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[ Preface ]

Thiosemicarbazones have emerged as an important class of ligands
over a period of time, for a variety of reasons, such as variable donor
properties, structural diversity, and biological applications. The
structural  diversity of thiosemicarbazide-based compounds is
considerably increased not only due to the condensation of the different
carbonyls but also due to the alkylation of the different parts of the
thiosemicarbazide moiety. These ligands can therefore provide a non-
reducing source of anionic sulfur and also due to residual multiple
bonding between C and S, the tendency for the sulfur to bridge metal
ions is substantially less compared to thiolate. The ability of this class of
ligands to act a source of ‘masked thiolate’ is one of the contributing
factors to their ability to act as highly versatile donors towards a range of
metal ions. Interesting as the coordination chemistry may be, the driving
force for the study of these ligands has undoubtedly been their biological
properties and the majority of the 3000 or so publications on

thiosemicarbazones since 2000 have alluded to this feature.

Coordination chemistry of a number of metals has been
investigated, and a wide variety of complexes have been reported.
Thiosemicarbazides first appeared in the literature in the late 1800s and
thiosemicarbazones were reported as potential derivatisation agents for
ketones and aldehydes in the 1900s. Thiosemicarbazone complexes
have shown interesting biological properties such as anticancer,
antibacterial, antifungal, and antiviral owing to their property to diffuse
through the semipermeable membrane of the cell lines. Due to the
tendency of thiosemicarbazone ligands to form complexes with metals,
analytical applications have also been observed. The low cost of
thiosemicarbazones as well as their easy preparative methods could
provide a major attraction for the development of analytical reagents for

a range of applications in future.



In order to pursue the interesting coordinating properties of
thiosemicarbazones, complexes with different types of ligand
environments are essential. So in the present work we chose two different
ONS and NNS donor thiosemicarbazones as principal ligands.
Introduction of heterocyclic bases like 1,10-phenanthroline, 2,2'-
bipyridine, 4,4'-dimethyl-2,2'-bipyridine and 5,5'-dimethyl-2,2'-bipyridine
and anions like azide, thiocyanate, chloride, iodide and thiocyanato, the
classical N,N donor ligands leads to the syntheses of mixed ligand
complexes which can cause different bonding, spectral properties and
geometries in coordination compounds. The molecular structures of these
thiosemicarbazones were established by single crystal X-ray diffraction
studies. The metals selected for the preparation of the complexes are
vanadium, nickel, copper, zinc and cadmium. The crystal structures of

five of the complexes were studied through single crystal XRD.

The thesis is divided into seven chapters. Chapter 1 involves a
brief overview to thiosemicarbazones and their metal complexes,
bonding and coordination strategy of thiosemicarbazones and their
various applications. The objectives of the present work and the various
physicochemical methods adopted for the characterization of the
thiosemicarbazones and their complexes are also discussed in this
chapter. Chapter 2 describes the syntheses of two new aldehyde based
ONS donor thiosemicarbazones and two ketone based NNS donor
thiosemicarbazones, their characterization by elemental analyses, mass,
FT-IR, UV-Vis and '"H NMR spectral studies. X-ray quality single
crystals of all ligands were grown and their molecular structures were
established by single crystal X-ray diffraction studies. Chapters 3-7
discuss the syntheses and characterization of oxido/dioxidovanadium
(IV/V), nickel(Il), copper(Il), zinc(Il) and cadmium(Il) complexes
derived from the thiosemicarbazones under study. A brief summary and
conclusion of the work is also included in the last part of the thesis.
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Chapter 1

THIOSEMICARBAZONES AND THEIR METAL
COMPLEXES - A BRIEF OVERVIEW

1.1 Introduction
1.2 Thiosemicarbazones

N 1.3 Bonding and coordination nature of thiosemicarbazones
N 1.4 Importance of thiosemicarbazones

N 1.5 Objectives of the present work,

1.6 Physical measurements

1.1 Introduction

The field of inorganic chemistry is very broad and diverse. By an
old definition, inorganic chemistry was the chemistry of non-living
things, as opposed to organic chemistry, which was assumed to deal with
carbon-containing compounds which make up a large part of the living
world. Nowadays areas as diverse as nanomaterials, metals in biological
systems, compounds with interesting and useful magnetic and spectroscopic
properties, precursors for electronic materials and others all fall within
the designation of inorganic chemistry. In fact, our everyday life could
not be thought of without large contributions from inorganic chemistry.

Most catalysts utilized in organic chemistry are metal-based. Life on

Transition metal complexes of ONS and NNS donor thiosemicarbazones: Crystal structures and spectral studies “



Chapter 1

earth would not be possible without the metals in biological systems,
such as iron in haemoglobin which has a pivotal role in oxygen transport,
and the metal ions at the center of enzymes which help to regulate several

biological processes.

Coordination chemistry is a part of inorganic chemistry deals with
the study of complexes. Coordination compounds are the backbone of
modern inorganic and bio-inorganic chemistry and chemical industry.
These compounds are very important in day to day life. The ligand
attached to it, is important, and the geometry of the complexes are studied
under inorganic chemistry. Inorganic compounds have been used in
medicine for thousands of years, often without a known molecular basis
for their mechanism of action, and with little attempt to design them. The

design of coordination (metal) complexes is not an easy task.

Coordination compounds are a class of substances with chemical
structures in which a central metal atom is surrounded by nonmetal
atoms or groups of atoms, called ligands, joined to it by chemical bonds.
Coordination compounds include such substances as vitamin By,
hemoglobin, and chlorophyll, dyes and pigments, and catalysts used in
preparing organic substances. Coordination compounds are important for
at least three reasons. First, most of the elements in the periodic table are
metals, and almost all metals form complexes, so metal complexes are a
feature of the chemistry of more than half the elements. Second, many
industrial catalysts are metal complexes, and such catalysts are steadily
becoming more important as a way to control reactivity. A technological

and scientific development of major significance was the discovery in
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1954 that certain complex metal catalysts namely, a combination of
titanium trichloride, TiCl; and triethylaluminum, Al(C,Hs); bring about
the polymerizations of organic compounds with carbon-carbon double
bonds under mild conditions to form polymers of high molecular weight
and highly ordered (stereoregular) structures. Some of these polymers are of
great commercial importance because they are used to make many kinds
of fibres, films, and plastics. Perhaps the earliest known coordination
compound is the bright red alizarin dye first used in India and known to the
ancient Persians and Egyptians. It is a calcium aluminum chelate complex
of hydroxyanthraquinone. The first synthesis of a complex is ascribed to the
German physicist and alchemist Andreas Libavius (1540-1615). Around
the year 1600 he obtained blue [Cu(NHs)s]*" from NH4Cl, Ca(OH),
and brass in water. The modern theory of coordination chemistry is
based largely on the work of Alfred Werner (1866—1919; Nobel Prize in
Chemistry in 1913) [1].

The applications of coordination compounds are of great importance.
These compounds are widely present in the mineral, plant and animal
worlds and are known to play many important functions in the area of
analytical chemistry, metallurgy, biological function system, industry

and medicine.

1.2 Thiosemicarbazones

Thiosemicarbazones and their metal complexes are a broad class of
biologically active compounds [2]. Mixed-ligand complexes of transition
metals containing ligands with N, S and N, S, O donors are known

to exhibit interesting stereochemical, electrochemical, and electronic
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properties [3-5]. Thiosemicarbazones have emerged as an important class
of sulfur ligands particularly for transition metal ions. The real impetus
towards developing their coordination chemistry was due to their

physicochemical properties [6,7] and significant biological activities [8,9].

Thiosemicarbazones are thiourea derivatives and the studies on
their chemical and structural properties have received much attention
due to the widespread application in the chemotherapeutic field. In
view of fact that these compounds form complexes with many metals they
are of special interest to coordination chemists. Thiosemicarbazones are
prepared by the condenzation of thiosemicarbazides with aldehydes or

ketones in the presence of a few drops of glacial acetic acid.

Thiosemicarbazones with general formula R'R*C=N-NH-
C(S)-NR’R* usually react as chelate with transition metal ions by
bonding through the sulfur and hydrazinic nitrogen atoms in ligands.
The group N—C=S is of considerable chemotherapeutic interest and is
responsible for pharmacological activity. Thiosemicarbazones are versatile
ligands in both neutral (HL) and anionic forms (L ). They are extensively
delocalized systems, especially when aromatic radicals are bound to the
azomethine carbon atom. The R' and R? groups may provide additional

donor atoms and R* and R* are the N* substituents.

1.3 Bonding and coordination strategy of thiosemicarbazones

Thiosemicarbazones exist in thioamido form in solid state and in
solution, they tend to exist as an equilibrium mixture of thioamido and

thioiminol forms.
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Complexation usually takes place via dissociation of the acidic
proton, resulting in the formation of a five-membered chelate ring.
Thiosemicarbazones act as a neutral bidentate ligand, while the loss of
the thiol proton from thioiminol tautomer yields a singly charged
bidentate ligand. Therefore, depending upon preparative conditions
(especially pH), the complex unit can be cationic, neutral or anionic.
However, most investigations of metal thiosemicarbazone complexes
have involved ligands in the neutral form, while definitive data on the
complexes containing thiosemicarbazone in the thioiminol form are
generally lacking. Furthermore, it is possible to isolate complexes
containing both tautomeric forms of the ligand. Ablov and Gerbeleu [10]
explained that formation of such mixed-ligand tautomeric complexes is
promoted by the central metal ion and is generally accompanied by
oxidation of the central metal ion. The thiosemicarbazide molecule itself
exists in the trans configuration [11], and while complexing in this
configuration, it behaves as a monodentate ligand, bonding only through the

sulfur atom. In most of the complexes studied, the thiosemicarbazone
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function coordinates to the metal ion in the cis configuration, as a
bidentate ligand bonding both through the thioamide/thioiminol sulfur
atom and the hydrazine nitrogen atom in a bidentate manner. When an
additional coordinating functionality is present in the proximity of the
SN donating centers, the ligands are found to act as tridentate species.
The stereochemistry adopted by thiosemicarbazone ligands while
interacting with transition metal ions depends essentially upon the
presence of additional coordination centre in the ligand moiety and the
charge on the ligand, which in turn is influenced by the thioamido-
thioiminol equilibrium. Many thiosemicarbazones are crystalline solids
used for identification of the corresponding aldehydes or ketones [12].
However, these small molecules (compared to peptides) have interesting

biological activities.

A number of bonding modes have been observed for the

thiosemicarbazones in their neutral or anionic forms.

1.3.1 Bonding modes in neutral form

In neutral form, the binding occurs via only S atom in n'-S
(D), p*-S (1), n°-N°, S-chelation (III), n>-N°, S-chelation and S-bridging
(IV) modes. However, if the substituent at C* has a donor atom, and
engages in bonding, the additional bonding modes observed are, n°-X, N°,
S-chelation (V), n°-X, N°, S-chelation and S-bridging (VI) and n’-X, N°,
S-chelation and X-bridging (VII) (eg. X =N, O) [13-22].
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1.3.2 Bonding modes in anionic form

The modes (I-VII) shown by the neutral ligands are also exhibited
by the anionic ligands, viz. n'-S, p>S, n>-N°, S-chelation, 1n*-N°,
S-chelation and S-bridging, n3—X, N3, S-chelation, n3—X, N3, S-chelation-
cum-S-bridging and 1’-X, N°, S-chelation and X-bridging [23-29]. In
addition, n°-N?, S (VIII) and n*-N?, S-bridging (IX) modes are identified
[30,31]. A rare example of pentacoordination (X) by a thiosemicarbazone

ligand has also been reported [32].
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1.3.3 Bonding modes of bis-thiosemicarbazones

Bis-thiosemicarbazones can bind in neutral as well as anionic
forms using their both arms. The common coordination modes are (XI)
and (XII) depending on the participation of the central ring connecting

the two arms [33-35].
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1.4 Importance of thiosemicarbazones

Thiosemicarbazones and their metal complexes present a wide
range of applications that stretch from their use in analytical chemistry,
through pharmacology to nuclear medicine [36-39]. The presence of
amide, imine and thione groups makes them potential polydentate ligands
[40] and it is not surprising that numerous thiosemicarbazone complexes
have been prepared and characterized [41]. In addition, in the last few
years, there has been a growing attention towards thiosemicarbazones
related to their range of biological properties, specifically as antifungal,

antiviral, antibacterial and anticancer agents [42-50].

1.4.1 Biological applications

1.4.1a Antifungal and antibacterial properties

Copper(Il) complexes of 2—acetylpyridine—N4 -substituted
thiosemicarbazones are found to be more active in the growth inhibition
of the fungus Paecilomyces variolii at higher concentrations than
nickel(IT) complexes [51]. The copper complexes of 2-furan carbaldehyde
thiosemicarbazone were the most active against all strains, including
dermatophytes and phytopathogenic fungi and presented good activity
against Haemophilus influenzae, a very harmful bacterium to humans

[52].

1.4.1b Anticancer properties

The development of novel anticancer agents is an important field
of current drug discovery. Novel ligands namely di-2-pyridyl ketone,
4-cyclohexyl-4-methyl-3-thiosemicarbazone and 2-benzoylpyridine
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thiosemicarbazone show potent anticancer activity without mediating
cardiotoxicity [53]. Copper complexes derived from a great variety of
ligands, such as thiosemicarbazones, imidazoles, and phosphines, have

been proposed as potential anticancer agents [54].

1.4.2 Analytical applications

Only a few phenyl thiosemicarbazones have been synthesised and
used as chromogenic reagents for the spectrophotometric determination of
metal ions. Renewed interest in the synthesis of phenyl thiosemicarbazones
is due to their sensitive reactions with metal ions and the easy extractability

of metal - phenyl thiosemicarbazone complexes into organic solvents [55].

N-Ethyl-3-carbazolecarboxaldehyde-3-thiosemicarbazone is used
as chelating agent for the simultaneous removal and trace determination
of Cd(II) and Pb(Il) in food and water samples [56]. The ligand 2,6-
diacetylpyridine-bis(-4-phenyl-3-thiosemicarbazone) acts as complexing
reagent for zinc in food and environmental samples [57]. Anisaldehyde-
4-phenyl-3-thiosemicarbazone is used as an analytical reagent for the

extractive spectrophotometric determination of gold [58].

1.5 Objectives of the present work

Thiosemicarbazides first appeared in the literature in the late 1800s
and thiosemicarbazones were reported as potential derivatisation agents
for ketones and aldehydes in the 1900s. In addition, thiosemicarbazones
are well known compounds possessing N and S donor atoms, and their
chemistry with transition metals has been extensively reviewed. The

chemistry of thiosemicarbazone complexes of the transition metal ions
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has been receiving significant current attention, primarily because of the
bioinorganic relevance of the complexes [59]. A large majority of the
thiosemicarbazone complexes have found wide medicinal applications
owing to their potentially beneficial biological (viz. antibacterial,
antimalarial, antiviral and antitumor) activities [60]. Systematic studies
on the binding of thiosemicarbazones of selected types to different
transition metal ions are of considerable importance in this respect.
However, we have been exploring the chemistry of transition metal

complexes of the thiosemicarbazones.

Various thiosemicarbazones and their heterocyclic thiadiazoline
(TDZ) derivatives have been used in an array of drug categories such as
antimicrobial, anti-HIV-1, anticancer and central nervous system
(CNYS) inhibitor activities and the literature concerning these subjects is
steadily increasing. The synthesis of TSCs has been developed due to the
facility to replace the substituent groups by alkyl, aryl, or heterocyclic
derivative and thus leading to a broad spectrum of new multi-dentate
ligands, capable of coordinating to metal centers through the imine

nitrogen and sulfur atom [61].

Thiosemicarbazones and their transition metal complexes have been
receiving considerable attention because of their biological relevance and
applications in the field of analysis. Their structural diversity also
attracted inorganic chemists. A good deal of work has been reported on
the synthesis and structural investigation of thiosemicarbazones and their
complexes. This is due to their capability of acting as multidentate, NNS

and ONS donors with the formation of either mono, bi or polynuclear
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complexes. Their chemistry and pharmacological applications have been

extensively investigated.

Appreciable biological applications as well as diverse stereochemistry
of their metal complexes prompted us to synthesize two new
tridentate  ONS donor N'-phenyl thiosemicarbazones derived from
4-benzyloxysalicylaldehyde and 5-bromosalicylaldehyde and their
transition metal complexes. These aldehydes were selected since they
can provide a further binding site from phenolic —OH and can
thus increase the denticity. Introduction of heterocyclic bases like
1,10-phenanthroline, 2,2'-bipyridine, 4,4'-dimethyl-2,2"-bipyridine and
5,5'-dimethyl-2,2'-bipyridine and some pseudohalides like azide and
thiocyanate ion can result in mixed ligand metal chelates with different

geometries in coordination compounds.

All the above said facts stimulated our interest in the study of
transition metal complexes with ONS and NNS donor thiosemicarbazones

and we undertook the present work with the following objectives.

= To synthesize some ONS donor thiosemicarbazones by
the condenzation of 4-benzyloxysalicylaldehyde and
5-bromosalicylaldehyde with N*- phenylthiosemicarbazide.

= To synthesize some NNS donor thiosemicarbazones
by the condenzation of 2-benzoylpyridine with N*-
ethylthiosemicarbazide and N*, N'- dimethyl-3-thiosemicarbazide.

= To characterize the synthesized thiosemicarbazones by

different physicochemical techniques.
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= To synthesize different transition metal complexes using the
synthesized thiosemicarbazones as principal ligands and some

heterocyclic bases as coligands.

= To study the coordination modes of different thiosemicarbazones
in metal complexes by using different physicochemical

methods.

= To isolate single crystals of the synthesized compounds and
establish its structure using single crystal X-ray diffraction

studies.

1.6 Physical measurements

The physicochemical methods adopted during the present study

are discussed below.

1.6.1 Elemental analyses

Elemental analysis is a process where a sample of a chemical
compound is analyzed for its elemental and sometimes isotopic
composition. Elemental analysis can be qualitative (determining what
elements are present) and it can be quantitative (determining how much
of each is present). This information is important to help to determine
the purity of a synthesized compound. Elemental analyses of C, H, N
and S present in all the compounds were done on a Vario EL 11l CHNS
elemental analyzer at the Sophisticated Analytical Instrument Facility,
Cochin University of Science and Technology, Kochi-22, Kerala,

India.
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1.6.2 Molar Conductivity measurements

The conductivity (or specific conductance) of an electrolyte
solution is a measure of its ability to conduct electricity. The SI unit of
conductivity is siemens per meter (S/m). Conductivity measurements
are used as a fast, inexpensive and reliable way of measuring the ionic
content in a solution. The molar conductivities of the complexes in
DMF solutions (10° M) at room temperature were measured using a
Systronic model 303 direct reading conductivity meter at the Department

of Applied Chemistry, CUSAT, Kochi, India.

1.6.3 Magnetic susceptibility measurements

In electromagnetism, the magnetic susceptibility is a dimensionless
proportionality constant that indicates the degree of magnetization of a
material in response to an applied magnetic field. Magnetic susceptibility
measurements of the complexes were carried out on a Vibrating Sample
Magnetometer using Hg[Co(SCN)4] as a calibrant at the SAIF, Indian
Institute of Technology, Madras.

1.6.4 Infrared spectroscopy

Infrared (IR) spectroscopy is one of the most common spectroscopic
techniques used by inorganic chemists. The main goal of IR spectroscopic
analysis is to determine the chemical functional groups in the sample.
Different functional groups absorb characteristic frequencies of IR
radiation. Thus, IR spectroscopy is an important and popular tool for
structural elucidation and compound identification. Infrared spectra of

some of the complexes were recorded on a JASCO FT-IR-5300
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Spectrometer in the range 4000-400 cm™ using KBr pellets at the
Department of Applied Chemistry, CUSAT, Kochi, India.

1.6.5 Ultraviolet-visible spectroscopy

Ultraviolet-visible spectroscopy is a technique in which intensity
of light passing through a sample (/) is measured and is compared to the
intensity of light before it passes through the sample (/y). The ratio (/1)
is called the transmittance and is usually expressed as a percentage
(%T). The electronic spectra of the compounds were taken on a Spectro
UV-vis Double Beam UVD-3500 spectrometer in the 200-900 nm range
at the Department of Applied Chemistry, CUSAT, Kochi, India.

1.6.6 Mass spectroscopy

Mass spectrometry (MS) is an analytical technique that measures
the mass-to-charge ratio of charged particles. It is used for determining
masses of particles, for determining the elemental composition of a
sample or molecule and for elucidating the chemical structures of
molecules. MS works by ionizing chemical compounds to generate
charged molecules or molecular fragments and measuring their mass-to-
charge ratios. Mass spectra of the thiosemicarbazones were recorded by
direct injection on WATERS 3100 Mass Detector using Electron Spray
Ionization (ESI) technique designed for routine HPLC-MS analyses at
the Department of Applied Chemistry, CUSAT, Kochi, India.

