinc complex
[Zn(2,5bptsc,N-Ph)] 45 have been studied by molecular modelling using Autodock 4.0 in order to
corroborate and explain the experimental results [46]. Docking of ligand 2,5 Hobptsc,N-Ph and
their Zinc complex [Zn(2,5bptsc,N-Ph)] with mycobacterium tuberculosis enoyl reductase yielded
minimal binding energies of -9.1 and -12.4 Kcal/mol, respectively. The results show that the
strongest binding with the target was exhibited by (°HzL) and its complex 45. It is evident from
the binding energy statistics that complexes 45 gets more firmly bound in comparison to free

ligands with mycobacterium tuberculosis enoyl reductase. For complex 45 a higher binding energy
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(negative) denotes stable structure in the docked state. This corresponds to the same order as the
experimental data showed.

The docking analysis of interactions between ligand (°H2L) and its complex 45 with
mycobacterium tuberculosis enoyl reductase revealed that the ligand (°H2L) had interactions
(hydrogen bonding) with oxygen atom of amino acid residue of (LYS 164) (d = 3.022 A), and
(GLY95) (d =3.07, 2.48 and 2.64 A) and (SER 93) of chain A. The ligand °HzL interacts with
amino acid residues (PHE148 and PHE 40), (PHE148), (ILE 121 and ILE94), of chain A via
hydrophobic and other interactions. The complex 45 interacts with the target by hydrogen bonding
with (TYR 158) (d = 2.63 A), and (GLY 96) (d = 2.66 and 2.79 A) amino acid residue of chain A.
The complex 45 also interacts with amino acid residues (ILE 122), (MET 199 and MET 147),
phenylalanine (PHE 97 and PHE 41), (ILE 95) and (ALA 191) amino acid residues of the chain A
via hydrophobic and other interaction (Figure 6.8.1)

PHE40

/

\
/ \
7 .,
’ %LMSH
\V&»ﬁm

(@) (b)
Figure 6.8.1: 3D representation of interactions of ligand °HzL (a) and its complex 45 (b) with
mycobacterium tuberculosis enoyl reductase

280



8.9 Conclusion: Reaction of Zinc(ll) acetate with HaoL-?HzL yielded complexes of

stoichiometry, [Zn(L)] 37-48 in molar ratio 1:1. All the compounds were characterized using
FTIR, Mass, U.V visible and XRD studies. Ligands *HzL-2HzL, along with their complexes (37-

48), were subjected to evaluation for anti-tuberculosis activity. The following conclusion has been

drawn from results obtained:

1.
2.

All the complexes have m/z values in well agreement with proposed stoichiometry.

It was observed that crystalline complexes (37-39,43-48) has good crystal size as
compared to amorphous complexes (40-42) and belongs to different crystal system.

The anti-T.B activity of ligands generally get enhanced upon complexation. It has been
observed that with the increase of hydrophobicity of ligand due to substituent present at N*
atom, mostly the anti-TB activity gets increased. Also, the anti-TB activity of °HzL (MIC
= 3.12pg/ml) get more enhanced-on complexation with Zn(11) 45 (MI1C=0.8ug/ml).

Low binding energy obtained from molecular modelling (-9.1) *HzL, (-12.4) 1 Kcal/ mol,
indicate strong interaction, which also supports the experimental data.

The ligand °HzL and complex (45) exhibited highest value of binding constant i.e., (3.13x
10°) Mtand (9.34 x 10°) M7, respectively and showed strong binding interactions with
HSA.
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Conclusion and Future look:

Bisthiosemicarbazones emerges as an important category of N, S- donor ligands due to their
variable bonding modes and various biological activities. All known bisthiosemicarbazones in
each category are compiled, and they are categorised based on the linkage between two thio-
moieties. It has been explored how the coordination chemistry of bisthiosemicarbazones with
transition and representative elements work together. By choosing a different aldehyde or ketone
to produce the ligand, coordination chemistry can be further investigated. The denticity of the
ligand can be changed by changing the bond between two thio- moieties. In most circumstances,
all of the donor atoms bond to a single metal ion to form mononuclear complexes. However, in a
small number of cases, binding of one arm of the bisthiosemicarbazone with one metal and the
second arm with a second metal is seen, which results in the creation of dinuclear complexes.
Polynuclear complexes of bisthiosemicarbazone are not common. The primary purpose of
studying bisthiosemicarbazones and their complexes is to determine their anticancer properties.
since they are able to permeate the cell lines semi-permeable barrier. By altering the substituents
on the C-C backbone or the amino nitrogen of either or both arms, a structure-activity link can be
established. Any component that increases the lipophilicity of the ligands can boost its anticancer
activity. The terephthaldehyde bisthiosemicarbazone palladium complex has demonstrated strong
catalytic activity for the aryl chloride and olefin Mizoroki-Heck cross-coupling reaction,
suggesting that it may function as a homogeneous catalyst and serve as a useful platform for further
research. Reaction of cobalt (I1) acetate with *HzL-'2HzL in molar ratio in 1:1 yielded complexes
of stoichiometry, [Co(L)] 1-12. Each complex was characterized by means of FTIR, Mass, U.V
visible and ESR spectroscopy. Ligands (*HzL -*2H2L) and their corresponding compounds (1-12)
were assessed for their anti-tuberculosis efficacy. All the complexes have m/z values in well
agreement with proposed stoichiometry. In ESR spectroscopy, a greater g; value compared to g.