1.6.7 NMR spectroscopy

Nuclear magnetic resonance spectroscopy, most commonly known

as NMR spectroscopy, is a research technique that exploits the magnetic
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properties of certain atomic nuclei to determine physical and chemical
properties of atoms or the molecules in which they are contained. It relies
on the phenomenon of nuclear magnetic resonance and can provide detailed
information about the structure, dynamics, reaction state and chemical
environment of molecules. '"H NMR spectra of thiosemicarbazones were
recorded using Bruker AMX 400 FT-NMR Spectrometer with deuterated
DMSO as the solvent and TMS as internal standard at the Sophisticated
Analytical Instrument Facility, CUSAT, Kochi, India.

1.6.8 EPR spectroscopy

Electron paramagnetic resonance (EPR) or electron spin resonance
(ESR) spectroscopy is a technique for studying materials with unpaired
electrons. The basic concepts of EPR are analogous to those of nuclear
magnetic resonance (NMR), but it is electron spins that are excited instead
of the spins of atomic nuclei. Because most stable molecules have all their
electrons paired, the EPR technique is less widely used than NMR. The
EPR spectra of the complexes in the solid state at 298 K and in
DMF/DMSO at 77 K were recorded on a Varian E-112 spectrometer using
TCNE as the standard, with 100 kHz modulation frequency, 2 G
modulation amplitude and 9.1 GHz microwave frequency at SAIF, IIT
Bombay, India.

1.6.9 Thermogravimetric analyses

TG-DTG analyses of the complexes were carried out in a Perkin
Elmer Pyris Diamond TG/DTA analyzer under nitrogen at a heating
rate of 10 °C min™ in the range 50-700 °C at Sophisticated Analytical
Instrument Facility, CUSAT, Kochi, India
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1.6.10 Single crystal X-ray diffraction studies

Single crystal X-ray diffraction is a non-destructive analytical
technique which provides detailed information about the internal lattice
of crystalline substances, including unit cell dimensions, bond lengths,
bond angles and details of site-ordering. Ideal crystals should be
between 1.5%10%-2.5x10° A in size. Samples are mounted on the tip of
a thin glass fiber using an epoxy or cement. This fiber is attached to a
brass mounting pin, usually by the use of modeling clay and the pin is
then inserted into the goniometer head. The goniometer head and sample
are then affixed to the diffractometer. Then data is collected and phase
problem is solved to find the unique set of phases that can be combined
with the structure factors to determine the electron density and therefore,

the crystal structure. The trial structure is then solved and refined.

Single crystal X-ray diffraction studies of the compounds were
carried out using a Bruker SMART APEXII CCD diffractometer at
SAIF, Cochin University of Science and Technology, Kochi-22, Kerala,
India. Bruker SMART software was used for data acquisition and Bruker
SAINT software for data integration [62]. Absorption corrections were
carried out using SADABS based on Laue symmetry using equivalent
reflections [63]. The structure was solved by direct methods using
SHELXS97 [64] and refined by full-matrix least-squares refinement on F?
using SHELX1.97 [65]. The graphics tool used was DIAMOND version
3.2g[66].
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Chapter 2

SYNTHESES AND CHARACTERIZATION OF ONS
AND NNS DONOR THIOSEMICARBAZONES
2.1 Introduction

2.2 Experimental
2.3 Characterization of thiosemicarbazones

2.1 Introduction

Thiosemicarbazones {(R'R*C*=N°-N*(H)-C'(=S)N'R’R*)} are
versatile N, S donor ligands with potential to bind to a metal via one
or more donor atoms. The importance of thiosemicarbazones lies in
their structural diversity [67-74], ion-sensing ability [75-78], metal
extraction properties [79,80] and pharmacological properties [81-84].
Thiosemicarbazones and their metal complexes have become the subject
of intensive study because of their wide ranging biological activities,
analytical applications and interesting chemical and structural properties.
The structural diversity of thiosemicarbazide-based compounds is
considerably increased not only due to the condenzation of the different
carbonyls but also due to the alkylation of the different parts of the
thiosemicarbazide moiety [85]. The biological activity and the medicinal

properties of thiosemicarbazones depend upon the chemical nature of the
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moiety attached to the C=S carbon atom. Thiosemicarbazones and
their derivatives have antifungal activity. N'-Tolyl-2-benzoylpyridine
thiosemicarbazones and their copper(ll) complexes were tested as
antifungal on Candida albicans [86]. 5-Methyl-2-furfural thiosemicarbazone
and its nickel and copper complexes were used as antifungal against on

Aspergillus fumigatus and C. albicans [87].

Here, we have prepared four tridentate ligands out of which two
are ONS and remaining are NNS ligands and are used for the preparation

of metal complexes.
*  4-benzyloxysalicylaldehyde-N*-phenylthiosemicarbazone
(Habspt)
= 5-bromosalicylaldehyde-N"-ethylthiosemicarbazone (H,brset)
= 2—benzoylpyridine—]\l4 -ethylthiosemicarbazone (Hbpet)
= 2—benzoylpyridine—]\l4 N -dimethylthiosemicarbazone (Hbpdt)

The ligand Hbpdt is reported [88]. This chapter discusses the syntheses,

crystal structures and spectral aspects of these thiosemicarbazones.

2.2 Experimental

2.2.1 Materials

4-Benzyloxysalicylaldehyde (Alfa Aesar), N'-phenylthiosemicarbazide
(Sigma-Aldrich), 5-bromosalicylaldehyde (Alfa Aesar), 4-ethylthiose
micarbazide (Sigma-Aldrich), 2-benzoylpyridine (Sigma-Aldrich) and
N N*-dimethyl-3-thiosemicarbazide (Sigma-Aldrich) were of Analar

grade and were used as received. The solvent methanol (Spectrochem)
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and dimethylformamide (Spectrochem) were used without further

purification.

2.2.2 Syntheses of thiosemicarbazones

The thiosemicarbazones were synthesized by the condenzation
between appropriate aldehyde/ketone with the respective thiosemicarbazide

as described below.

2.2.2.1 4-Benzyloxysalicylaldehyde-N*'-phenylthiosemicarbazone (Hsbspt)

4-Benzyloxysalicylaldehyde-N'-phenylthiosemicarbazone was
prepared by the condenzation of 4-benzyloxysalicylaldehyde and
N*-phenylthiosemicarbazide in acid medium (Scheme 2.1). A methanolic
solution (20 mL) of N*-phenylthiosemicarbazide (0.167 g, 1 mmol) was
added to a solution of 4-benzyloxysalicylaldehyde (0.228 g, 1 mmol) in
20 ml methanol and the reaction mixture was refluxed for 1 hour. The

product formed was filtered, washed with methanol and dried in vacuo.

Yield: 65%, M.P.: 175 °C, Elemental Anal. Found (calcd) %: C, 66.18
(66.82); H, 5.24 (5.07); N, 10.90 (11.13); S, 8.59 (8.49)

THE s
0 HN s HN%
\ _/
+ Reflux, | h N HN
methanol
4-Benzyloxysalicylaldehyde  N*-phenylthiosemicarbazide 4-Benzyloxysalicylaldehyde-N*-

phenylthiosemicarbazone

Scheme 2.1
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2.2.2.2 5-Bromosalicylaldehyde- N -ethylthiosemicarbazone (H,brset)

5-Bromosalicylaldehyde-N'-ethylthiosemicarbazone was prepared by
the condenzation of 5-bromosalicylaldehyde and N*-ethylthiosemicarbazide
(Scheme 2.2). A methanolic solution (20 mL) of N'-ethylthiosemicarbazide
(0.119 g, 1 mmol) was added to a solution of 5-bromosalicylaldehyde
(0.201 g, 1 mmol) in 20 mL methanol and the reaction mixture is
refluxed for 1 hour in presence of a few drops of glacial acetic acid. The

product formed was filtered, washed with methanol and dried in vacuo.

NH,

Br HN S H
Br \ N S
_|_ Y Reflux, 1 h N/
HN i ‘ ,
OH methano HN
oH \‘
CH;

CH,

5-Bromosalicylaldehyde ~ N*-ethylthiosemicarbazide
5-Bromosalicylaldehyde-N*-

ethylthiosemicarbazone

Scheme 2.2
Yield: 55%, M.P.: 160 °C, Elemental Anal. Found (Calcd) %: C, 39.35
(39.75); H, 4.85 (4.20); N, 13.52 (13.91); S, 10.13 (10.61)

2.2.2.3 2-Benzoylpyridine-N'-ethylthiosemicarbazone (Hbpet)

2-Benzoylpyridine-N'-ethylthiosemicarbazone was prepared by the
condenzation of 2-benzoylpyridine and N'-ethylthiosemicarbazide
(Scheme 2.3). A few drops of glacial acetic acid is also added to the reaction
mixture. A methanolic solution (20 mL) of N*-ethylthiosemicarbazide
(0.119 g, 1 mmol) was added to a solution of 2-benzoylpyridine (0.183 g,
Immol) in 20 mL methanol and the reaction mixture is refluxed for 4 hours.

The product formed was filtered, washed with methanol and dried in vacuo.
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H H
e S HiC N N
)L " ~_ T \N s
2
N/ + ch/\u H/ Reflux, 4 h I NG
methanol
0
2-Benzoylpyridine N*-ethylthiosemicarbazide

2-Benzoylpyridine-N*-
cthylthiosemicarbazone

Scheme 2.3
Yield: 45%, M.P.: 160 °C, Elemental Anal. Found (Calcd) %: C, 63.00

(63.35); H, 5.50 (5.67); N, 19.50 (19.70); S, 10.90 (11.28)

2.2.2.4 2-Benzoylpyridine-N" N*-dimethyl-3-thiosemicarbazone (Hbpdy)

A methanolic solution of 2-benzoylpyridine (0.183 g, 1 mmol)
was mixed with N*, N*-dimethyl-3-thiosemicarbazide (0.120 g, 1 mmol)
in hot methanol and to this mixture 3 drops of glacial acetic acid was
added. The reaction mixture was refluxed for 4 hours. On slow
evaporation, yellow crystalline compound formed was filtered, washed

with ether and recrystallized from methanol and dried over P4O,¢ in vacuo

(Scheme 2.4) [23].

B
NH, N
S / CH, Z
HN | Y
_ + %S Reflux, 4h AN N
N e Y~ HaC Y N
methanol
H,C— N
0 \CH3 S
2-Benzoylpyridine  N* N*-dimethylthiosemicarbazide 2-Benzoylpyridine-N* N*-
dimethylthiosemicarbazone
Scheme 2.4

Transition metal complexes of ONS and NNS donor thiosemicarbazones: Crystal structures and spectral studies m



Chapter 2

Yield: 45%, M.P.: 175 °C, Elemental Anal. Found (Calcd) %: C, 63.35
(63.85); H, 5.67 (5.86); N, 19.7 (20.01); S, 11.28 (11.00)

2.3 Characterization of thiosemicarbazones

2.3.1 Elemental analysis

C, H, N and S analysis results of thiosemicarbazones are given in

Section 2.2.2.1-2.2.2.4 which shows that they are analytically pure.

2.3.2 Mass spectra

The electrospray ionization (ESI) technique was used to measure
the mass to charge (m/z) ratio of charged particles. The organic
molecules are bombarded with high energy electrons and the result is
quantitatively recorded as a spectrum of positive ion fragments. The
most abundant ion formed in the ionization chamber gives rise to the
tallest peak in the spectrum called the base peak. The spectral intensities
are normalized by setting the base peak to relative abundance 100 and
the rest of the ions are recorded as percentages of the base peak
intensity. Mass spectrum is a plot of m/z of positive ion fragments
versus their relative abundance. In the present study, the molecular ion
(M") peaks at 376.2 and 285.2 amu for the thiosemicarbazones H,bspt
and Hbpdt respectively indicate the molecular masses of the respective
thiosemicarbazones synthesized. Mass spectra of H,bspt and Hbpdt are
shown in Fig. 2.1.
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Fig. 2.1. Mass spectra of H,bspt and Hbpdt showing molecular
ion (M") peak.

2.3.3 Infrared spectra

Infrared spectra of the thiosemicarbazones were recorded on a
JASCO FT-IR-5300 spectrometer in the range 4000-400 cm™ using KBr
pellets. The significant bands observed in the IR spectra of the
thiosemicarbazones along with their relative assignments are presented
in the Table 2.1. FT-IR spectral data of the compounds are in accordance

with their molecular structure.
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The characteristic IR bands of the thiosemicarbazone provide
significant information regarding the various functional groups present
in it. Since the thiosemicarbazones contain a thioamide functional group,
they can exhibit thioamido-thioiminol tautomerism. A prominent band
in the range 1540-1625 cm™ due to azomethine v(C=N) linkage is observed
in the spectrum indicating the condenzation of thiosemicarbazide and the
aldehyde moiety [90]. The v(S—-H) band at ~2600 cm™ is absent which
indicates that the thiosemicarbazones exist as thioamido tautomer in the
solid state [91,92]. This is further supported by a medium band in the
range 3050-3150 cm’, indicative of v(N-H) vibration [93]. The IR
spectral band observed in the range 1300-1390 cm” corresponds to
v(C=S) and those in the range 802-832 cm’ corresponds to §(C=S)
vibration. Band at 3363 and 3299 cm™ in H,bspt and H,brset respectively
are due to O—H stretching vibrations. Medium band observed at
1100-1112 cm™ is due to hydrazine N-N bond [94]. The IR spectra are
shown in Fig. 2.2.

Table 2.1. IR spectral data of the thiosemicarbazones

Compound | v(O-H) v(N-H) v(C=N) v(C=S) v(N-N) o(C=S)
H,bspt 3366 3131 1625 1330 1112 832
H,brset 3299 3142 1603 1319 1101 824
Hbpet - 3056 1583 1306 1107 812
Hbpdt - 3042 1563 1309 1115 792
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Fig. 2.2. IR spectra of the thiosemicarbazones.
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2.3.4 Electronic spectra

Hzbspt

Habrset
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Fig. 2.3. Electronic spectra of the thiosemicarbazones.
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The electronic spectra of the thiosemicarbazones were taken in
DMF. Bands in the range 30100-24320 cm™ can be assigned to n—m*
and n—n* transitions. This may be due to benzene ring, imine and
thiocarbonyl groups present in the compounds. Fig. 2.3 represents the
electronic spectra of the thiosemicarbazones and the spectral data are

given in Table 2.2.

Table 2.2. Electronic spectral data of the thiosemicarbazones

Compound n—7n* and n—o7* transitions
H,bspt 30100, 24320
H;brset 30100, 24310
Hbpet 29190
Hbpdt 36580, 29820
2.3.5 NMR spectra

2.3.5a. '"H NMR spectrum-Hbspt

The 'H NMR spectrum of the compound was recorded with
deuterated dimethylsulphoxide (DMSO-d¢) as solvent and trimethylsilane
(TMS) as the internal standard and shown in Fig. 2.4.

A sharp singlet, which integrates as one hydrogen at 11.632 ppm is
assigned to the —OH proton, while another similar singlet at 10.095 ppm
is assigned to the N(2)H proton. The downfield shifts of these protons are
assigned to their hydrogen bonding interactions. Hydrogen bonding
decreases the electron density around the proton, and thus moves the proton

absorption to a lower field. Absence of any coupling interactions by OH
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and N(2)H protons due to the lack of availability of protons on neighboring
atom render singlet peaks for them. These peaks are found to disappear in
the Hybspt-D,O 'H NMR spectrum, since those protons exchange with the
deuterium in the D,O (Fig. 2.5). The singlet at 8.404 ppm is assigned to
—CH-N(1) proton. Another singlet at 9.971 ppm is assigned to N(3)H
proton. Aromatic protons appear as a multiplet at 7.972-6.513 ppm range.

1
|
! 1
' J \ .
T T T T T T T T T T
15 14 13 12 11 9 8 T 6 5 4 3 2 1 ppm

o W pleEE ®

Fig. 2.4. "H NMR spectrum of H,bspt.
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15 14 13 12 1" 10

4 3 2 1 ppm

Fig. 2.5. "H NMR spectrum of H,bspt-D,0 exchange.

2.3.5a.1 C NMR spectrum

The proton decoupled *C NMR spectrum provides direct information
about the carbon skeleton of the molecule. The *C NMR spectrum of the
compound (Fig. 2.6) shows carbon signals supporting the 'H NMR
assignments. There are 17 unique carbon atoms in the molecule which give
a total of 17 different peaks in the spectrum. The non-protonated carbon
atom C15 is shifted farthest downfield in the spectrum at 175.32 ppm due to
the conjugative effect of the —N1-N2—C(S)-N3— thiosemicarbazone
skeleton. The peak at 136.74 ppm is assigned to the azomethine carbon
C14. C8 and C10 carbon atoms also resonate at lower field values (C4,
161.11 ppm; C5, 158.01 ppm) due to a decreased electron density around
carbon atoms resulting from the presence of electronegative oxygen atoms
and 7 electron delocalization in the magnetic environment. The four different
types of aromatic carbons on the N-substituted phenyl ring are clearly
distinguishable in the °C NMR spectrum. The peaks corresponding to the
ortho positioned carbon atoms (C21 and C17) are observed rather downfield

when compared to its meta (C20 and C18) and para (C19) counter parts.
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The phenyl resonances are: C21 and C17, 127.98 ppm; C20 and CI8,
127.87 ppm; C19, 113.42 ppm. The other °C peaks can be assigned as
follows: C16, 139.17 ppm; C12, 125.44 ppm; C13, 125.01; C9, 113.42 ppm;
C1, 107.00 ppm; C7, 69.26 ppm.

In the DEPT-135 spectrum (Fig. 2.6), the signals due to C6, C8, C11,
C10, C15 and C16 disappear whereas C1, C2, C3, C4, C5, C9, C12, C13,
Cl14, C17, C18, C19 and C20 are retained positive. This shows that C1, C2,
C3, C4, C5, €9, C12, C13, C14, C17, C18, C19 and C20 have odd number
of hydrogens whereas the other carbons are without hydrogens. Signal due
to C7 is inverted, it indicates the presence of carbon with even number of

hydrogen atoms.

2.3.5b '"H NMR spectrum-Hbrset

A sharp singlet, which integrates as one hydrogen at 11.40 ppm is
assigned to the —OH proton, while another similar singlet at 10.24 ppm is
assigned to the N(2)H proton. The downfield shift of these protons is
assigned to their hydrogen bonding interactions which is evident from the
crystal structure. Hydrogen bonding decreases the electron density around
the proton and thus moves the proton absorption to a lower field. Absence
of any coupling interactions by OH and N(2)H protons due to the lack of
availability of protons on neighboring atoms render singlet peaks for them
(Fig .2.7). These peaks are found to disappear in the Hybrset-D,O 'H NMR
spectrum, since those protons exchange with the deuterium in the D,O
(Fig. 2.8). The singlet at 8.30 ppm is assigned to C(7)H proton and that at
8.05 ppm is assigned to N(3)H proton.
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Fig. 2.7. '"H NMR spectrum of Hbrset.
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Fig. 2.8. 'H NMR spectrum of H,brset-D,O exchange.
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2.3.5¢c. 'H NMR spectrum-Hbpet

The 'H NMR spectrum of the compound was recorded with
deuterated chloroform (CDCI;) as solvent. The proton NMR spectrum

of the thiosemicarbazone is shown in Fig. 2.9.

A sharp singlet, which integrate as one hydrogen at 13.6 ppm for Hbpet
is due to the existence of the compounds in thioamido-thioiminol form. On
D,O exchange the intensity of this signal is found to be considerably
decreased (Fig. 2.10). Peak at 8.842 ppm is assigned to the N(4) proton . The
aromatic protons appeared as multiplets at 7.78 -7.26 ppm range. A triplet at
1.291 ppm is assigned to —CHj; group and a doublet of quartets at around
3.8 ppm is assigned to —CH, protons. The 'H NMR spectrum of the

compound is shown in Fig. 2.9.
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Fig. 2.9. "H NMR spectrum of Hbpet
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Fig. 2.10. "H NMR spectrum of Hbpet -D,0 exchange.

2.3.5d 'H NMR spectrum-Hbpdt

'"H NMR spectrum of ligand Hbpdt along with spectral
assignments are given in the Fig. 2.11. Hbpdt has a signal at 14.365 ppm
which is due to N(3)H proton. This down field shift observation may
be assigned to the deshielding of these protons as a result of the

electron density after coordination.
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/3N
=N s
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W
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]
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Fig. 2.11. "H NMR spectrum of Hbpdt.
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The thiosemicarbazone show hydrogen bonding by N(3)H proton based
on the presence of a peak at 14.365 ppm in their spectra. The aromatic
protons appear as multiplet at 8.753 to 7.347 ppm range. The sharp
singlet at 3.452 ppm is due to two methyl groups.

2.3.6 X-ray crystallography

Single crystal X-ray diffraction is an important technique in
structural determination of crystalline materials for understanding their
structure-property relationships. This powerful tool can be used to
directly visualize the precise and detailed structural information of
compounds. The data were collected using Bruker Kappa APEXII
CCD diffractometer equipped with graphite monochromated MoKa
(L = 0.71073 A) radiation at the Sophisticated Analytical Instruments
Facility, Cochin University of Science and Technology, Kochi-22,
India. The intensity data were collected and absorption corrections
were carried out using SADABS based on Laue symmetry using
equivalent reflections [95]. The cell refinement was done using APEX2
and SAINT [95]. The data was reduced using SAINT and XPREP and
the structure was solved by direct methods using SHELXS97 [65] and
full-matrix least squares refinement on F? using SHELXL97 [96]
package. The graphics tool used was DIAMOND version 3.2g [66].

2.3.6a Crystal structure-Hbspt

Yellow block shaped crystals of 4-benzyloxysalicylaldehyde-N*-
phenylthiosemicarbazone suitable for single crystal X-ray diffraction

analysis were obtained by slow evaporation of its solution in methanol
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over 3 days. A single crystal with approximate dimensions of 0.30 X
0.25 x 0.25 mm’ was selected for collecting the data. All H atoms on
C were placed in calculated positions, guided by Fourier difference
maps, with C—H bond distances 0.93 A (CH) or 0.97 A (CH,;). H
atoms were assigned as Uiso=1.2Ueq. H3A and H2B hydrogen atoms
were located from Fourier diffrence maps and their distances were
restrained using the DFIX instructions. H2A was located from a
Fourier difference map and freely refined. The molecular structure of

Hybspt is given in Fig. 2.12.

Fig. 2.12. Structure and labeling diagram for H,bspt.

The crystallographic data and structure refinement parameters
of the compound are given in Table 2.3 and the selected bond lengths
and bond angles are given in Table 2.4 and torsion angles in

Table 2.5.
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Table 2.3. Crystal data and structure refinement parameters for H,bspt

Parameters H,bspt
Empirical formula C,H19N30,S
Formula weight 377.45
Temperature (T) K 296(2)
Wavelength (Mo Ka) (A) 0.71073
Crystal system Monoclinic
Space group C2/c

Cell parameters

a 24.099(3) A
b 16.173(2) A
c 9.8370(11) A
o 90°

B 95.906(7)°

y 90°

Volume V (A%) 3813.5(8)

Z 8

Calculated density (p) (Mg m™) 1.315
Absorption coefficient, p(mm™) 0.191

F(000) 1584

Crystal size (mm”) 0.30 x 0.25x 0.25

0 range for data collection
Limiting indices
Reflections collected

Unique Reflections (Riy)
Completeness to 0
Absorption correction

Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [I > 20 (I)]

R indices (all data)

Largest difference peak and hole (eA’3)

1.52 to 25.00°

-28<h<28, -17<k<19, -11<1<11
14247

3353 [R(int) = 0.0733]

25 (99.9 %)

Semi-empirical from equivalents
Full-matrix least-squares on F*
3353/0/248

1.005

R; =0.0505, wR, =0.1324

R; =0.1127, wR, = 0.1909
0.237 and -0.292

R, = ||F,| - [Fol| / Z[F,), wRy = [Ew(F,-F )’/ Sw(F, )"
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Table 2.4. Selected bond lengths [A] and angles [°] for H,bspt

Bond lengths Bond angles

N(1)-C(14) 1.268(4) C(14)-N(1)-N(2) 116.7(3)
S(1)-C(15) 1.668(3) C(15)-N(2)-N(1) 121.3(3)
O(1)-C(8) 1.360(3) C(16)-N(3)-C(15) 132.4(3)
N(1)-N(2) 1.373(3) N(3)-C(15)-N(2) 114.4(3)
0(2)-C(10) 1.346(4) N3)-C(15)-S(1) 126.3(3)
N(2)-C(15) 1.341(4) N(2)-C(15)-S(1) 119.3(3)
N(@3)-C(16) 1.403(5)

N(@3)-C(15) 1.342(4)

Table 2.5. Selected torsion angles [°] for H,bspt

Torsion angles

0(2)-C(10)-C(11)-C(14) -1.4(5)

N(2)-N(1)-C(14)-C(11)
N(1)-N(2)-C(15)-N(3)
N(1)-N(2)-C(15)-S(1)

-178.6(3)
0.5(5)
-178.3(2)

Hybspt crystallizes
According to the crystal structure, the compound exists in E

configuration having N3 and N1 atoms cis to each other with respect to

C(15)-N(2) bond [33,34].

azomethine nitrogen atom N(1). The closeness of the C(15)=S(1) bond
distance [1.665(3) A] to the expected distance of a C=S bond (1.60 A)
indicates that the compound exists in the thione form and it is further

confirmed by the N(1)-N(2) and N(2)—-C(15) bond distances. The

into a monoclinic space group,

The S(1)-C(15)-N(2)-N(1) torsion angle
[-178.27(19)°] suggests that the thionyl atom S(1) is located trans to the
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hydrazinecarbothioamide moiety, {N(1)—N(2)-N(3)—C(15)—S(1)-C(16)},
is nearly planar with a maximum deviation of 0.016(3) and -0.016(2) A
for atoms N(3) and N(2) from its least squares plane value. The three
aromatic rings are twisted with a dihedral angle of 86.43(17)° between
the least square plane of the rings C(1)—C(6) and C(8)—C(13),
67.99(19)° A between rings C(1)—C(6) and C(16)—C(21) and 29.77(16)°
between rings C(9)—-C(13) and C(16)-C(21) respectively. An
O(2)-H(2A)—N(1) intramolecular hydrogen bond, is observed which
contributes to the planarity of the N(1)—C(14)—C(11)—C(10)—0O(2) group
with a maximum deviation of 0.146(2) A for atom N(1). Weak N—H:--S,
C—-H:--O and C—H--'m ring intermolecular interactions are also observed.
Figs. 2.13 and 2.14 shows the packing diagram and the intra and inter

molecular hydrogen bonding interactions in the ligand H;bspt.

1
‘-l.? ‘#

‘,:‘
‘I;"'
)

\ ""'i'

Fig. 2.13. Packing diagram of H,bspt viewed along ‘a’ axis.
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Fig. 2.14. Intra and intermolecular hydrogen bonding interactions of H,bspt.

Further stabilization is provided by CI12-HI12---Cg(1) and
C5-HS5---Cg(3) interactions (Fig. 2.15). The interaction parameters of
H,bspt are given in Table 2.6.

R

Fig. 2.15. C-H: ‘& interactions in H,bspt.
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Table 2.6. Interaction parameters of H,bspt

Hydrogen bonding

D-H---A D-H(A) H--A(A) DA (A) ZD-H'-A ()
O(2)-H(2A)---N(1) 0.820 1.968 2.682 145.13
N(3)-H(3A)---N(1) 0.860 2.151 2.610 112.98
N(2)-H(2B)---S(1)* 0.868 2.534 3.392 170.20

C-H: & interactions

C—H"'Cg C-H (A) H"'Cg (A) C"'Cg (A) ZC—H"'Cg (0)
C(5)-H(5)"--Cg(3)° 0.93 2.80 3.641(4) 152
C(12)-H(12)---Cg(1)*  [0.93 2.87 3.743(4) 157

Equivalent position codes: a = -x+1, -y+1, -z+2; b= 3/2-x,-1/2+y, 3/2-z;
c=3/2-x, 1/2-y, 1-z

Cg(3) =C(16), C(17), C(18), C(19), C(20), C(21)
Cg(1) = C(1), C(2), C(3), C(4), C(5), C(6)
D = Donor, A = acceptor, Cg = Centroid of the ring

2.3.6b Crystal structure-Hbrset

Colorless block shaped crystals of 5-bromo-N'-ethylthiosemicarbazone
suitable for single crystal X-ray diffraction analysis were obtained by
slow evaporation of its solution in 1:1 (v/v) mixture of DMF and
methanol over 2 weeks. A single crystal with approximate dimensions
of 0.30 X 0.25%x 0.20 mm”® was selected for collecting the data. All H
atoms on C were placed in calculated positions, guided by difference
maps, with C-H bond distances 0.93-0.97 A. H atoms were assigned
as Uio=1.2U¢yq (1.5 for Me). O1-H1 H atom was located from
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difference maps and their distances were restrained to 0.82 + 0.01 A.

The molecular structure of Hybrset is given in Fig. 2.16.

Fig. 2.16. Structure and labeling diagram for H,brset.

The crystallographic data and structure refinement parameters
of the compound are given in Table 2.7 and the selected bond
lengths and angles are given in Table 2.8 and torsion angles in

Table 2.9.
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Table 2.7. Crystal data and structure refinement parameters for H,brset

Parameters H,brset

Empirical formula C,0H2BrN;0S

Formula weight 302.20

Color Colorless

Temperature (T) K 293(2)

Wavelength (Mo Ka) (A) 0.71073

Crystal system Monoclinic

Space group C2/c

Cell parameters

a 22.3338(16) A

b 11.9656(8) A

c 9.5828(13) A

a 90°

B 102.796(5)°

y 90°

Volume V (A?) 2497.3(4)

V4 8

Calculated density (p) (Mg m™) 1.607

Absorption coefficient, p(mm™) 3.442

F(000) 1215.8

Crystal size (mm’) 0.30x 0.25 x 0.20

0 range for data collection 2.76 to 28.22°

Limiting indices -29<h<29, -15<k<15, -12<I<12
Reflections collected 18815

Unique Reflections (R;y) 3055 [R(int) = 0.0734]
Completeness to 6 28.22 (99.0 %)

Absorption correction Semi-empirical from equivalents
Refinement method Full-matrix least-squares on F*
Data / restraints / parameters 3055/29/186
Goodness-of-fit on F* 1.027

Final R indices [I> 20 (I)] R;=0.0425, wR, = 0.0989
R indices (all data) R;=0.0789, wR, =0.1163
Largest difference peak and hole (eA'3) 0.474 and -0.430

Ri = Z|[F,| - |[Fd|| / Z[F|, wRy = [EW(F,2-F )/ Tw(E,7)]"2
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Table 2.8. Selected bond lengths [A] and angles [°] for H,brset

Bond lengths Bond angles

N()-C(7) 1.274(3) C(7)-N(1)-N2)  115.9(2)
S(1)-C(8) 1.694(2) C(8)-N(2)-N(1) 120.7(2)
Oo(1)-C4) 1.348(3) C(8)-N(3)-C(9) 126.1(8)
N(1)-N(2) 1.377(3) N(3)—-C(8)-N(2) 117.8(2)
0(2)-C(5) 1.351(4) N(3)-C(8)-S(1) 124.26(19)
N(2)-C(8) 1.344(3) N(2)-C(8)-S(1) 117.95(19)
N(3)-C(8) 1.313(3)

N(@3)-C(©9) 1.459(5)

Table 2.9. Selected torsion angles [°] for H,brset

Torsion angles

O(1)-C(4)-C(3)-C(7) -1.6(4)
N(2)-N(1)-C(7)—C(6) -174.6(2)
N(1)-N(2)-C(8)-N(3) 9.2(4)
N(1)-N(2)-C(8)-S(1) -171.49(17)

The compound crystallized into a monoclinic space group, P2,/c.
According to the molecular structure, the compound adopts an
E configuration with respect to the C(8)-N(2) bond similar to Hybspt [99]
and salicylaldehyde-N"-phenylthiosemicarbazone [98] but in contrast
to 2—hydroxyacetophenone—l\]4 -phenylthiosemicarbazone [100], where a
Z configuration exists. This is confirmed by the N(1)-N(2)-C(8)-S(1)
torsion angle of -171.49(17)°. Also E configuration is perceived about

the azomethine bond [N(2)-N(1)-C(7)-C(6) = -174.6(2)°] [1]. The
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C(8)-S(1) bond distance [1.694(2) A] is closer to C=S bond length
[1.60 A] than to C—S bond length [1.81 A] [1] which confirms the existence
of the compound in the thioamido form in solid state. Also the C(7)-N(1)
bond distance [1.274(3) A] is appreciably close to that of a C=N double
bond [1.28 A], confirming the azomethine bond formation [101].

The mean plane deviation calculations show that the molecule as a
whole is non-planar. But the central thiosemicarbazone moiety
(C13—-N3-N4-C14-S1) is almost planar with a maximum deviation from
the mean plane of -0.002 A for atom S(1). Fig. 2.17 shows the packing

diagram of the compound.

D) N

(
« A\ = <,
Sl

Fig. 2.17. Packing diagram of H,brset viewed along ‘a’ axis.

The crystal packing involves one intramolecular and two

intermolecular hydrogen bonds (Table 2.10). The intramolecular hydrogen
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bonding interaction, O(1)-H(1)---N(1) leads to the formation of a six
membered ring comprising of atoms C(4), C(3), C(7), N(1), H(1) and
O(1) and facilitates almost planar geometry in part of the molecule. The
intermolecular hydrogen bonds N(2)-H(2N)---S(1) cause the pairing of
molecules leading to the formation of centrosymmetric dimers in the crystal
lattice (Fig. 2.18). Inversion dimers linked by pairs of N(2)-H(2N)---S(1)
hydrogen bonds generate R%(8). Weak N(3)-H(3’)---S(1) links connect

the dimers into sheets.

Fig. 2.18. Intra and intermolecular hydrogen bonding interactions of
H,brset.
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Table 2.10. Interaction parameters of H,brset

D-H-A D-H H-A DA  D-H-A
O(1)-H(1)--"N(1) 0.824(19)  1.91(3) 2.658(3)  150(4)
N(2)-H(2N)---S(2)* 0.860 2.60 3339(2) 1447
N3)-H(3) --S(2)" 0.86 2.90 3.539(2) 1329

Equivalent position codes : a= -x+1/2,-y+1/2,-z+1, b=x,-y,z+1/2

In the crystal packing, molecules are linked through intermolecular
N(2)-H(2N)---S(1) hydrogen bonds forming zig-zag chains along ‘a’
axis. The dimers are further linked via hydrogen bonds N(3)-
H(3')---S(1) forming 2D network. The packing diagram of Hjbrset

shows the stacking of centrosymmetric dimers along ‘a’ axis (Fig. 2.19).

Fig. 2.19. Packing diagram of H,brset showing the stacking of
centrosymmetric dimers along ‘a’ axis.
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2.3.6¢. Crystal structure-Hbpet

Colorless block shaped crystals of 2-benzoylpyridine-N*-
ethylthiosemicarbazone suitable for single crystal X-ray diffraction analysis
were obtained by slow evaporation of its solution in DMF over 2 weeks.
A single crystal with approximate dimensions of 0.30 x 0.25 x 0.20 mm’
was selected for collecting the data. All H atoms on C were placed in
calculated positions, guided by difference maps, with C—H bond
distances 0.93-0.97 A. H atoms were assigned as Uio=1.2Uq (1.5 for Me).
N3-H3’" and N4-H4' H atoms were located from difference maps and their
distances were restrained to 0.88 + 0.01 A. The molecular structure of

Hbpet is given in Fig. 2.20.

Fig. 2.20. Structure and labeling diagram for Hbpet.
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The crystallographic data and structure refinement parameters of

the compound are given in Table 2.11 and the selected bond lengths and

angles are given in Table 2.12 and torsion angles in Table 2.13.

Table 2.11. Crystal data and structure refinement parameters for Hbpet

Parameters Hbpet
Empirical formula CisHigN4S
Formula weight 284.39
Color Colorless
Temperature (T) K 293(2)
Wavelength (Mo Ka) (A) 0.71073
Crystal system Monoclinic
Space group P2i/c
Cell parameters
a 9.1840(9) A
b 15.1956(14) A
c 10.9860(9) A
o 90°
B 105.664(3)°
y 90°
Volume V (A?) 1476.2(2)

Z 4

Calculated density (p) (Mg m™) 1.280

Absorption coefficient, p(mm™) 0.215

F(000) 600

Crystal size (mm’) 0.30 x 0.25 x 0.20

0 range for data collection
Limiting indices
Reflections collected
Unique Reflections (Ry)
Completeness to 0
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*
Final R indices [I > 20 (I)]
R indices (all data)

Largest difference peak and hole (e A™)

2.35t026.99°

-10<h<l11, -19<k<19, -14<I<13
11437

3224 [R(int) = 0.0209]

26.99 (99.5 %)

Semi-empirical from equivalents
Full-matrix least-squares on F*
3208/2/189

1.044

R, =0.0375, wR, = 0.0968

R, =0.0510, wR, =0.1079
0.206 and -0.202

Rl = EHF0| - |FC|| / Z|Fo|
WwR, = [Ew(F,-F2) / Sw(Fy2)* ]
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Table 2.12. Selected bond lengths [A] and angles [°] for Hbpet

Bond lengths Bond angles

N(2)-C(6) 1.2834(19) | C(6)-N(2)-N(3) 119.71(12)

S(1)-C(13) 1.6751(14) | C(13)-N(3)-N(2) 118.60(12)

N@B)-N(?2) 1.3664(16) | C(13)-N(4)-C(14) 125.38(14)

N@B3)-C(13) 1.355(2) N(@B)-C(13)-N(4) 115.84 (13)
N@B)-C(13)-S(1) 118.75(11)
N(4)-C(13)-S(1) 125.40(12)

Table 2.13. Selected torsion angles [°] for Hbpet

Torsion angles

S(1)-C(13)-N(3)-N(2) -171.23(11)
C(6)-N(2)-N(3)-C(13) 176.75(14)
N(3)-C(13)-N(4)-C(14) -179.25(17)
S(1)-C(13)-N(4)-C(14) 1.7(3)
C(15)-C(14)-N(4)-C(13) 146.74(18)

The compound crystallized into a monoclinic space group P2;/c.
According to the molecular structure, the compound adopts an
E configuration with respect to the C(13)-N(3) bond. This is confirmed
by the S(1)-C(13)-N(3)-N(2) torsion angle of -171.23(11)°. Also
Z configuration is perceived about the azomethine bond [N(2)-N(3)-
C(13)-S(1) = -171.23(2)°]. The C(13)-S(1) bond distance [1.6751(14) A]
is closer to C=S bond length [1.60 A] than to C—S bond length [1.81 A]
[1] which confirms the existence of the compound in the thioamido form in
solid state. Also the C(6)-N(2) bond distance [1.2834(19) A] is appreciably
close to that of a C=N double bond [1.28 A], confirming the azomethine
bond formation [101].
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The compound exhibit one intramolecular and one intermolecular
hydrogen bonds (Table 2.14). The hydrogen bonding interactions are
shown in Fig. 2.21. The intramolecular hydrogen bonding interaction,
N(@B3)-H(3'):--N(1) leads to the formation of a six membered [S(5)] ring
comprising of atoms N(3), N(2), C(6), C(5), N(1) and H(3") and
facilitates almost planar geometry in part of the molecule. In the crystal
molecules are linked through intermolecular N(4)-H(4")---S(1) hydrogen

bonds forming zig-zag chains along a axis (Fig. 2.22).

Table 2.14. Interaction parameters of Hbpet

D-H---A DH H-A D---A D-H---A
N3)-H(3')--"N(1) 0.879(9) 1.970(15) 2.6472(19) 132.8(16)
N(4)-H(4")---S(1)* 0.876(9) 2.931(15) 3.5757(16) 131.9(15)

Equivalent position codes: a= x+1/2,-y+1/2,-z+1, b=x,-y, z+1/2

Fig. 2.21. Intra and intermolecular hydrogen bonding interactions
of Hbpet.
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Fig. 2.22. Packing diagram of Hbpet showing the stacking of centrosymmetric
dimers along ‘a’ axis.

2.3.6d Crystal structure-Hbpdt

Single crystals of thiosemicarbazone, Hbpdt suitable for X-ray
diffraction measurements were obtained from its methanol solution.
Single crystals with approximate dimensions 0.32 x 0.28 x 0.22 mm’ of
Hbpdt was selected for collecting the data. The crystallographic data and
structure refinement parameters of Hbpdt are given in Table 2.15. The
structure was solved by direct method and refined by least-square on Fy*
using SHELXL-97 [65]. All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms except those attached to nitrogen
atoms were geometrically fixed at calculated positions. Those on nitrogen
atoms were refined from Fourier map. Refinement of F* was done against
all reflections. All esds, except the esd in the dihedral angle between two

least square planes, are estimated using the full covariance matrix. Flack x
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parameter is 0(2). As this value is 0, with standard uncertainty, the

absolute structure given by structure refinement is likely correct [102].