confirms the presence of free electrons in the ground state d,2_,. orbital within a tetrahedral

structure. The anti-T.B activity of ligands generally get enhanced upon complexation. It has been
observed that the anti-tuberculosis activity generally increases with the hydrophobicity of the
ligand, which is influenced by the substituents present at the N* atom. The anti-TB activity of *HaoL
(MIC = 6.25ug/ml) get more enhanced on complexation with Co(ll) 1 (MIC=1.6ug/ml). However,
it has been observed that certain ligands are better than others or respective metal complexes. The

anti-TB activity of compounds (ligands/complexes) depends upon number of factors like i) the
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increase in the stability of complexes due to chelation of metal by ligands; ii) increase in
hydrophilicity of ligands and iii) increased time of interaction between complex and target site
thus sometime variation in the anti-TB activity within ligands or ligand and metal complexes were
observed. The ligand *HzL and complex (1) were also evaluated for protein binding interaction
and exhibited highest value of binding constant i.e., 7.14x10° M and 15.07x10° M and showed
strong binding interactions with HSA. The binding sites (n) for the binding of ligand (*HzL) and
complex (1) with HSA obtained from modified Stern-Volmer equation were found to be 1.21 and
1.37. Furthermore, the binding interaction of ligand with Co(ll) was supported by molecular
modelling low binding energy obtained (-5.8) HaL, (-6.68) 1 Kcal/ mol, indicate strong
interaction, which also supports the experimental data. Reaction of Nickel (1) acetate with *HaL-
12H,L in molar ratio 1:1 yielded complexes of stoichiometry, [Ni(L)] 13-24. Each complex was
characterized by means of FTIR, Mass, UV-Visible, and ESR spectroscopy. The ligands (*HzL-
12H,1.) and their respective complexes (13-24) were assessed for their anti-tuberculosis activity.
All the complexes have m/z values in well agreement with proposed stoichiometry. The magnetic
moment found experimentally was in the range of 2.8-4.62 B.M for complexes (13-24) confirms
the tetrahedral geometry. The anti-T.B activity of ligands generally get enhanced upon
complexation. Also, the anti-TB activity of °H.L. (MIC = 50ug/ml) get more enhanced-on
complexation with Ni(ll) 34 (MIC=12.5ug/ml). The ligand °H2L and complex (34) exhibited high
binding interactions with HSA having highest value of binding constant i.e., (6.4 x 10°) M and
(5.2 x 10°) M respectively. Substantial intermolecular interactions of these compounds were
observed, with minimal binding energy being achieved (-6.4) °HzL, (-7.0) 34 Kcal/ mol by
docking studies, indicate strong interaction which also supports the experimental data. Reaction
of copper(ll) acetate with HzL-'?HzL in molar ratio 1:1 yielded complexes of stoichiometry,
[Cu(L)] 25-36. Each complex of this series was characterized using FTIR, Mass, U.V visible and
ESR spectroscopy. Ligands (*HzL -*2HzL) and their complexes (25-36) were assessed for anti-
tuberculosis activity. All the complexes have m/z values in well agreement with proposed
stoichiometry. All complexes exhibit two distinct g values: gi ranging from 2.48 to 2.15 and g.
ranging from 2.14 to 2.09, suggesting axial symmetry. The dominance of g; over g. confirms the

presence of free electrons in the ground term d,z_,2 within a square planar structure. Ligands

(*HzL — ?HzL) and their complexes (25-36) were also evaluated for anti-tuberculosis activity.

Also, anti-T.B activity of ?HzL and *HzL (MIC = 3.12, 50pg/ml) get enhanced on complexation
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with Cu(ll) (MIC=1.6, 25ug/ml). Substantial intermolecular interaction of compounds was
revealed by molecular modeling studies with least binding energy -5.8 (*HL), -7.6(*HzL), -6.6
(26) and -8.7 (28) Kcal/ mol, which also are in support of our experimental data. The ligand 2HzL,
“H.L and complex 26,28 having highest values of binding constant i.e., (4.24 x10°) M and (4.92
x10%) M and (4.90x10% M and (6.09x10°) M indicates significant binding interaction with
HSA, respectively and showed high binding interactions with HSA. The binding sites (n) for the
binding of ligand (?H2L) and complex (26) with HSA was found to be 1.02 and 1.21, and for ligand
(*Hz2L) and complex (28) with HSA was 1.10 and 1.25 respectively. Reaction of Zinc(lIl) acetate
with HzL-12HaL in molar ratio 1:1 yielded complexes of stoichiometry, [Zn(L)] 37-48. Each of
the complex of this series was characterized by means of FTIR, Mass, U.V visible and XRD
studies. The ligands (*H2L-'2HzL) and their complexes (37-48) were assessed for anti-
tuberculosis. All the complexes have m/z values in well agreement with proposed stoichiometry.
It was observed that crystalline complexes (37-39,43-48) has good crystal size as compared to
amorphous complexes (40-42) and belongs to different crystal system. The anti-T.B activity of
ligands generally get enhanced upon complexation. It has been observed the anti-TB activity of
®HzL (MIC = 3.12ug/ml) get more enhanced-on complexation with Zn(ll) 45 (MIC=0.8ug/ml).
Low binding energy obtained from molecular modelling (-9.1) *H:L, (-12.4) 1 Kcal/ mol, indicate
strong interaction, which also supports the experimental data. The ligand °HzL and complex (45)
exhibited binding constant of (3.13x 10°) M and (9.34x10°) M and exhibited high binding
interactions with HSA.
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