Table 2.15. Crystal data and structure refinement for Hbpdt

Parameters Hbpdt

Empirical formula CisH6N4S

Formula weight 284.39

Color Yellow

Temperature (T) K 296(2) K

Wavelength (Mo Ka) (A) 0.71073

Crystal system Monoclinic

Space group P2i/c

Cell parameters

a 10.011(2) A

b 8.888(2) A

c 16.256(4) A

o 90°

B 94.528(3)°

y 90°

Volume V (A?) 1441.9(6) A’

Z 4

Calculated density (p) (Mg m™) 1.310

Absorption coefficient, p(mm™) 0.220

F(000) 600

Crystal size (mm”) 0.32x0.28x0.22

0 range for data collection 2.04 to0 26.00°

Limiting indices -12<h<12, -10<k<10, -19<I<19
Reflections collected 14231

Unique Reflections (Rjy) 2830 [R(int) =0.0311]
Completeness to 0 24.99 (99.9%)

Absorption correction None

Refinement method Full-matrix least-squares on F*
Data / restraints / parameters 2828 /1/188
Goodness-of-fit on F* 1.048

Final R indices [I > 26 (I)] R;=0.0603, wR, =0.1826
R indices (all data) R;=0.0677, wR, =0.1886
Largest difference peak and hole (eA”) 0.592 and -0.543

R, = X||F,| - [F||/ Z|F|, wR, = [EW(F,2-F2)?/ Zw(F,2)*]"
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The molecular structure of Hbpdt along with the atom numbering
scheme is given in Fig. 2.23. Selected bond lengths are given in Table 2.16.
The compound crystallizes into a monoclinic space group, P2;/c. The
molecule is found to exist in Z configuration with respect to C7=N2 bond.
The S1=C13-N3-N2 torsion-angle [14.4(2)°] indicates that thionyl
atom S1 is positioned cis to azomethine nitrogen atom N2. The
hydrazinecarbothioamide moiety adopts an extended conjugation, with
electron delocalization throughout the N4/C13/S1/N3/N2 group. The fact
that the compound exists in the thioamido form is confirmed by the N3-N2,
N4-C13 and C13=S1 bond distances. The C13=S1 bond distance is
close to that expected for a C=S double bond of 1.60 A [1]. The N3-N2
bond distance is very close to the reported similar substituted
hydrazinecarbothioamide. The resonance form involving pyridine ring
would account for the shortening of the N-N distance through extensive

electron delocalization.

Fig. 2.23. Molecular structure of the Hbpdt.
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The hydrazinecarbothioamide moiety, comprising atoms N3,
C13, S1 and N4, is almost planar with the maximum deviation of
0.013 (2) A for atom N4. The pyridyl ring and phenyl ring are not in
the same plane and the pyridyl ring is twisted significantly from the

hydrazinecarbothioamide plane, with a torsional angle of -176.3(2)°.

Two types of intramolecular (classical and non-classical) hydrogen
bond interactions are found in this molecule (Fig. 2.24). A classical
hydrogen bonding interaction between the hydrogen attached to the N3
nitrogen and the N1 nitrogen with the D---A distance of 2.602(2) A and
the non-classical hydrogen bonding interaction between one of the
hydrogen atom attached to the Cl4 atom and the S1 atom of the
molecule with a D---A distance of 3.030(2) A as described in Table 2.17.
Fig. 2.25 shows the packing diagram of the title compound.

Fig. 2.24. Intramolecular hydrogen bonding in Hbpdt.
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Table 2.16. Selected bond lengths [A] for Hbpdt

bond lengths bond angles
S(1)-C(13) 1.675(3) C(12)-N(1)-C(5) 119.3(3)
N(I)-C(1) 1.386(4) C(6)-N(2)-N(3) 116.6(2)
N(1)-C(5) 1.397(4) C(13)-N(3)-N(2) 122.2(2)
N(2)-C(6) 1.297(3) C(13)-N(4)-C(14) 121.6(3)
N(2)-N(@3) 1.364(3) C(13)-N#4)—C(15) 122.2(2)
N(3)-C(13) 1.355(3) C(14)-N#4)—C(15) 116.1(2)
N(4)-C(13) 1.348(3) C(2)-C(1)-N(1) 120.5(3)
N(4)-C(14) 1.445(4) C(3)-C(2)-C(1) 120.3(3)
N#4)—C(15) 1.464(4) C(2)-C(3)»CH#) 120.1(3)
C(H)-C(2) 1.382(5) C(5)-CH4)»-C3) 120.2(3)
C(2)-C(3) 1.362(5) C(4)—C(5)-N(1) 119.7(2)
C33)-C#4) 1.394(4) C(4)—-C(5)-C(6) 121.2(2)
C4)—C(5) 1.379(4) N(1)-C(5)-C(6) 119.1(2)
C(5)-C(6) 1.490(3) N(2)-C(6)-C(7) 127.2(2)

Table 2.17. Intramolecular hydrogen bonding interactions

D-H---A D-H(A) H-A) D-AA) ZD-HA ()

N(3)-H(3')--N(1) 0.837(17) 1.869(17) 2.602(2)  145.4(15)
C(14)-H(14C)---S(1) | 0.96 2.57(17)  3.0302)  109.4
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Chapter 3

SYNTHESES, SPECTRAL AND STRUCTURAL
CHARACTERIZATION OF OXIDO/DIOXIDO
VANADIUM (IV/V) COMPLEXES OF

ONS AND NNS DONOR THIOSEMICARBAZONES

3.1 Introduction
3.2 Experimental
3.3 Results and discussion

3.1 Introduction

Vanadium is a rare, soft, ductile gray-white element found combined
in certain minerals and used mainly to produce certain alloys. Vanadium
was discovered in 1801 by the Spanish scientist Andres Manuel del Rio.
Nothing more was heard of the element until 1830, when Nils Gabriel
Sefstrom in Stockholm, Sweden, found a new metal in a Swedish iron
ore. He called this new element vanadium after ‘Vanadis’ the Scandinavian
goddess of beauty because of the beautiful multicolored compounds
formed by the metal. Vanadium is found in the proteins known as
vanabins. The coordination chemistry of vanadium is of great interest
because of the discovery of its presence in abiotic as well as biotic

systems. Some sea species of sea cucumbers and sea squirts have yellow
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blood because of the vanabins in their blood [103]. The transition metal
vanadium can easily expand its sphere beyond tetrahedral coordination,
and switch between the oxidation states +5, +4 and +3 in a physiological
environment. Vanadium is used for treating diabetes [104-106] low blood
sugar, high cholesterol, heart disease, tuberculosis, syphilis, a form of “tired
blood” (anemia), and water retention (edema); for improving athletic
performance in weight training; and for preventing cancer. Macroalgae
(seaweeds), fungi, lichens and Streptomyces bacteria have available
haloperoxidases, and hence enzymes that enable the 2-electron oxidation

of halide X~ with peroxide, catalyzed by a Lewis-acidic V" center.

The coordination chemistry of both vanadium (IV/V) is relevant
in bioinorganic chemistry. Nature has evolved several enzymatic
systems utilizing vanadium as a central component for catalysis including
vanadium-dependent haloperoxidases, nitrogenases, vanabins and
non-enzymatic amavadin [107]. Complexes with ligands such as
thiosemicarbazones may be used as models for an understanding of role
of vanadium in biomolecules. They are of increasing interest due to
their antibacterial, antifungal, antitumour as well as antiviral activities
[108,109]. The literature survey revealed only few papers reporting the
synthesis and characterization of oxidovanadium(IV) complexes with
thiosemicarbazones. This chapter deals with the coordinaton chemistry
of some oxidovanadium(IV) complexes derived from 4-benzyloxy-
salicylaldehyde—l\l4 -phenyl thiosemicarbazone and a dioxidovanadium
(V) complex derived from 2-benzoylpyridine-N*,N*-dimethyl

thiosemicarbazone.
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3.2 [Experimental
3.2.1 Materials

Vanadyl sulphate monohydrate (Sigma-Aldrich), 1,10-phenanthroline
(phen), 2,2"-bipyridine (bipy), 4,4'-dimethyl-2,2"-bipyridine (4,4'-dmbipy)
and 5,5'-dimethyl-2,2"-bipyridine (5,5’-dmbipy) were of Analar grade and

were used as received. Solvents used were methanol and DMF.

3.2.2 Syntheses of the thiosemicarbazones

The syntheses of thiosemicarbazones H,bspt and Hbpdt are
already discussed in Chapter 2.

3.2.3 Syntheses of the complexes
3.2.3.1 [VO(bspy)(bipy)] (1)

Aqueous solution of vanadyl sulphate monohydrate (0.081 g,
0.5 mmol) was added to a stirred mixture of Hybspt (0.188 g, 0.5 mmol)
in DMF and methanol (1:1 v/v) and 2,2'-bipyridine (0.078 g, 0.5 mmol)
in methanol. The resultant solution was refluxed for three hours. The
brown product obtained was filtered, washed with methanol and dried

in vacuo.

Elemental Anal. Found (Caled.) (%) : C, 62.11 (62.33); H, 4.85 (5.07);
N, 11.26 (11.36); S, 5.31 (5.20). Yield: 80%.

3.2.3.2 [VO(bspt)(phen)] (2)

To a stirred mixture of Hybspt (0.188 g, 0.5 mmol) in DMF and
methanol (1:1 v/v) and 1,10-phenanthroline (0.099 g, 0.5 mmol) in

methanol, aqueous solution of vanadyl sulphate monohydrate (0.081 g,
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0.5 mmol) was added. The resultant solution was refluxed for 3 hours
and the brown product separated out was filtered, washed with methanol

and dried in vacuo.

Elemental Anal. Found (Calcd.) (%) : C, 64.26 (63.66); H, 3.58 (4.05);
N, 11.88 (11.25); S, 4.61 (5.15). Yield: 75%

3.2.3.3 [VO(bspt)(4,4'-dmbipy)] (3)

To a stirred mixture of Hybspt (0.188 g, 0.5 mmol) in DMF and
methanol (1:1 v/v) was added aqueous solution of vanadyl sulphate
monohydrate (0.081 g, 0.5 mmol) with constant stirring. This was
followed by the addition of the base 4,4'-dimethyl-2,2'-bipyridine
(0.092 g, 0.5 mmol) in the solid form. The resultant brown solution was
refluxed for 3 hours and the brown product separated out was filtered,

washed with methanol and dried in vacuo.

Elemental Anal. Found (Calcd.) (%) : C, 63.36 (63.25); H, 4.60 (4.66);
N, 10.95 (11.08); S, 4.99 (5.12). Yield: 75%.

3.2.3.4 [VO(bspt)(5,5'-dmbipy)] (4)

To a stirred mixture of Hybspt (0.188 g, 0.5 mmol) in DMF and
methanol (1:1 v/v) was added aqueous solution of vanadyl sulphate
monohydrate (0.081 g, 0.5 mmol) with constant stirring. This was
followed by the addition of the base 5,5'-dimethyl-2,2-bipyridine
(0.092 g, 0.5 mmol) in the solid form. The resultant brown solution was
refluxed for 3 hours and the brown product separated out was filtered,

washed with methanol and dried in vacuo.
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Elemental Anal. Found (Calcd.) (%): C, 63.40 (63.25); H, 4.45 (4.66); N,
10.98 (11.08); S, 4.80 (5.12). Yield: 85%

3.2.3.5 [VOx(bpdy)] (5)

A solution of ligand Hbpdt (0.135 g, 0.5 mmol) in methanol and a
methanolic solution of vanadyl sulphate monohydrate (0.081 g, 0.5 mmol)
were mixed and refluxed for 4 hours. On cooling brown colored

crystals were filtered, washed with methanol and dried in vacuo over

P4010.

Elemental Anal. Found (Caled.) (%) : C, 49.40 (49.18); H, 4.45 (4.13);
N, 15.88 (15.29); S, 8.80 (8.75). Yield: 60%.

3.3 Results and discussion

Four oxidovanadium complexes of ligand H,bspt and one
dioxidovanadium complex of ligand Hbpdt were synthesized. The
oxidovanadium complexes were synthesized by refluxing metal salt,
corresponding heterocyclic bases and thiosemicarbazone in 1:1:1 ratio
and the dioxidovanadium complex is synthesized by refluxing metal salt
and the thiosemicarbazone in 1:1 ratio. All the complexes are brown in
colour and are soluble in solvents like DMF and DMSO. In all the
complexes except for the complex 5, the thiosemicarbazone exists in the
thioiminolate form and act as dideprotonated tridentate ligands
coordinating through phenolate oxygen, thioiminolate sulfur and
azomethine nitrogen. In complex S the ligand exists in the thioiminolate
form, but monodeprotonated tridentate ligand coordinating through

pyridyl nitrogen, thioiminolate sulfur and azomethine nitrogen.
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Complexes 1-4 are monomeric mixed ligand metal chelates. However
we could isolate single crystals of suitable quality for XRD studies for
complex 5. They are characterized by the following physico-chemical

methods.

3.3.1 Elemental analyses

The analytical data indicate that the complexes are analytically
pure. The elemental analyses data of complexes 1-4 are consistent with
the general formula [VOL'B], where L' is the doubly deprotonated
thiosemicarbazone ligand and B is the bidentate heterocyclic bases viz.

phen, bipy, 4,4’-dmbipy, 5,5’-dmbipy.

3.3.2 Molar conductivity and magnetic susceptibility measurements

The conductivity measurements were made in DMF (10~ M) and
all the complexes were found to be non-electrolytes [110]. The room
temperature magnetic moments of the complexes 1-4 in the polycrystalline
state are measured and the values are very close to the spin-only value

fora d' system (1.73 B.M.) [111].

All the complexes are EPR active due to this unpaired electron
except for dioxidovanadium complex 5 which have no unpaired
electrons. The magnetic moments and molar conductivity values of the

complexes are listed in Table 3.1.
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Table 3.1. Molar conductivity and magnetic moments of V(IV/V) complexes

Compound A’ Wesr (B.M.)
[VO(bspt)(bipy)] (1) 54 1.71
[VO(bspt)(phen)] (2) 8.8 1.68
[VO(bspt)(4,4'-dmbipy)] (3) 18.6 1.7
[VO(bspt)(5,5'-dmbipy)] (4) 25 1.8
[VO,(bpdt)] (5) 6.1 -

* = mho ¢cm” mol™

3.3.3 X-ray crystallography
Single crystals of compound [VO,(bpdt)] (5) suitable for X-ray

diffraction studies were obtained by the slow evaporation of the mother
liquor. Single crystals of dimensions 0.30 x 0.25 x 0.20 mm® of complex
5 were selected and mounted on a Bruker SMART APEXII CCD
diffractometer, equipped with a graphite crystal, incident-beam
monochromator and a fine focus sealed tube with Mo Ka (A = 0.71073 A)
radiation as the X-ray source. The unit cell dimensions were measured
and the data collection was performed at 296 K. Bruker SMART
software was used for data acquisition and Bruker SAINT software for
data integration [95]. Absorption corrections were carried out using
SADABS based on Laue symmetry using equivalent reflections [95].
The structure was solved by direct methods using SHELXS97 [65] and
refined by full-matrix least-squares calculations with SHELXL97
software package [96]. The molecular and crystal structures were
plotted using DIAMOND version 3.2g [66]. All H atoms on C were
placed in calculated positions, guided by difference maps, with C-H
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bond distances 0.93-0.96 A. H atoms were assigned as Uiso=1.2U¢q
(1.5 for Me).

3.3.3.1 Crystal structure of [VO,(bpdt)] (5)

Crystal data and structure refinement for compound 5 are
summarized in Table 3.2. The relevant bond lengths and bond angles for
compound 5 are given in Table 3.3. The asymmetric unit consists of two

independent molecules. Angular structural parameter 7 is used to
propose an index of trigonality (7 = %} [112]. The 7 value is found to

be 0.06, hence vanadium atom in complex 5 shows the distorted square-
pyramidal coordination. The tridentate thiosemicarbazone ligand is
bonded to the vanadium atom through the pyridyl-nitrogen, imine-
nitrogen and thiolato-sulphur atoms. The fourth and fifth coordination

sites are occupied by two terminal oxo groups.

The vanadium atom is shifted for about 0.52 A above the basal
plane (base of the tetragonal pyramid), which is defined with O2, N1, S1
and N2, so that the five-membered chelate rings formed by chelation are
not planar. The molecular structure of dioxidovanadium complex is
shown in Fig. 3.1. The neighbouring molecules are interconnected by

n---m and CH:--m interactions (Fig. 3.2).
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Table 3.2. Crystal data and structure refinement parameters for complex 5

Parameters

[VO,(bpdt)] (5)

Empirical formula
Formula weight

Color

Temperature (T) K
Wavelength (Mo Ka) (A)
Crystal system

Space group

Cell parameters

X ™™ 6 o 9

Volume V (A

Z

Calculated density (p) (Mg m™)
Absorption coefficient, pu (mm™)
F(000)

Crystal size (mm”)

0 range for data collection

Limiting indices

Reflections collected

Unique Reflections (Rjy)
Completeness to 0

Absorption correction

Maximum and minimum transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [I > 26 (I)]

R indices (all data)

Largest difference peak and hole (eA'S)

CsHisN4,O,SV
366.31

Brown

296(2)
0.71073
Triclinic

P1

10.9515(3) A

11.0440(4) A

13.8527(4) A

103.4990(10)°

93.9580(10)°

97.7430(10)°

1605.52(9)

4

1.515

0.762

752

0.30x 0.25x 0.20

1.52 t0 25.00°

-12<h<13, -9<k<13, -16<1<16
9786

5581 [R(int) = 0.0579]

25.00 (98.8%)

Semi-empirical from equivalents
0.8626 and 0.8037

Full-matrix least-squares on F*
5581/0/419

1.043

R; =0.0977, wR, = 0.2586
R;=0.1137, wR, = 0.2802
3.634 and -1.681
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Table 3.3. Selected bond lengths and bond angles for complex 5

Bond lengths Bond angles
V(1)-0(1) 1.609(5) O(1)-V(1)-0(2) 109.6(3)
V(1)-0(2) 1.631(5) NG)»-V(A)-N(1) 95.64(9)
V(1)-NQ2) 2.151(5) N(G)»-V(1)-S(1) 93.45(7)
V(1)-S(1) 2.3520(19) O(1)-V(1)-N(1) 100.2(2)
V(2)-0(4) 1.611(5) O@2)-V(1)-N(1) 94.3(2)
V(2}-0(3) 1.617(6) O(1)-V(1)yN(2) 107.6(2)
V(2)-N(6) 2.122(5) OQ2)-V(1)-N(2) 142.4(3)
V(2)}-N(5) 2.163(6) N(1)»-V(1)-N@2) 73.92(19)
V(2)-S(2) 2.316(3) O(1)-V(1)-S(1) 105.33(18)
S(1)-C(13) 1.741(7) O@2)-V(1)-S(1) 97.5(2)
S(2)-C(28) 1.692(8) N(1)»-V(1)-S(1) 146.28(16)
V(1)y-N(1) 2.091(5) N@)»-V(1)-S(1) 71.57(14)
N@3)»-C(13) 1.326(8) O(4)-V(2)-N(6) 108.0(3)
N(7)-C(28) 1.333(9) O3)-V(2)y-N(6) 141.2(3)
NQ2)-N3) 1.363(7) O4)-V(2)-N(5) 100.5(3)
N(6)-N(7) 1.427(8) OB)-V(2)}-N(5) 93.8(3)
N@2)-C(6) 1.302(8) N(6)}-V(2)-N(5) 72.6(2)

O04)-V(2)-S(2) 104.2(3)
O0(3)-V(2)-S(2) 97.2(2)
N(6)»-V(2)-S(2) 79.82(17)
N(G)»-V(2)»-SQ2) 147.54(17)

m Department of Applied Chemistry, CUSAT



Syntheses, spectral and structural characterization of oxido/dioxido vanadium (1Y) complexes . ...

Fig. 3.1. Molecular structure of [VO,(bpdt)] (5).
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Fig. 3.2. - mand C-H-'* m interactions of [VO,(bpdt)] (5).
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Table 3.4. m--* m and C—H:-- T interactions parameters for complex 5

7+ -7 interactions Cg---Cg (A) a(®) B©® v(©
Cg@)---Cg)
Cg(3)---Cg(3)* 3.597(4) 0 15.6 15.6

C-H:-‘m interactions |H---Cg (&) C-H--Cg() C--Cg(A)
C-H®D---Cg(J)
C(2)-H(2) - 'Cg(S)b 2.73 147 3.571(8)

Equivalent positioncodes: a =2 —x,—y,—z;b=1+x,—-1+y,-1+2z

Cg(3) =N(1), C(1), C(2), C(3), C(4), C(5)

Cg(8) = C(25), C(26), C(27), C(28), C(29), C(30)

o = dihedral angle between planes I and J

B = angle betweenCg(I)---Cg(J) vector and Cg(J) perp

v = angle betweenCg(I)---Cg(J) vector and Cg(I) perp

3.3.4 Infrared spectra

A comparison of the IR spectra of Hybspt and the metal complexes
shows that significant variations have occurred in the characteristic
frequencies upon complexation. The tentative IR spectral assignments
of the complexes are listed in Table 3.5. In all the complexes, the bands
due to O—H and *N—H stretching vibrations are absent which is a clear
evidence for the coordination of the thiosemicarbazone in the
dideprotonated form. The band corresponding to azomethine bond,
v(C=N), shifts to lower energy on coordination due to the combination
of v(C=N) with the newly formed C=N bond which results from the loss
of the thioamide hydrogen from the thiosemicarbazone moiety
[113-116,90]. The band at 1333 cm™ present in Hobspt shifts to lower
wavenumbers in all the complexes and this can be assigned to the
v(C-S) vibration suggesting the change of bond order and strong
electron-delocalization upon chelation. This shows that the H-N-C=S
moiety in the ligand has transformed to N=C—S—H thereby coordinating

to vanadium in the thioiminolate form. Coordination via thioiminolate
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sulfur is also indicated by the negative shift of the band assigned to
O(C=S) vibration in the thiosemicarbazone [117]. The bands in the
range 416-513 cm™ indicates the coordination of azomethine nitrogen to
vanadium centre. The increase in frequency of v(N-N) bands in
complexes, due to the increase in double bond character is another proof
for the coordination of the thiosemicarbazone through the azomethine
nitrogen [118]. The broad absorption band at 3366 cm™ assigned to
phenolic —OH of H)bspt has disappeared in the complexes which
indicate the coordination of the phenolic oxygen to the vanadium atom.
The IR spectra of these complexes display bands characteristic of
coordinated heterocyclic bases [119]. Further, the intense bands
observed in the range 961-964 cm™ for all the complexes correspond to
the terminal V=0 stretching band [120]. Figs. 3.3 depict the infrared
spectra of these complexes. Infrared spectrum of dioxidovanadium
complex (5) is shown in Fig. 3.4.

Table 3.5. IR spectral assignments (cm™) of thiosemicarbazone and its
oxido/dioxidovanadium (IV/V) complexes

A

o3
Compound A ~ = A L ~ ~ =
T 5 5 7 %F 9 79
S ¢ g 2z 9% ¢ oz =
- - - - =) - - -
H,bspt 3366 1625 -— 1112 1330,832 1261 - -
[VO(bspt)(bipy)] (1) —— 1600 1543 1118 1323, 835 1213 462 961
[VO(bspt)(phen)] (2) 1598 1545 1120 1331,838 1209 464 964
[VO(bspt)(4.4'-dmbipy] (3) 1607 1540 1130 1312,835 1221 513 961
[VO(bspt)(5,5'-dmbipy] (4) 1608 1555 1128 1324, 841 1225 476 965
[VOy(bpdt)] (5) 1535 1470 1110 1312,818 ---—- 481 950

* = newly formed C=N bond
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In all the complexes, the thiosemicarbazone H,bspt acts as a dianionic
tridentate ligand coordinating to vanadium through O, N and S atoms
and the two nitrogen atoms of heterocyclic bases occupy the fourth and

fifth coordination positions of vanadium.

100

80

60

40

20
0 [VO(bspt)(4,4'-dmbipy)] (3)

100 o
80
60
40
20
0 [VO(bspt)(phen)](2)

1007 [VO(bspt)(bipy)](1)

60
40
20

- H:bspt

[VO(bspt)(5.5'-dmbipy)] (4)

%Transmittance
F-Y
o

0 —
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Fig. 3.3. Infrared spectra of oxidovanadium complexes.
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Fig. 3.4. Infrared spectrum of [VO,(bpdt)] (5).

3.3.5 Electronic spectra

The electronic spectra of all the complexes were taken in DMF.
The significant electronic absorption bands in the spectra of H,bspt and
the oxidovanadium complexes are given in Table 3.6. The electronic
transitions found in the free ligand due to imine function of
thiosemicarbazone moiety were slightly shifted on complexation. The
shift of the bands due to intraligand transitions is the result of the
weakening of the C=S bond and the extension of conjugation upon
complexation [121]. The shift occurs also due to coordination via
phenolic oxygen and azomethine nitrogen [122] and is an indication of
the enolization followed by the deprotonation of the thiosemicarbazone
during complexation. The intraligand n—n* and n—n* transitions are

assigned to bands in the range 21770-35030 cm™ for these complexes.
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Fig. 3.5. represents the electronic spectra of the complexes. Fig. 3.6.

represents the electronic spectrum of dioxidovanadium complex.

Ballhausen and Gray (BG scheme) have provided a convenient
energy level scheme for VO(IV) type complexes [123]. In general, three
absorptions are observed in the spectra of most of the oxidovanadium
complexes, arising from the tetragonal compression caused by V=0
bond, which results in further splitting of d orbitals and gives rise to
three spin allowed transitions, ’E « ’B, (V1) (dyy— dyz, dyz), 2B, —°B, (v2)

(dxy —d ), “Ay « *By (v3) (dxy —a.) [124]. Since the *E and *B

levels are very close in energy, they may cross and result in a weak
broad band. In all the complexes except for 1(Fig. 3.7), the expected
d-d bands are not observed and are probably obscured by the intense

LMCT absorptions.

Table 3.6. Electronic spectral assignments (cm™) of thiosemicarbazone

and its V(IV) complexes

Compound n—a*/non* d-d
H,bspt 30100, 24320
[VO(bspt)(bipy)] (1) 30990, 29170 14030
[VO(bspt)(phen)] (2) 30760, 27571
[VO(bspt)(4,4'-dmbipy)] (3) 35030, 25820
[VO(bspt)(5,5'-dmbipy)] (4) 33230, 26200

[VO,(bpdt)] (5) 30720, 21770
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[VO(bspt)(phen)] (1)

0.47]
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Fig. 3.5. Electronic spectra of H,bspt and its oxidovanadium complexes.
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Fig. 3.6. Electronic spectrum of [VO,(bpdt)] (5).
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Fig. 3.7. d-d band of [VO(bspt)(bipy)] (1).

3.3.6 EPR spectra

In Electron Paramagnetic Resonance spectroscopy, radiation of
microwave frequency is absorbed by a molecule or ion having unpaired
electron(s). Thus it is a convenient way to probe the electronic structure

of paramagnetic compounds.

In vanadyl complexes, vanadium is in +4 oxidation state with d'
configuration and since the orbital angular momentum is quenched by
the crystalline fields, the paramagnetism of the vanadyl ion arises from
the single unpaired electron. In V(IV) complexes value of g is below
the value for free electron. The spin of >'V nucleus is 7 = '/,. In
mononuclear V(IV) complexes, the EPR signals are split into eight and

in binuclear complexes, fifteen hyperfine lines. Under the influence of
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magnetic field, the electronic ground state (S = '2) is split into two
(my; = +% and -'2) and additional splitting occurs through the different

magnetic orientations of the nuclear spin (m;).

VO is one of the most stable diatomic cation and its paramagnetism
is almost due to spin angular momentum and EPR absorptions are
obtained over a wide range of temperature including room temperature

[125].

EPR spectra of all the oxidovanadium(IV) complexes were
recorded in polycrystalline state at 298 K and in DMF at 77 K and the
spectral parameters are summarized in Table 3.7. Figs. 3.8-3.15 depict

the EPR spectra of the oxidovanadium complexes.

The EPR spectra of all the complexes in the solid state at 298 K
are isotropic in nature and hence only one g value, arising due to dipolar
interactions and enhanced spin-lattice relaxation. In DMF at 77 K, all
the complexes displayed well resolved axial anisotropy with two sets of
eight line pattern which result from coupling of the electron spin with

the spin of the °'V nucleus (I = '/,). They are found to exhibit g1<gL

and A4 > A, relationship, characteristic of an axially compressed diy

configuration [126].

The absence of any superhyperfine lines in the spectrum is an explicit
indication of the sole electron lying in the d,, orbital (*B, ground state),
localized on metal, thus excluding the possibility of its direct interaction
with the azomethine nitrogen of the thiosemicarbazone [127,128].

The anisotropic parameters are related with isotropic parameters by the
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equations, Ao = /3(4) + 241) and gio = '/3(g) + 2g1) [129]. In both

compounds, the gis, values calculated are near to the value obtained from

the polycrystalline spectra which suggests that the molecules retain their

structural identity in solution.

The EPR parameters g g, 4 and 4, and energies of d—d

transitions were used to evaluate the molecular orbital coefficients «?

and & for the complexes by using the following equations:

F=2 K%H%Ng i

S0
145+ ) 145

a

2 = (2.0023-g)E,.,

81457

where P = 128 x 10™ cm'l, A =135 cm” and E,, is the energy of d-d

transition.

Table 3.7. EPR spectral parameters of oxidovanadium(IV) complexes
in the polycrystalline state at 298 K and in DMF at 77 K.

Polycryst
LG DMF (77 K)
Compound state at
298 K
8iso 8l 8L 8av A||a AJ_a Aava az ﬂz
[VO(bspt)(bipy)] (1) 1984 11969 1.990 1979 165 57 111 -~ 0.998
[VO(bspt)(phen)] (2) 1.973 1955 1969 1964 165 54 91 0.753 1.03
[VO(bspt)
(4,4"-dmbipy] (3) 1.998 [1.957 1990 1973 165 55 92 - 1.03
[VO(bspt) 1.967 [1957 1975 1969 164 51 8  -— 105

(5,5'-dmbipy)] (4)

“Expressed in units of cm™ multiplied by a factor of 10™.
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Fig. 3.8. EPR spectrum of [VO(bspt)(bipy)] (1) in polycrystalline
state at 298 K.
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Fig. 3.9. EPR spectrum of [VO(bspt)(bipy)] (1) in DMF at 77 K.
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Fig. 3.10. EPR spectrum of [VO(bspt)(phen)] (2) in polycrystalline
state at 298 K.
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Fig. 3.11. EPR spectrum of [VO(bspt)(phen)] (2) in DMF at 77 K.
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Fig. 3.12. EPR spectrum of [VO(bspt)(4,4’-dmbipy)] (3) in polycrystalline
state at 298 K.
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Fig. 3.13. EPR spectrum of [VO(bspt)(4,4'-dmbipy)] (3) in DMF at 77 K.
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Fig. 3.14. EPR spectrum of [VO(bspt)(g,S '-dmbipy)] (4) in polycrystalline
state at 298 K.
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Fig. 3.15. EPR spectrum of [VO(bspt)(5,5'-dmbipy)] (4) in DMF at 77 K.
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Chapter 4

SYNTHESES, SPECTRAL AND STRUCTURAL
CHARACTERIZATION OF NICKEL(II)
COMPLEXES OF ONS AND NNS DONOR
THIOSEMICARBAZONES

™ 4.1 Introduction

N 4.2 Experimental
| 4.3 Results and discussion

4.1 Introduction

Nickel is a silvery white metal. It is a natural element that is found
in the earth’s crust (soil and rocks), air and water. Nickel was named in
1751 by a chemist named Cronstedt, but was in use for thousands of
years before that year. Because of nickel's slow rate of oxidation at
room temperature, it is considered corrosion-resistant. Historically, this
has led to its use for plating metals such as iron and brass, coating
chemistry equipment, and manufacturing certain alloys that retain a high
silvery polish, such as German silver. About 6% of world nickel
production is still used for corrosion-resistant pure-nickel plating.
Nickel-plated items are noted for provoking nickel allergy. Nickel has

been widely used in coins, though its rising price has led to some
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replacement with cheaper metals in recent years. Nickel is one of four
elements that are ferromagnetic around room temperature. Alnico
permanent magnets based partly on nickel are of intermediate strength
between iron-based permanent magnets and rare-earth magnets. The
metal is chiefly valuable in the modern world for the alloys it forms, about
60% of world production is used in nickel-steels (particularly stainless
steel). Other common alloys, as well as some new superalloys, make up
most of the remainder of world nickel use, with chemical uses for nickel
compounds consuming less than 3% of production [130]. As a compound,
nickel has a number of niche chemical manufacturing uses, such as a
catalyst for hydrogenation. Enzymes of some microorganisms and plants
contain nickel as an active site, which makes the metal an essential
nutrient for them. On earth, such native nickel is found in combination
with iron, a reflection of those elements' origin as major end products of
supernova nucleosynthesis. An iron-nickel mixture is thought to compose
earth's inner core [131]. Naturally occurring nickel is composed of five
stable isotopes; 58Ni, 60Ni, 61Ni, 2Ni and *Ni with **Ni being the most
abundant (68.077% natural abundance). “Ni has the highest nuclear
binding energy of any nuclide. Nickel has 31 total isotopes.

The biological activities of thiosemicarbazone can be modified or
enhanced by the linkage to important metal ions such as Fe, Ni, Cu and
Zn [132]. For example, nickel complexes of thiosemicarbazone have
been shown to possess anti-proliferative activity in a few cancer cell lines
[133-135]. Though the versatility binding modes of thiosemicarbazone

to nickel ion have been reported, the biological effect of various N*-
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substituted groups is unknown. Nickel complexes of thiosemicarbazones
were discovered a few decades ago and they are now attracting
growing interest because of their pharmacological properties including
antiviral, antibacterial, antimalarial [133,136] and anticancer effects
[137]. Nickel is the twenty-second most abundant element by weight
in the earth’s crust. It is predominantly divalent and ionic in simple
compounds, and exists as Ni(Il) in most of its complexes. Nickel forms
four, five and six coordinate complexes viz, square planar, tetrahedral,

trigonal bipyramidal, square pyramidal and octahedral geometries.

In the 1970s, a specific physiological role for nickel was
established when it was found to be a cofactor of the enzyme urease.
Today, we have a substantial list of nickel enzymes, which covers a
diverse array of chemical reactions and continues to grow. These
enzymes are employed by many different organisms that inhabit all
sorts of ecosystems around this planet, although a nickel enzyme has
yet to be identified in animals. Researchers are interested in the
coordination chemistry of nickel complexes as models for the active
sites in nickel containing enzymes [138-140]. This is largely due to the
discovery of nickel at the centers of many important enzymes [141-143].
There are six nickel enzymes discovered so far, they are: urease, NiFe
hydrogenases, methyl coenzyme M reductase [144], carbon monoxide
dehydrogenase [145], acetyl coenzyme A synthase [146] and more
recently nickel superoxide dismutase (NiSOD) [147,148].

Nickel(Il) Schiff base complexes containing sulfur donors have

received attention due to identification of a sulfur-rich coordination
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environment in biological nickel centres, such as the active sites of certain
ureases, methyl-S-coenzyme-M-methyl reductase, and hydrogenases
[149]. The known biological activity of nickel includes antiepileptics,
anticonvulsant agents, antibacterial, antifungal, antimicrobial, and
anticancer/antiproliferative activities. Several reports have described the
reactivity of DNA with mononuclear nickel(II) complexes [150]. The
chemistry of nickel complexes with multidentate Schiff base ligands has
attracted attention because such complexes play an important role in
bioinorganic chemistry and redox enzyme systems, and may provide the
basis for models of the active sites of biological systems or act as

catalysts [151].

4.2 Experimental
4.2.1 Materials

Nickel(IT) acetate tetrahydrate (C.D.H. Chemicals), 1,10-
phenanthroline (phen), 2,2'-bipyridine (bipy) and 4,4'-dimethylbipyridine

(4,4'-dmbipy) were used as received. Solvents used are methanol and DMF.

4.2.2 Syntheses of thiosemicarbazones

The syntheses of thiosemicarbazones H,bspt and Hbpet are discussed

already in Chapter 2.

4.2.3 Syntheses of nickel complexes
4.2.3.1 [Ni(bspt),] (6)

This complex was synthesized by refluxing a solution of Hjbspt
(0.1885 g, 0.5 mmol) in 1:1 mixture of DMF and methanol with a
methanolic solution of Ni(OAc),4H,0 (0.124 g, 0.5 mmol) for 3 hours.
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The complex formed was filtered, washed with methanol and dried in

vacuo.

Elemental Anal. Found (Caled.) (%) : C, 57.40 (58.10); H, 3.90 (3.95); N,
9.84 (9.68); S, 7.11 (7.39). Yield 60%.

4.2.3.2 [Ni(bspt)(bipy)]-H:0 (7)

To a stirred mixture of Hybspt (0.1885 g, 0.5 mmol) in a mixture of
DMF and methanol and 2,2'-bipyridine (0.078 g, 0.5 mmol) in methanol,
nickel(Il) acetate tetrahydrate (0.124 g, 0.5 mmol) was added. The brown
solution was refluxed for 3 hours and brown product separated out was

filtered, washed with methanol and dried in vacuo.

Elemental Anal. Found (Caled.) (%) : C, 62.70 (62.86); H, 3.90 (4.59); N,
10.96 (11.82); S, 5.88 (5.41). Yield: 67%.

4.2.3.3 [Ni(bspt)(phen)]-H >0 (8)

Methanolic solution of nickel(Il) acetate tetrahydrate (0.124 g,
0.5 mmol) was added to a stirred mixture of H,bspt (0.1885 g, 0.5 mmol)
in a miture of DMF and methanol and the 1,10-phenanthroline (0.090 g,
0.5 mmol) in methanol was added to it. The resultant brown solution
was refluxed for 3 hours. The product obtained was filtered, washed

with methanol and dried in vacuo.

Elemental Anal. Found (Calcd.) (%): C, 64.96 (64.31); H, 3.97 (4.42);
N, 10.61 (11.36); S, 5.68 (5.20). Yield: 65%.

4.2.3.4 [Ni(bspt)(4,4'-dmbipy)]-CH;0H (9)

To a stirred mixture of Hybspt (0.1885 g, 0.5 mmol) in a mixture

of DMF and methanol and 4,4'-dimethylbipyridine (0.0920 g,
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0.5 mmol) in methanol, nickel(I) acetate tetrahydrate (0.124 g, 0.5 mmol)
was added. The brown solution was refluxed for 3 hours and brown
product separated out was filtered, washed with methanol and dried in

vacuo.

Elemental Anal. Found (Caled.) (%): C, 61.69 (62.08); H, 4.56 (5.21);
N, 11.07 (10.97); S, 4.83 (5.02). Yield: 55%.

4.2.3.5 [Ni(bpet)(NCS)] (10)

To a stirred mixture of Hbpet (0.1421 g, 0.5 mmol) in a mixture of
DMF and methanol (1:1 v/v) and aqueous solution of KCNS (0.097 g,
0.5 mmol), methanolic solution of nickel(Il) acetate tetrahydrate
(0.124 g, 0.5 mmol) was added. The resultant brown solution was refluxed
for 3 hours and brown crystals separated out were washed with methanol

and dried in vacuo.

Elemental Anal. Found (Calcd.) (%): C, 48.63 (48.03); H, 4.00 (3.78);
N, 16.90 (17.50); S, 15.83 (16.03). Yield: 70%.

4.2.3.6 [Ni(bpet)(NCO)] (11)

To a stirred mixture of Hbpet (0.1421 g, 0.5 mmol) in a mixture of
DMF and methanol (1:1 v/v) and aqueous solution of sodium cyanate
(0.0325 g, 0.5 mmol), methanolic solution of nickel(Il) acetate tetrahydrate
(0.124 g, 0.5 mmol) was added. The brown solution was refluxed for
3 hours and brown product separated out was filtered, washed with

methanol and dried in vacuo.

Elemental Anal. Found (Calcd.) (%): C, 49.44 (50.03); H, 3.45 (3.94);
N, 18.12 (18.23); S, 7.73 (8.35). Yield: 65%.
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4.3 Results and discussion

Six nickel complexes of the thiosemicarbazones were synthesized.
The compound 6 is prepared by the reaction of equimolar mixture of the
appropriate  thiosemicarbazone and nickel acetate tetrahydrate.
Complexes 7-9 were synthesized by refluxing metal salt, corresponding
heterocyclic bases and thiosemicarbazones in 1:1:1 ratio. Complexes 10
and 11 were synthesized by refluxing metal salt, corresponding anions and
thiosemicarbazones. All the complexes are brown in colour and are soluble
in solvents like DMF and DMSO. In complexes 6-9, thiosemicarbazones
exist in the thioiminolate form and act as dideprotonated tridentate ligands
coordinating through phenolate oxygen, thioiminolate sulfur and
azomethine nitrogen. Compound 6 is dimeric in nature while others are
monomeric mixed ligand metal chelates. They are characterized by the

following physico-chemical methods.

4.3.1 Elemental analyses

The analytical data are consistent with the general formula [(NiL),]
for complex 6 and [NiLB] for complexes 7-9 where L is the doubly
deprotonated thiosemicarbazone ligand and B is the bidentate
heterocyclic bases viz. phen, bipy and 4,4’-dmbipy. We could isolate
single crystals with suitable quality for XRD studies for complex 10.

4.3.2 Molar conductivity and magnetic susceptibility measurements

The conductivity measurements of nickel complexes were made in
DMF (10 M) and it is observed that the values lie in the range

2-9 ohm™cm’mol™, which is well below the range (65-90 ohm™ cm®mol™)
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for uni-univalent electrolytes in the same solvent, indicating the non-
electrolytic nature of the complexes [110]. The molar conductivity values
are given in Table 4.1. The magnetic moments of the complexes were
calculated from the magnetic susceptibility measurements at room
temperature and suggest that the compounds 7-9 have magnetic moment
values 2.9, 2.89 and 3.3 B.M. respectively. Normally five coordinate high
spin Ni(I[) complexes have magnetic moment values in the range of
3.0-3.4 B.M., which are expected for a triplet spin ground state (S=1) of
such complexes. But in complexes 7 and 8, the lower values suggest the
anomalous magnetic moment of the Ni(II) complexes. This behaviour is
due to the quenching of the orbital contribution to the magnetic moment
due to the distortion of D3, symmetry [152]. Four coordinate complexes
6, 10 and 11 show anomalous magnetic moments of 0.74, 0.24 and
0.79 B.M. respectively which may be due to deviation from a perfect
square planar geometry or the presence of impurity [120]. Square planar
Ni(Il) complexes are diamagnetic but weakly paramagnetic systems with

low spin have also been reported [153].

Table 4.1. Molar conductivity and magnetic moments of Ni(II) complexes

Compound Am Wesr (B.M.)
[Niy(bspt).] (6) 2.9 0.74
[Ni(bspt)(bipy)]-H,O (7) 4.0 2.9
[Ni(bspt)(phen)]-H,O (8) 3.0 2.89
[Ni(bspt)(4,4'-dmbipy)]- CH;0H (9) 4.0 33
[Ni(bpet)(NCS)] (10) 8.9 0.24
[Ni(bpet)(NCO)] (11) 1.7 0.79

2
? = mho ¢cm” mol
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4.3.3 X-ray crytallography

Single crystals of compound [Ni(bpet)(NCS)] (10) suitable for
X-ray diffraction studies were obtained by the slow evaporation of the
mother liquor. Single crystals of dimensions 0.30 x 0.25 x 0.20 mm® of
the complex 10 is selected and mounted on a Bruker SMART APEXII
CCD diffractometer, equipped with a graphite crystal, incident-beam
monochromator and a fine focus sealed tube with Mo Ka (A = 0.71073 A)
radiation as the X-ray source. The crystallographic data and structure
refinement parameters for compound 10 are given in Table 4.2. The
unit cell dimensions were measured and the data collection was
performed at 296 (2) K. Bruker SMART software was used for data
acquisition and Bruker SAINT software for data integration [62].
Absorption corrections were carried out using SADABS based on Laue
symmetry using equivalent reflections [63]. The structure was solved
by direct methods using SHELXS97 [64] and refined by full-matrix
least-squares calculations with SHELXIL.97 software package [65]. The
molecular and crystal structures were plotted using DIAMOND version
3.2g [66]. In [Ni(bpet)(NCS)] (10), all non-hydrogen atoms were
refined anisotropically and all H atoms on C were placed in calculated
positions, guided by difference Fourier maps, with C—H bond distances
0.93-0.96 A. H atoms were assigned as Ujs=1.2U¢q (1.5 for Me). The
N4-H4" H atom was located from difference maps and its distance is
restrained to 0.88 + 0.01 A.
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Table 4.2. Crystal data and structure refinement parameters for complex 10

Parameters

[Ni(bpet)(NCS)] (10)

Empirical formula
Formula weight

Color

Temperature (T) K
Wavelength (Mo Ka) (A)
Crystal system

Space group

Cell parameters
a
b
c
a
B
14

Volume V (A%)

Z

Calculated density (p) (Mg m™)
Absorption coefficient, p (mm™)
F(000)

Crystal size (mm’)

0 range for data collection
Limiting indices

Reflections collected

Unique Reflections (R;,)
Completeness to 6

Absorption correction
Maximum and minimum transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [I > 20 (I)]

R indices (all data)

Largest difference peak and hole (eA'3)

C6H sNsNiS,
400.16
Brown

296(2)
0.71073
Monoclinic
P2,/n

14.0577(9) A

9.7437(4) A

14.0665(8) A

90°

113.869(3)°

90°

1761.96(17)

4

1.509

1.345

824

0.30x 0.25x0.20

2.62 to 28.34°

-18<h <17,-12<k <12,-18<1<18
13919

4338 [R(int) = 0.0579]

28.34 (99.1%)

Semi-empirical from equivalents
0.764 and 0.675

Full-matrix least-squares on F*
4338/1/222

1.021

R, =0.0343, wR, = 0.0788

R, =0.0640, wR, = 0.0922
0.309 and -0.292
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4.3.3.1 Crystal structure of [Ni(bpet)(NCS)] (10)

The compound crystallized in a monoclinic space group, P2;/n.
The molecular structure of complex 10 is shown in Fig. 4.1. Selected
bond lengths and bond angles are given in Table 4.3. The nickel(I) atom
has square-planar geometry surrounded by one sulfur atom and three
nitrogen atoms. The uncomplexed thiosemicarbazone Hbpet shows E
configuration about N(3)—C(13) bond. The organic molecule acts as a
terdentate ligand with the NNS donor set placed on the same side. The
third nitrogen atom is provided by the isothiocyanate anion.
Coordination of the thiosemicarbazone results in the formation of two
five-membered (NiSCNN and NiNCCN) chelate rings, all of them are
planar within experimental error. A careful examination of bond length
data shows that the Ni-N bonds involving the iminic and isothiocyanate
nitrogens {1.8437(18) and 1.843(2) A} are somewhat shorter than that
involving the pyridine nitrogen {1.9030(19) A}. This suggests that
nickel(Il) is small enough to perfectly fit in the ligand cavity and to
bond effectively, by which the pyridine ring is required to flex inward
towards the metal ion [154,155]. This results in a small distortion to
the ligand structure easily quantified by a consideration of the bite
angles N(1)-Ni—N(2) 84.07(8)°, N(1)-Ni—N(5) 95.64(9)°, N(2)-Ni—S(1)
86.99(6)°, and N(5)-Ni-S(1) 93.45(7)°. The Ni-S bond (2.137 A) is
comparable with those reported for other thiosemicarbazone nickel
complexes [156,157] with strong coordination, attributable to the high
basicity of the ligand.
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Fig. 4.1. Molecular structure of [Ni(bpet)(NCS)].

The enviornment around the Ni(Il) ion is distorted square planar

which is evident from the bond angles given in Table 4.3. The geometry

360°—(ar+p)
141°

index for four-coordinate complexes, 74 = is found to be

0.084. The values of 74 will range from 1.00 for a perfect tetrahedral
geometry to zero for a perfect square planar geometry [158]. The loss of
the proton originally bound to N(3) produces a negative charge, which is
delocalized on the N2-N3-CI13 system, consistent with the bond
distance C13-S1, 1.740 (2) A compared to the normal C—S double bond
(1.6 A) in the range of single-bond character. The bond distances
C(6)-N(2) 1.310(3) and N(3)-C(13) 1.314(3) A, are intermediate
between formal single and double bonds [159-161,23].
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Table 4.3. Bond lengths and bond angles of complex 10

Bond lengths Bond angles
Ni(1)-N(5) 1.843(2) N(5)-Ni(1)-N(2) 176.46(9)
Ni(1)-N(2) 1.8437(18) N(5)-Ni(1)-N(1) 95.64(9)
Ni(1)-N(1) 1.9030(19) N(2)-Ni(1)-N(1) 84.07(8)
Ni(1)-S(1) 2.1364(7) N(5)—Ni(1)-S(1) 93.45(7)
S(1)-C(13) 1.740(2) N(2)-Ni(1)-S(1) 86.99(6)
S(2)-C(16) 1.608(3) N(1)-Ni(1)-S(1) 170.68(6)
N(3)-C(13) 1.314(3)

N(2)-C(6) 1.310(3)
N(2)-N@3) 1.363(3)

The thiolate formation is also supported by the decrease in bond
length of N3—C13, 1.314 A from the normal N-C bond length, 1.47 A.
This substantiates the displacement of the tautomeric equilibrium to the
thioiminol form. The ambidentate nature of SCN™ may be interpreted
in terms of sulfur being a “soft” base and nitrogen being a “hard” base
[162,163]. When the thiocyanate ion is the only ligand present in a
complex, its mode of bonding generally follows the hard (M—NCS) or
soft (M—SCN) pattern throughout the periodic table. However, the
nature of other ligands in a complex may determine whether the metal
functions as a hard ion, and forms isothiocyanato complexes, or as a
soft ion, and forms thiocyanato complexes. Steric factors in bulky
ligands also may alter the nature of thiocyanate coordination [164].
Turco and Pecile [165] noted that the presence of other ligands in a

complex apparently influenced whether the thiocyanate ion was N or S
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bonded. They suggested that phosphines, arsines, and similar donor
atoms withdraw electron density from the metal through dz-d= (M—L)
back-bonding, thereby reducing the relative tendency for the sulfur
atom of SCN" to participate in  bonding. As a consequence, when a
SCN™ group is coordinated to a metal, along with strong m-acceptor
ligands, it may be expected to bond preferentially via the nitrogen

atom.

The distances N(5)-C(16) 1.156(3) and C(16)-S(2) 1.608(3) A in
the thiocyanate group are in the double bond range in agreement with
N-coordination of the isothiocyanate group. Single crystal XRD studies
shows that nickel(II) complex exhibits distorted square planar arrangement
consists of one nickel atom (Nil), coordinated by nitrogen (NS5) of
terminal thiocyanate group, sulfur atom (S1) and two nitrogen atoms
(N1, N2) from the principal ligand (Fig. 4.1). In the crystal packing three
molecules are linked through hydrogen bonding i.e. two molecules are
bridged by a third one (Fig. 4.2). Further, crystal packing is reinforced by
very weak - and metal---m interactions (Fig. 4.3). Fig. 4.4 shows the
packing diagram of the compound. The various interaction parameters

are shown in Table 4.4.

m Department of Applied Chemistry, CUSAT



Syntheses, spectral and structural characterization of nickel(11) complexes of ...

Fig. 4.2. Hydrogen bonding of [Ni(bpet)(NCS)].

Fig. 4.3. Metal--- and m --- 1t interactions in the compound 10.
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Fig. 4.4. Packing diagram viewed along ‘b’ axis

Table 4.4. Interaction parameters

H-bonding
D-H---A D-H () H--A(A) D---A(A) D-H-A(°)
N(4)-H(4")...S(2)* | 0.867(10) 2.695(13)  3.522(2) 160(2)
7-- -7 interactions
Cg@)---Cg(J) Cg-Cg(A) a() () T()
Cg(1)---Cg(1)® 3.9992(12) O 33.94 33.94
Cg(2)---Cg(3)° 3.9539(13) 3.66(12) 32.68 31.28
Cg(3)---Cg(2)° 3.9539(13) 3.66(12) 31.28 32.68
Cg(3)---Cg(3)° 3.6055(16) 0 22.72 22.72
Metal- -7 interaction
Cg)-Me(d) | Cg-Me(A) B ()
Cg(1)---Ni(1)* 3.9992(12) 16.22

Equivalent position codes : a = —x + %,y — %, -7+ %,b = g + X,% — y,% +z,

c=2-x1-y1-2zd=2-%x-y,1—2z

Cg(1)=Ni(1), S(1), C(13), N(3), N(2);

Cg(2) =Ni(1), N(1), C(5), C(6), N(2); Cg(3)=N(1), C(),

C(2), CB3), C4), CO);

D = Donor, A = acceptor, Cg = Centroid

o = dihedral angle between planes I and J

B = angle betweenCg(I)---Cg(J) vector and Cg(J) perp
v = angle betweenCg(I)---Cg(J) vector and Cg(I) perp
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4.3.4 Infrared spectra
The characteristic IR bands (4000-400 cm™) of the Ni(Il) complexes

provide significant information regarding the bonding sites of the
ligands. A comparison of the IR spectra of thiosemicarbazones and the
Ni(IT) complexes shows that significant variations have occurred in the
characteristic frequencies upon complexation. The tentative IR spectral
assignments of the thiosemicarbazones and Ni(Il) complexes are listed
in Table 4.5. In complexes 6-9, the bands due to O-H and *N-H
stretching vibrations are absent which is a clear evidence for the
coordination of the thiosemicarbazones in the dideprotonated form. The
azomethine stretching vibrations are observed at 1600 cm™ in the
thiosemicarbazones. However, in complexes these bands are shifted to
lower wave numbers due to the combination of v(C=N) with the newly
formed C=N bond which results from the loss of the thioamide hydrogen
from the thiosemicarbazone moiety [113-116,90]. It is learnt that the
iminolization is thermodynamically most favored due to the additional
stability conferred on the resulting complex upon complexation. Further
proof for the coordination of azomethine nitrogen to nickel is the
appearance of new bands in the range 429-445 cm™ assignable to
V(Ni-N) for the complexes [166-168]. The iminolization and the
electron delocalization in the thiosemicarbazone moiety are supported by
the increase in the stretching frequency of the N—N bond of the principal
ligand [118]. The bands at 1330 and 1340 cm’ present in the
thiosemicarbazones shift to lower wavenumbers in all the complexes
and this can be assigned to the v(C-S) vibration suggesting the change of

bond order and strong electron delocalization upon chelation. This
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shows that the H-N—-C=S in the ligands has transformed to N=C—-S-H
thereby coordinating to nickel in the thioiminolate form. Coordination
via thioiminolate sulfur is also indicated by the negative shift of the band
assigned to 6(C=S) vibration in the ligands [169]. The broad band at
3366 cm™ is assigned to phenolic —OH of Hybspt have disappeared in the
complexes which indicates the coordination of the phenolic oxygen to
the nickel atom [170]. The coordination of the heterocyclic bases to
nickel is indicated by the presence of characteristic peaks of 1,10-
phenanthroline, 2,2'-bipyridine and 5,5’-dimethyl-2,2'-bipyridine in the
finger print region of 600-1400 cm™ in the complexes [171]. The SNNN
mode of coordination is ascertained from the red shift of the v(C=N) and
pyridine (ring deformation out of plane and ring deformation in plane)
vibrations and by the presence of a new band at 2108 cm™ indicating
N-coordination of the thiocyanate group [172]. Fig. 4.5 depicts the

infrared spectra of some of the nickel complexes of thiosemicarbazones.
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100 4 L
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Fig. 4.5. Infrared spectra of some of the nickel (II) complexes.
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It is observed that in all the complexes except 10 and 11, the
thiosemicarbazones act as dianionic tridentate ligands coordinating to
nickel through O, N and S atoms. In the case of mixed ligand nickel
chelates, the two nitrogen atoms of heterocyclic bases occupy the fourth

and fifth coordination positions of nickel.

Table 4.5. IR spectral assignments (cm™) of thiosemicarbazones and their

Ni(II) complexes

D

. Z

27 Ee

Compound . %5 - %

g 2 2 2z %2 & & 2 38

S & L3 8L ¢ 22 it

4 4 4 = - 4 > = B 2

H,bspt 3366 1625 ---- 1112 1330,832 1261 ---- --- -
[Niy(bspt),] (6) —— 1597 1522 1123 1313,839 1218 496 421 -
[Ni(bspt)bipy] - H,O (7) | - 1597 1522 1123 1319,825 1211 496 438 1434,689
[Ni(bspphen] HLO@®) | - 1597 1516 1130 1313,825 1218 499 435 1428737

[Ni(bspt) (4,4'-dmbipy)]-

- 1602 1517 1162 1309,882 1201 515 435 1425,731

CH;0H (9) ’ ’

a

=newly formed C=N bond

P o

$ & 8 z

Compound 9; % ) &

—~ S~ ~ = = - P

PN ~ wn

s 5 2 9% 2 2 5 0

C L £ L2<£ L L z <

- - - - - - - %=

Hbpet 1583 - 1107 1340,814 oo oo aen e
[Ni(bpet)(NCS)] (10) | 1593 1545 1142 1329,836 2108 831 424 465
[Ni(bpet)(NCO)] (11) | 1599 1549 1145 1337,821 2218 1625 423 636

a

=newly formed C=N bond
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4.3.5 Electronic spectra

The electronic spectra give much insight into the coordination
geometry around metal ion. The electronic spectra of all the Ni(II)
complexes were taken in DMF. The electronic transitions found in
thiosemicarbazones due to imine function were slightly shifted on
complexation. The shift of the bands due to intraligand transitions is the
result of the weakening of the C=S bond and the extension of
conjugation upon complexation [121]. The shift occurs also due to
coordination via phenolic oxygen and azomethine nitrogen [122] and is
an indication of the iminolization followed by the deprotonation of the
ligands during complexation. The intraligand n—n* and n—on*
transitions are assigned to bands in the range 23500-30100 cm™ for the
nickel complexes of Hbspt and 25060-32200 cm™ for the nickel
complexes of Hbpet. In all the complexes, intense bands in the 24880-
24250 cm™ range are assigned to ligand to metal charge transfer
transitions and the broadness of these bands can be explained as due to
the combination of O — Ni'' and S — Ni" LMCT transitions [173,174].
Fig. 4.6 represents the electronic spectra of the Ni(II) complexes. The
electronic spectral data of the thiosemicarbazones and their Ni(II)

complexes are given in Table 4.6.
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Fig. 4.6. Electronic spectra of nickel complexes.
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For a diamagnetic Ni(II) complex, as a consequence of eight
electrons being paired in the four low-lying d orbitals with the upper

orbital being d,2_,2, the four lower orbitals are often so close in

y
energy that individual transitions from them to the upper d level
cannot be distinguished, resulting in a single absorption band. The
broad band at 14020 cm™ for [Niy(bspt),] (6) may be attributed to d-d
band of this type. However we could not locate any d-d bands for the
other complexes, probably due to masking by the high intensity
charge transfer bands. Visible spectrum of [Niy(bspt),] (6) is shown

in Fig. 4.7.

0.1 4

Absorbance

0.0 . r . T . |
16000 14000 12000 10000

Wavenumber (cm™)

Fig. 4.7. Visible spectrum of [Ni,(bspt),] (6).
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Table 4.6. Electronic spectral assignments (cm™) of thiosemicarbazones
and their Ni(II) complexes

Compound n—n*/n—n* LMCT d-d
H,bspt 24230, 30110 -—-- -
[Ni,(bspt),] (6) 26690, 31760 24490 14020
[Ni(bspt)(bipy)]-H,O (7) 26520, 30150 24270 -
[Ni(bspt)(phen)] -H,O (8) 26620, 31810 24360 -
[Nibspt(4,4'-dmbipy)]-CH;0H (9) 26690, 31440 24250
Hbpet 23500, 30800 -—-- -
[(Ni(bpet)(NCS)] (10) 29970, 32220 24880 -
[(Ni(bpet)(NCO)] (11) 25060, 30550 24530 -

4.3.6 Thermogravimetric studies

Thermal analyses provide valuable information regarding the
thermal stability and nature of water molecules in complexes. It helps us
to distinguish the lattice water molecules and coordinated water
molecules present in the compound. Reports show that the weight losses
for lattice water are below 200 °C and due to coordinated water are in
the range of 200-350 °C [175,176]. In complexes 7 and 8 there are
weight losses in the region 100-180 °C indicating the presence of lattice
water molecules. For the complex [Ni(bspt)(4,4’-dmbipy)]-CH;0H (9),
a weight loss of 4.34% is observed due to the loss of a molecule of
methanol in the temperature range 200-250 °C (calc. 4.91%). Fig. 4.8
shows the TG-DTG plot of complexes 7, 8 and 9.
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SYNTHESES, SPECTRAL AND STRUCTURAL
CHARACTERIZATION OF COPPER(II)
COMPLEXES OF ONS AND NNS DONOR
THIOSEMICARBAZONES

5.1 Introduction

5.2 Experimental
5.3 Results and discussion

5.1 Introduction

Copper occupies the same family of the periodic table as silver and
gold, since they each have one s-orbital electron on top of a filled
electron shell which forms metallic bonds. This similarity in electron
structure makes them similar in many characteristics. All of them have
very high thermal and electrical conductivity, and all are malleable
metals. Among pure metals at room temperature, copper has the second

highest electrical and thermal conductivity, after silver.

The use of copper dates back far into history. Copper beads have
been found in what is now modern Iraq, dating back to 9000 BC. The
metal is relatively easy to mine and refine, contributing to its early and

widespread use. Being soft, however, it is unsuitable for making reliable
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tools and weapons. Early metal smiths as far back as 3000 BC learned to
combine copper with other metals to produce more durable alloys. Brass
(copper and zinc) and bronze (copper and tin) are two examples. The
symbol and name for copper are from the Latin cuprum, which literally

means "from the island of Cyprus", an early source of copper ore.

Copper forms a rich variety of coordination complexes with
oxidation states Cu(Il) and Cu(I), and very few examples of copper(Ill)
compounds are reported [177]. The coordination chemistry of copper is
dominated by Cu(Il) derivatives with little but important examples of
Cu(I) compounds. Since copper (I/II) complexes are (i) redox active,
(i1) frequently labile, and (iii) typical in their preference for distorted
coordination geometries, they are much less structurally predictable than
other first-row transition metal complexes. Copper(l) strongly prefers
ligands having soft donor atoms such as P, C, thioether S, and aromatic
amines. Although two-coordinated linear and three-coordinated trigonal
arrangements are known, Cu(I) complexes are mostly four-coordinated
species adopting a tetrahedral geometry. In Cu(Il) complexes the
coordination number varies from four to six, including four-coordinate
square-planar, five-coordinate trigonal bipyramidal, and six-coordinate
octahedral geometries. The variety of accessible arrays allows for a
great assortment in the choice of the ligands (from mono- to hexadentate

chelates) and of the donor atoms (N, O, S, and halides) [178].

Thiosemicarbazones and their metal compounds exhibit a
number of relevant biological properties. The studies developed during

the last 30 years have yielded several conclusions. The biologically

m Department of Applied Chemistry, CUSAT



Syntheses, spectral and structural characterization of copper(11) complexes of N*-substituted . ..

active thiosemicarbazone compounds are planar and contain a pyridine
ring or derivatives giving rise to NNS tridendate systems [179]. These
ligands coordinate to metal ions inside the cell, forming complexes
which supposedly act as the true active species. In this sense the
behavior of the ligands can be modified by the linkage to metallic ions
such as Cu(Il) and Fe(Il) enhancing their biological activity [180,181]
as was found for other thiosemicarbazone complexes [182]. Copper
bis(thiosemicarbazone) complexes have attracted more attention, because
many of them displayed promising anticancer activity [183-189]. The
mono (thiosemicarbazone) complexes of copper containing 1 or 2
equivalent of the ligand are well understood, and they manifest cytotoxicity

mainly through ROS generation.

Copper(Il) is a biologically active, essential ion; its chelating
ability and positive redox potential allow participation in biological
transport reactions [190]. Also, copper(Il) forms the active centers of
more than a dozen metalloproteins [191-196]. Further, copper complexes
possess a wide range of biological activity and are among the most
potent antiviral, antitumor and antiinflammatory agents. For example, a
copper(Il) complex of 2-formylpyridine thiosemicarbazone has been
shown to inhibit the RNA-dependent DNA polymerases and the
transforming ability of Rous sarcoma virus (RSV) [197]. In addition,
copper complexes of 2-acetylpyridine thiosemicarbazones are active
antimalarial agents [136]. They possess strong antineoplastic activity
against a number of transplantable tumors, spontaneous murine tumors

[198] and human tumors [199]. The mechanism of their antitumor action
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is considered to involve either inhibition of the enzyme, ribonucleotide
reductase, an obligatory enzyme in DNA synthesis [200-202] or creation
of lesions in DNA strands [203]. Synthetically prepared copper(Il)
complexes have been successful in treating inflammatory diseases such
as rheumatoid arthritis [204-206]. These biological activities have
provided an impetus to the study of transition metal ion complexes of
thiosemicarbazones in general, and have prompted us to update
[207-209,115,181] the structural activity correlations of their copper(Il)
complexes. Liebermeister [210] demonstrated that the presence of copper
ions enhances the antitubercular activity of p-acetamidobenzaldehyde

thiosemicarbazone.

5.2 Experimental
5.2.1 Materials

Copper(Il) acetate monohydrate (E-Merck), 1,10-phenanthroline
(phen), 2,2-bipyridine (bipy), 4,4’-dimethyl-2,2'-bipyridine (4,4’-dmbipy)
and 5,5'-dimethyl-2,2'-bipyridine (5,5’-dmbipy) were used as received.

5.2.2 Syntheses of the thiosemicarbazones and complexes

The syntheses of thiosemicarbazones H,bspt, Hbpet and Hjbrset
are discussed already in Chapter 2. All chemicals used for synthesis
were reagent grade. The ligand Hbpet was formed in situ in the
presence of metal salt. Caution: Azide compounds are potentially
explosive and should be prepared only in small quantities and handled

with care.
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5.2.3 Syntheses of copper complexes

5.2.3.1 [Cu,(bsptr),] (12)

This complex was synthesized by refluxing a solution of H,bspt
(0.188 g, 0.5 mmol) in a 1:1 mixture of DMF and methanol with a
methanolic solution of Cu(OAc),-H,O (0.099 g, 0.5 mmol) for 3 hours.

The complex formed was filtered, washed with methanol and dried in vacuo.

Elemental Anal. Found (Caled.) (%) : C, 57.00 (57.46); H, 3.32 (3.90); N,
9.18 (9.57); S, 7.40 (7.30). Yield: 82%.

5.2.3.2 [Cu(bspt)(phen)] (13)

Methanolic solution of copper(Il) acetate monohydrate (0.099 g,
0.5 mmol) was added to a stirred mixture of Hybspt (0.188 g, 0.5 mmol) in
DMF and methanol and 1, 10-phenanthroline (0.090 g, 0.5 mmol) in
methanol. The resultant green solution was refluxed for 3 hours. The green

product obtained was filtered, washed with methanol and dried in vacuo.

Elemental Anal. Found (Calcd.) (%) : C, 63.76 (63.80); H, 4.54 (4.38); N,
11.80 (11.27); S, 5.30 (5.16). Yield: 78%.

5.2.3.3 [Cu(bspt)(bipy)] (14)

To a stirred mixture of Hybspt (0.188 g, 0.5 mmol) in DMF and
methanol and 2,2'-bipyridine (0.078 g, 0.5 mmol) in methanol,
copper(Il) acetate monohydrate (0.099 g, 0.5 mmol) was added. The
green solution was refluxed for 3 hours and green product separated out

was filtered, washed with methanol and dried in vacuo.

Elemental Anal. Found (Calcd.) (%) : C, 62.90 (62.35); H, 5.14 (4.56); N,
11.16 (11.13); S, 5.09 (5.37). Yield: 80%.
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5.2.3.4 [Cu(bspt)(4,4'-dmbipy)] (15)

To a stirred mixture of H,bspt (0.188 g, 0.5 mmol) and 4,4'-
dimethyl-2,2"-bipyridine (0.092 g, 0.5 mmol) in methanol, copper(Il)
acetate monohydrate (0.099 g, 0.5 mmol) was added. The solution was
refluxed for 3 hours and green product separated out was filtered,

washed with methanol and dried in vacuo.

Elemental Anal. Found (Caled.) (%): C, 62.03 (61.81); H, 5.15 (4.87); N,
10.86 (10.92): S, 5.03 (5.00). Yield: 74%.

5.2.3.5 [Cu(bsp?)(5,5"-dmbipy)](16)

To a stirred mixture of H,bspt (0.188 g, 0.5 mmol) and 5,5'-
dimethyl-2,2"-bipyridine (0.092 g, 0.5 mmol), copper(Il) acetate
monohydrate (0.099 g, 0.5 mmol) was added. The solution was refluxed
for 3 hours and green product separated out was filtered, washed with

methanol and dried in vacuo.

Elemental Anal. Found (Calcd.) (%): C, 63.29 (63.39); H, 4.77 (5.00); N,
11.02 (11.20); S, 4.72 (5.13). Yield: 80%.

5.2.3.6 [Cu;,(brset),] (17)

To a stirred mixture of Hybrset (0.5 mmol, 0.151g) in DMF and
methanol, copper(Il) acetate monohydrate (0.099 g, 0.5 mmol) was
added. The bluish green solution was refluxed for 3 hours and the
product separated out was filtered, washed with methanol and dried

in vacuo.

Elemental Anal. Found (Calcd.) (%): C, 32.42 (33.02); H, 2.76 (2.77); N,
11.23 (11.55); S, 8.80 (8.82). Yield: 58%.
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5.2.3.7 [Cu(brset)(phen)] (18)

Methanolic solution of copper(Il) acetate monohydrate (0.099 g,
0.5 mmol) was added to a stirred mixture of Hjbrset (0.151 g, 0.5 mmol)
in DMF and methanol and 1,10-phenanthroline (0.090 g, 0.5 mmol).
The resultant solution was refluxed for 3 hours. The green product

obtained was filtered, washed with methanol and dried in vacuo.

Elemental Anal. Found (Calcd.) (%) : C, 47.98 (48.58); H, 3.21 (3.34); N,
12.77 (12.88); S, 5.67 (5.90). Yield: 50%.

5.2.3.8 [Cu(bpet)(D)] (19)

2-Benzoylpyridine-4-ethylthiosemicarbazone (Hbpet) was
prepared by heating 2-benzoylpyridine (0.183 g, 1 mmol) and
N*-ethylthiosemicarbazide (0.119 g, 1 mmol) for 2 hours. Copper(I)
iodide (0.190 g, 1 mmol) was added to the methanolic solution of ligand
Hbpet and refluxed for another 4 hours. Green colored precipitate

formed was filtered, washed and dried in vacuo.

Elemental Anal. Found (Calcd.) (%) : C, 37.42 (38.02); H, 2.77 (3.19); N,
11.76 (11.82); S, 6.17 (6.77). Yield: 82%.

5.2.3.9 [Cu(bpet)(N3)] (20)

2-Benzoylpyridine-N'-ethylthiosemicarbazone  (Hbpet) was
prepared by heating 2-benzoylpyridine (0.183 g, 1 mmol) and
N -ethylthiosemicarbazide (0.119 g, 1 mmol) for 2 hours. Copper(Il)
acetate monohydrate (0.199 g, 1 mmol) and NaNj; (0.065 g, 1 mmol)

were added to the solution and reflux was continued for another 4 hours.
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Dark green colored precipitate was formed, filtered, washed and dried in

vacuo. Dark green colored crystals were isolated from the cool solution.

Elemental Anal. Found (Caled.) (%) : C, 46.54 (46.32); H, 3.37 (3.89); N,
25.42 (25.21); S, 8.32 (8.24). Yield: 75%.

5.3 Results and discussion

Nine copper(Il) complexes of the thiosemicarbazones were
synthesized. The compounds 12 and 17 were prepared by the reaction of
equimolar mixture of the appropriate thiosemicarbazone and copper
acetate monohydrate. Complexes 13-16 and 18 were synthesized
by refluxing metal salt, corresponding heterocyclic bases and
thiosemicarbazones in 1:1:1 ratio. All the complexes are green in color
which may be due to the sulfur to copper charge transfer bands dominating
their visible spectra [211,212]. They are soluble in solvents like DMF and
DMSO. In all the complexes except 19 and 20, thiosemicarbazones exist in
the thioiminolate form and act as dideprotonated tridentate ligands
coordinating through phenolic oxygen, thioiminolate sulfur and azomethine
nitrogen. Compounds 12 and 17 are dimeric in nature while others are
monomeric mixed ligand metal chelates. They are characterized by the

following physico-chemical methods.

5.3.1 Elemental analyses

The analytical data indicate that the compounds are analytically
pure. The elemental analyses data are consistent with the general formula
[CuLB], for complexes 13-16 and 18 and [(CuL),] for complexes 12 and
17, where L is the doubly deprotonated thiosemicarbazone and B is the

bidentate heterocyclic base.
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5.3.2 Molar conductivity and magnetic susceptibility measurements

The conductivity measurements were made in DMF (10~ M) and
all the complexes were found to be non-electrolytes [110]. The room
temperature magnetic susceptibility of the complexes 13-16 and 18-20 in
the polycrystalline state fall in the range 1.61-1.87 B.M., which are very
close to the spin-only value of 1.73 B.M. for a &’ copper system [213].
The magnetic moments of complexes 12 and 17 are found to be 0.99 and
0.96 B.M. respectively and this low magnetic moment may be attributed
to considerable antiferromagnetic interaction between metal centres

suggesting dimeric nature to these complexes [214].

Table 5.1. Molar conductivity and magnetic moments of Cu(II) complexes

Compound A’ Merr (B.M.)
[Cuy(bspt),] (12) 4.0 0.99
[Cu(bspt)(phen)] (13) 2.6 1.83
[Cu(bspt)(bipy)] (14) 3.1 1.62
[Cu(bspt)(4,4"-dmbipy)] (15) 8.8 1.72
[Cu(bspt)(5,5'-dmbipy)] (16) 4.9 1.79
[Cuy(brset),] (17) 33 0.96
[Cu(brset)(phen)] (18) 2.8 1.72
[Cu(bpet)(I)] (19) 61 1.87
[Cu(bpet)(N3)] (20) 3.6 1.83

= mho cm’mol

5.3.3 Infrared spectra

The IR spectra of the copper complexes were recorded in the range
4000-400 cm™ with KBr pellets. A comparison of the IR spectra of
thiosemicarbazones and the metal complexes shows that significant

variations have occurred in the characteristic frequencies upon
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complexation. The tentative assignments for the IR spectral bands useful
for determining the ligand’s mode of coordination are listed in Table 5.2.
In the complexes 12-18, the bands due to O—H and N-H stretching
vibrations are absent which is a clear evidence for the coordination of the
thiosemicarbazones in the dideprotonated form. The band corresponding to
azomethine bond, v(C=N), shifts to higher energy on coordination due to
the combination of v(C=N) with the newly formed C=N bond which results
from the loss of the thioamide hydrogen from the thiosemicarbazone

moiety [113-116,90].

The bands at 1333 and 1342 cm™ present in the thiosemicarbazones
shift to lower wave numbers in all the complexes and this can be
assigned to the v(C—S) vibration suggesting the change of bond order
and strong electron-delocalization upon chelation. This shows that the
H-N-C=S in the ligands has transformed to N=C-S—-H thereby
coordinating to copper in the thioiminolate form. Coordination via
thioiminolate sulfur is also indicated by the negative shift of the band
assigned to 0(C=S) vibration in the thiosemicarbazones [117]. The
bands in the range 473-513 cm’ indicate the coordination of
azomethine nitrogen to copper centre. The increase in frequency of
v(N-N) bands in complexes, due to the increase in double bond
character is another proof for the coordination of the ligands through
the azomethine nitrogen [118]. The broad absorption bands at 3366 and
3299 cm™ assigned to phenolic —OH of thiosemicarbazones Hybspt and
H,brset respectively have disappeared in the complexes which indicate

the coordination of the phenolic oxygen to the copper atom. The IR
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spectra of complexes 13-16 and 18 display bands characteristic of
coordinating heterocyclic bases [119]. Fig. 5.1 depict the infrared
spectra of some of the copper complexes of thiosemicarbazones. In
compound 20 strong band at 2060 cm™ is assigned to the asymmetric

stretching of azide.

It is observed that in all the complexes the thiosemicarbazones act
as dianionic tridentate ligands coordinating to copper through O, N and
S atoms. In the case of mixed ligand copper chelates, the two nitrogen
atoms of heterocyclic bases occupy the fourth and fifth coordination

positions of copper.

[Cu(bspt)(bipy)] (14) |Cu(bspt)(5,5'-dmbipy)] (16)
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Fig. 5.1. IR spectra of thiosemicarbazone and its Cu(II) complexes.
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5.3.4 Electronic spectra

The electronic spectra give much insight into the coordination
geometry around copper(Il) ion. The electronic spectra of all the
complexes were taken in DMF. The electronic transitions found in
free ligands due to imine function of thiosemicarbazone moiety were
slightly shifted on complexation. The shift of the bands due to
intraligand transitions is the result of the weakening of the C=S bond
and the extension of conjugation upon complexation [121]. The shift
occurs also due to coordination via phenolic oxygen and azomethine
nitrogen [122] and is an indication of the enolization followed by the
deprotonation of the ligands during complexation. The intraligand
n—n* and m—n* transitions are assigned to bands in the range
30530-30630 cm” for the copper complexes of H,bspt, 30250,
30540 cm™ for the copper complexes of Hobrset and 32450, 33090 cm™
for the complexes of Hbpet. In all the complexes, intense bands in the
22780-25490 cm™ range are assigned to ligand to metal charge
transfer transitions and the broadness of these bands can be explained
as due to the combination of O—Cu, N—Cu and S—Cu LMCT
transitions [215]. Figs. 5.2-5.4 represent the electronic spectra of the

complexes.
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Fig. 5.2. Electronic spectra of H,bspt and its copper(II) complexes.
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Fig. 5.3. Electronic spectra of H,brset and its copper(Il) complexes.
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[Cu(bpet)(1)] (19)
[Cu(bpet)(Ns)] (20)
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Fig. 5.4. Electronic spectra of Hbpet and its copper(II) complexes.

In an octahedral field, the ground state term 2D of copper(1) will
be split into two levels, *T" »e and 2Eg. However, the energy levels again
split resulting in more transitions if the geometry around copper(Il)
complex is of lower symmetry. For square planar complexes with a
dy2_y2 ground state [54], three transitions are possible viz, dyz_,2—
dyy, dyz_y2— dyzand dy2_2—dy, dy, CBag < Big, *A1g < "Big and
E, <« °Bjy). Three transitions, dy2_y2— dy2, dy2_j2— dyy, and
dy2_y2— dy,, dy, are possible for square pyramidal complexes with a

d ., , ground state [216,217]. Since the four d orbitals lie very close

together, each transition cannot be distinguished by its energy and hence
it is very difficult to resolve the three bands into separate components.
The visible spectra of all the complexes were recorded in DMF and the

d-d bands appeared as weak broad bands in the range 16940-17750 cm™
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(Figs. 5.5-5.7) which can be assigned to 2T2g<— 2Eg transitions [115].
The electronic spectral data of the copper(Il) complexes are given in

Table 5.3.

[(Cubspt)z] (12)

0.3 -
[Cubspt(phen)] (13)
[Cubspt(bipy)] (14)
[Cubspt(4,4'-dmbipy)] (15)
[Cubspt(5,5"-dmbipy)] (16)
@ 0.2 —
o
=
[
=]
s
(=]
w
K=}
=<
0.0 T T T 1
16000 14000 12000
Wavenumber (cm™)
Fig. 5.5. Visible spectra of copper(II) complexes of H,bspt.
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g
=
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S
[72)
=<
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20000 18000 16000 14000 12000 10000

Wavenumber (cm™)

Fig. 5.6. Visible spectrum of [Cu,(brset),] (17).
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Fig. 5.7. Visible spectrum of [Cu(bpet))I)] (19)

Table 5.3. Electronic spectral assignments (cm™) of thiosemicarbazones
and their Cu(II) complexes

Compound n—n*/n—n* LMCT d-d
H,bspt 24230, 30110 - -
[Cuy(bspt),] (12) 30530 25490 14050
[Cu(bspt)(phen)] (13) 30630 25430 14060
[Cu(bspt)(bipy)] (14) 30480 25390 14070
[Cu(bspt)(4,4"-dmbipy)] (15) 30530 25390 14030
[Cu(bspt)(5,5'-dmbipy)] (16) 30570 25430 17320
H,brset 24220, 29920 - -
[Cuy(brset),] (17) 30250 24890 17450
[Cu(brset)(phen)] (18) 30540 25470 -—-
Hbpet 23500, 30800 - -—--
[Cu(bpet)(D)] (19) 32450 23540 -
[Cu(bpet)(N3)] (20) 33090 22780 16800
5.3.5 EPR spectra

The electron paramagnetic resonance spectroscopy provides a

wealth of information regarding the electronic structure of paramagnetic

Transition metal complexes of ONS and NNS donor thiosemicarbazones: Crystal structures and spectral studies 127



Chapter 5

compounds. The magnetic parameters measured in EPR study are related
to the structure of the paramagnetic complex, the number of ligands,
nature of bonding and spatial arrangements of the ligands around the

central metal ion.

The copper(Il) ion, with a & configuration, has an effective spin of
S =’ and associated spin angular momentum mg = +)%, which leads to a
doubly degenerate spin state in the absence of magnetic field. In a
magnetic field, this degeneracy is removed and the energy difference
between these two states is given by E = hv= gfB, where h is Planck’s
constant, v is the frequency, g is the Lande splitting factor, f is the
electronic Bohr magneton and B is the magnetic field. In the case of a
3d’copper(Il) ion, the appropriate spin Hamiltonian assuming a B,

ground state is given by
1 = [2B.S,+g1(BxSxt BySy) I+ 4 L,S,+41 (ISx + I,Sy)

The copper(IT) ion having a d’ configuration with an effective spin
of S = % couples with nuclear spin of ®*Cu (I = 3/2) and gives rise to
four (2n/+1=4) hyperfine lines. The EPR spectra of all the complexes
were recorded in polycrystalline state at 298 K and in DMF/DMSO at
77 K in the X- band frequency using TCNE as standard (g = 2.00277)
with 100 kHz modulation frequency and 9.1 GHz microwave frequency.
In polycrystalline state, since it is magnetically concentrated the
anisotropy may be lost. Dilution of the solid isolates the electron spin of

the given complex from that of another paramagnetic molecule.
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EPR spectra can be mainly of four types viz. isotropic, axial,
rhombic and reverse axial. An isotropic spectrum with a single g value
shows a cubic coordination environment. Sometimes broadening of
signal can also occur which is attributable to enhanced spin lattice
relaxation and dipolar interaction. For axial spectrum there will be
atleast three fold axis of symmetry and g is obtained when the magnetic
field is aligned parallel to z axis. Signal due to g, is obtained when the
magnetic field is aligned perpendicular to z axis. A rhombic spectrum
shows no axis of symmetry and hence three g values are obtained. Some
of the EPR spectra are simulated using EasySpin 4.0.0 package [218]

and the experimental (red) and simulated (blue) best fits are included.

The EPR parameters g, g1, 4 and the energies of d-d transitions
were used to evaluate the bonding parameters «, f° and y* for the
Cu(II) ion in various ligand field environments which may be regarded
as measure of covalency in the in-plane c-bonds («*), in-plane n-bonds
(ﬂz) and out-of-plane n-bonds (yz) [219]. The orbital reduction factors K|
and K, were also calculated using these bonding parameters. The following

expressions are used to calculate these parameters [112,220].

a’=-(4)/ 0.036) + (g,-2.0023) + 3/7(g,-2.0023) + 0.04
K,* = (g 2.0023) Eq.a/820

K2 =(g1-2.0023) Eq.q4/20

K= a’f

KL: a 2 y2
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where 4, is the spin-orbit coupling constant and has a value —828 cm’™

for Cu(Il) & system. The value of &’ indicates the extent of covalent

nature, where the value of 1.0 corresponds to a purely ionic nature.

According to Hathaway [221], for pure o-bonding K| = K= 0.77
and for in-plane n-bonding K <K, while for out-of-plane n-bonding K, <X;.

The values of bonding parameters o>, 5> and y* < 1 confirm the covalent

nature of complexes.

The EPR spectrum of complex 12 is isotropic in nature, which is
attributable to enhanced spin lattice relaxation and extensive exchange
coupling through misalignment of the local molecular axes between
different molecules in the unit cell (dipolar broadening) (Fig. 5.8). This
type of spectrum unfortunately gives no information on the electronic
ground state of copper(Il) ions present in the complex. It showed a well-
resolved axial spectrum with four hyperfine lines in the parallel region
and perpendicular region (due to coupling of the electron spin with the
spin of the “*Cu nucleus where 7 = 3/2) in DMF at 77 K (Fig. 5.9) with

gPg1> 2.0023 relationship, consistent with a d,2_,2 ground state in a

square planar geometry [222,223].
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i [ITENIERRNTRNNRRERTRNNERNETRRNRRRTE]
260 270 280 290 300 310 320 330 340 350 360

B (mT)

Fig. 5.8. EPR spectrum of [Cu,(bspt),] (12) in polycrystalline state at 298 K.
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Fig. 5.9. EPR spectrum of [Cu,(bspt),] (12) in DMF at 77 K.
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Fig. 5.10. EPR spectrum of [Cu(bspt)(phen)] (13) in polycrystalline state at 298 K.
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Fig. 5.11. EPR spectrum of [Cu(bspt)(phen)] (13) in DMF at 77 K.
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Fig. 5.12. EPR spectrum of [Cu(bspt)(bipy)] (14) in polycrystalline state at 298 K.
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Fig. 5.13. EPR spectrum of [Cu(bspt)(bipy)] (14) in DMF at 77 K.

Transition metal complexes of ONS and NNS donor thiosemicarbazones: Crystal structures and spectral studies 133



Chapter 5
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B (mT)
Fig.5.14. EPR spectrum of [Cu(bspt)(4,4'-dmbipy)] (15) in polycrystalline
state at 298 K.
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Fig. 5.15. EPR spectrum of [Cu(bspt)(4,4’-dmbipy)] (15) in DMF at 77 K.
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Fig. 5.16. EPR spectrum of [Cu(bspt)(5,5'-dmbipy)] (16) in polycrystalline
state at 298 K.
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Fig. 5.17. EPR spectrum of [Cu(bspt)(5,5’-dmbipy)] (16) in DMF at 77 K.
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In DMF at 77 K, all the compounds 13-16 showed four fairly
resolved hyperfine fines [©°Cu, I = 3/2] corresponding to -3/2, -1/2,
+1/2 and +3/2 transitions in parallel and perpendicular regions. In
addition to this, three superhyperfine lines due to interaction with
azomethine nitrogen are also observed. A square pyramidal geometry
can be assigned to this complex since gj>g. and rules out the possibility

of a trigonal bipyramidal structure which is expected to have gj<g..

The «® values for the complexes were calculated and since the
obtained values lie in between 0.5 and 1.0, it is inferred that the metal-
ligand bonds in the complexes are partially ionic and partially covalent
in nature. The EPR spectral parameters of the copper(Il) complexes are

presented in Table 5.4.

Table 5.4. EPR spectral parameters of copper(Il) complexes in the
polycrystalline state at 298 K and in DMF at 77 K.

12 13 14 15 16
Polycrystalline (298 K)
Siso 2.09 2.09 2.09 2.09 2.09
DMF (77 K)
gl 2.19 2.18 2.18 2.20 2.19
gl 2.039 2.037 2.037 2.05 2.065
Say 2.114 2.108 2.108 2.125 2.127
A 198 201 201 202 201
ASf 190 218 218 220 221
A" 105 108 108 109 109
a’ 0.7944  0.7833 0.7833 0.8202 0.8141
0.7943 0.7841 0.7835 0.7896 0.8508
vV 0.7024 0.693 0.6925 0.7757 0.9834
K, 0.631 0.6142 0.6137 0.6476 0.6926
K, 0.558 0.5428 0.5424 0.6362 0.8006

“Expressed in units of cm™ multiplied by a factor of 107,
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The geometric parameter G, which is a measure of the exchange
interaction between the copper centers in the polycrystalline state is

calculated using the equation,

G = g—2.0023 / g,—2.0023 for axial spectra.

If G > 4.4, exchange interaction is negligible and if G < 4.4
considerable exchange interaction is indicated in the solid state
[224,225]. Since all spectra in polycrystalline state is isotropic in nature

G value is not calculated.

From the EPR spectral data for these complexes it is clear that the g
values are nearly the same for all the complexes indicating that the
bonding is dominated by the thiosemicarbazone moiety. Kivelson and
Nieman have reported that g values less than 2.3 indicate considerable
covalent character to M—L bonds, while a value greater than 2.3 indicate
ionic character. Here it is found that g< 2.3 showing significant covalent
character to M—L bond [226,227]. The g,y values of all the complexes in
the solution state are consistent with the gis, values suggesting that they

are not undergoing any kind of dissociation in the solution state.

The empirical factor, f = gj/4), is an index of tetragonal distortion
and it may be vary from 105 to 135. In compounds 12-16, f falls in the
range 105-135 which shows small to medium distortion from planarity

[228].
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Chapter 6

SYNTHESES, SPECTRAL AND STRUCTURAL
CHARACTERIZATION OF Zn(1I) COMPLEXES OF
ONS AND NNS DONOR THIOSEMICARBAZONES

6.1 Introduction

6.2 Experimental
6.3 Results and discussion

6.1 Introduction

Centuries before zinc was discovered in the metallic form, its ores
were used for making brass and zinc compounds and also for healing
wounds and sore eyes. Zinc is the second most prevalent trace element,
after iron, and is involved in structure and function of over 300 enzymes.
Use of zinc as a nutritional supplement has become common in many
countries [229,230]. Zinc salts, primarily zinc citrate, are widely used as
antimicrobials. Zinc exhibits activity against oral Streptococci, particularly
Streptococcus mutans [231]. Zinc supplementation shows beneficial
effects against infectious diseases, especially diarrhea, and it has been
shown that zinc supplementation can improve mucosal innate immunity
through induction of antimicrobial peptide secretion from intestinal
epithelial cells [232]. Due to their interesting antibacterial [233], anti-
convulsant [234] and antiproliferative-antitumor [235-237] activity, zinc(II)
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complexes had attracted great attention in the recent years. As drugs for
the treatment of Alzheimer disease [238], zinc(I) complexes had been
structurally characterized. Zinc(I) complexes has also showed properties
of DNA binding in the very recent research [239]. Moreover, zinc(II)
complexes with appropriate ligands can be applied in optical devices,

such as OLED [240] and light switching device [241].

Zinc metal has the significant role in bioinorganic chemistry,
involving a large number of enzymatic and catalytic functions. So main
interest is to observe metal ion coordination environment, using zinc metal
because its d'® configuration, permits a wide range of symmetries and
various coordination numbers, i.e. 4, 5 or 6 relatively, easily [242,243].
It is also the second most abundant transition-metal ion after iron in the
human body and plays a pivotal role in the regulation of various
metabolic processes, transcription factors, immune functions, ion channels,

and neurotransmission [244,245].

Zinc atom has either a structural or analytical role in several
proteins. It has been recognised as an important cofactor in biological
molecules, either as a structural template in protein folding or as a
Lewis acid catalyst that can readily adopt 4-, 5-, or 6- coordination [246].
Zinc is able to play a catalytic role in the activation of thiols as
nucleophiles at physiological pH. Mononuclear zinc complexes serve
as model compounds for zinc enzymes such as phospholipase C, bovine
lens leucine aminopeptidase, ATPases, carbonic anhydrases and peptide
deformylase. The zinc(Il) ion is known to have a high affinity towards

nitrogen and sulfur donor ligands.
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This chapter consists of syntheses and characterization of eight Zn(II)
complexes  of 4-benzyloxysalicylaldehyde-N'-phenylthiosemicarbazone
and 2-benzoy1py1ridine-]\f4 -ethylthiosemicarbazone using infrared, electronic
and H' NMR studies. It also describes the singe crystal X-ray diffraction
studies of [Zn(bpet)dca] (26) and [Zn(bpet)]|(NOs),-H,O (27).

6.2 Experimental
6.2.1 Materials

Zinc(Il) acetate dihydrate (E-Merck), 1,10-phenanthroline (phen),
2,2'-bipyridine (bipy), 4,4'-dimethyl-2,2'-bipyridine (4,4’-dmbipy), 5,5'-
dimethyl-2,2"-bipyridine (5,5’-dmbipy), sodium dicyanamide (Sigma-

Aldrich), zinc nitrate (E-Merck) were used as received.

6.2.2 Syntheses of the thiosemicarbazones

The syntheses of thiosemicarbazones Hybspt and Hbpet are discussed

already in Chapter 2.

6.2.3 Syntheses of the complexes
6.2.3.1 [Zn(bspt),] (21)

This complex was synthesized by refluxing a solution of Hjbspt
(0.1885 g, 0.5 mmol) in 1:1 (v/v) mixture of DMF and methanol with a
methanolic solution of Zn(OAc),-2H,0 (0.109 g, 0.5 mmol) for 3 hours.
The complex formed was filtered, washed with methanol and dried

in vacuo.

Elemental Anal. Found (Caled.) (%) : C, 56.29 (57.21); H, 4.70 (3.89);
N, 9.95 (9.53); S, 6.60 (7.27). Yield: 82%.
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6.2.3.2 [Zn(bspt)(phen)] (22)

Methanolic solution of zinc(I) acetate dihydrate (0.109 g, 0.5 mmol)
was added to a stirred mixture of Hybspt (0.1885 g, 0.5 mmol) in
DMF and methanol (1:1 v/v) and 1,10-phenanthroline (0.099 g, 0.5 mmol)
in methanol. The resultant homogenous yellow solution was refluxed
for 3 hours. The yellow product obtained was filtered, washed with

methanol and dried in vacuo.

Elemental Anal. Found (Caled.) (%): C, 62.90 (63.61); H, 4.38 (4.37);
N, 10.57 (11.24); S, 4.59 (5.15). Yield: 80%.

6.2.3.3 [Zn(bspt)(bipy)] (23)

To a stirred mixture of Hybspt (0.190 g, 0.5 mmol) in DMF and
methanol (1:1 v/v) and 2,2'-bipyridine (0.078 g, 0.5 mmol) in
methanol, zinc(Il) acetate dihydrate (0.109 g, 0.5 mmol) was added.
The resultant yellow solution was refluxed for 3 hours and the yellow
product separated out was filtered, washed with methanol and dried in

vacuo.

Elemental Anal. Found (Caled.) (%): C, 61.39 (62.15); H, 4.09 (4.54);
N, 11.31 (11.69); S, 5.04 (5.35). Yield: 83%.

6.2.3.4 [Zn(bspt)(4,4'-dmbipy)] (24)

To a stirred mixture of Hybspt (0.1885 g, 0.5 mmol) in DMF and
methanol (1:1 v/v) and 4,4'-dimethyl-2,2'-bipyridine (0.092 g, 0.5 mmol) in
methanol, methanolic solution of zinc(Il) acetate dihydrate (0.109 g,

0.5 mmol) was added. The resultant yellow solution was refluxed for
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3 hours. The yellow product obtained was filtered, washed with methanol

and dried in vacuo.

Elemental Anal. Found (Calcd.) (%): C, 62.03 (62.14); H, 5.07 (5.06);
N, 10.93 (10.66); S, 4.73 (4.88). Yield: 75%.

6.2.3.5 [Zn(bspt)(5,5'-dmbipy)] (25)

Methanolic solution of zinc(Il) acetate dihydrate (0.109 g,
0.5 mmol) was added to a stirred mixture of Hybspt (0.1885 g, 0.5 mmol) in
DMF and methanol (1:1 v/v) and 5,5'-dimethyl-2,2"-bipyridine (0.092 g,
0.5 mmol) in methanol. The resultant yellow solution was refluxed for
3 hours. The yellow product obtained was filtered, washed with methanol

and dried in vacuo.

Elemental Anal. Found (Calcd.) (%): C, 60.22 (59.95); H, 4.84 (5.03); N,
10.78 (10.59); S, 4.41 (4.85). Yield: 72%.

6.2.3.6 [Zn(bpet)(dca)], (26)

This complex was synthesized by refluxing a solution of Hbpet
(0.1421 g, 0.5 mmol) in 1:1 (v/v) mixture of DMF and methanol with a
methanolic solution of Zn(OAc),-2H,0 (0.109 g, 0.5 mmol) and sodium
dicyanamide (0.0495 g, 0.5 mmol) for 3 hours. The complex formed

was filtered, washed with methanol and dried in vacuo.

Elemental Anal. Found (Caled.) (%): C, 49.25 (49.22); H, 3.88 (3.64);
N, 23.68 (23.64); S, 7.86 (7.73). Yield: 60%.
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6.2.3.7 [Zn(Hbpet),](NO3),»H,0 (27)

Methanolic solution of zinc(Il) nitrate (0.1487 g, 0.5 mmol) was
added to a solution of Hbpet (0.1421 g, 0.5 mmol) in DMF and methanol
(1:1 v/v). The resultant homogenous yellow solution was refluxed for
three hours. The yellow product obtained was filtered, washed with

methanol and dried in vacuo.

Elemental Anal. Found (Caled.) (%) : C, 36.14 (36.63); H, 3.36 (3.69);
N, 17.55 (17.09); S, 6.36 (6.52). Yield: 64%.

6.2.3.8 [Zn(bpet)(OAc)] (28)

A mixture of Hbpet (0.1421 g, 0.5 mmol) in DMF and methanol
(1:1 v/v) and zinc(II) acetate dihydrate (0.109 g, 0.5 mmol) was refluxed
for 3 hours and the yellow product separated out was filtered, washed

with methanol and dried in vacuo.

Elemental Anal. Found (Calcd.) (%) : C, 49.84 (50.07); H, 4.35 (4.45);
N, 13.71 (13.74); S, 7.53 (7.53). Yield: 62%.

6.3 Results and discussion

Equimolar ratios of the thiosemicarbazones and the metal acetate
yielded the light yellow colored complex [Zny(bspt),] (21). The other
compounds 22-25 were prepared by using the heterocyclic bases like
1,10-phenanthroline, 2,2'-bipyridine, 4,4'-dimethylbipyridine and 5,5'-
dimethylbipyridine. Single crystals of compound 26 and 27 could be
isolated and the structure was established by single crystal XRD studies.
The complexes were characterized by the following physico-chemical

methods.
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6.3.1 Elemental analyses

From the observed C, H, N and S values, the above stoichiometry

of the complexes were proposed.

6.3.2 Molar conductivity measurements

The molar conductivities of the complexes in DMF (10'3 M) were
measured at 298 K with a Systronic model 303 direct reading
conductivity bridge. The molar conductivity measurements showed that
all the complexes except 27 are non-electrolytic in nature since the
observed values are less than 10 ohm™'cm*mol” which are very much
less than the value of 65-90 ohm™ cm”mol™ reported for a 1:1 electrolyte

in the same solvent [110].

Table 6.1. Molar conductivity of Zn(II) complexes

Compounds A’
[Zny(bspt),] (21) 4.0
[Zn(bspt)(phen)]-H,O (22) 2.9
[Zn(bspt)(bipy)] (23) 38
[Zn(bspt)(4,4'-dmbipy)] (24) 2.8
[Zn(bspt)(5,5'-dmbipy)] (25) 6.2
[Zn(bpet)(dca)], (26) 92.0
[Zn(Hbpet),](NO3),-H,O (27) 193.0
[Zn(bpet)(OAc)] (28) 5.7

? = mho cm” mol’!
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6.3.3 Infrared spectra

To clarify the mode of bonding, the IR spectra of the
thiosemicarbazones and their Zn(Il) complexes were studied and
assigned on the basis of a careful comparison of the latter with the
thiosemicarbazones. The tentative IR spectral assignments are listed in
Table 6.2. The IR spectrum of the thiosemicarbazone H,bspt exhibited
a medium band at ~3366 cm™ which is assigned to *°NH vibration. It
disappears in the spectra of complexes providing strong evidence for
ligand coordination to the metal in the deprotonated thioiminolate form
[247]. The band corresponding to azomethine bond, v(C=N), shifts to
higher energy on coordination due to the combination of v(C=N) with
the newly formed C=N bond which results from the loss of the
thioamide hydrogen from the thiosemicarbazone moiety [248,113-
115,90]. The involvement of this nitrogen in bonding is also supported
by a shift in v(N-N) to higher frequencies. Coordination via the
thioiminolate sulfur is indicated by the negative shift of the two bands
assigned to v(C=S) and 8(C=S) vibrations. Some of the IR spectra of
the Zn(II) complexes are depicted in Figs. 6.1and 6.2.
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Fig. 6.1. Infrared spectra of thiosemicarbazone H,bspt and its Zn(II)
complexes.
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Fig. 6.2. Infrared spectra of thiosemicarbazone Hbpet and its Zn(IT) complexes.
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6.3.4 Electronic spectra

Electronic spectroscopy is an important and valuable tool for
chemists to draw important information about the structural aspects of
complexes. The UV-Vis spectra of the Zn(II) complexes were studied in
DMF. The bands in the range 30000-31500 cm™ in the electronic
spectra of thiosemicarbazones due to intraligand transitions suffered
marginal shifts upon complexation. This may be due to the weakening
of the C=S bond and the extensive conjugation upon complexation
[121]. The shift occurs also due to coordination via phenolic oxygen
and azomethine nitrogen [122] and is an indication of the enolization
followed by the deprotonation of the ligands during complexation. In
addition to this, a new band in the range 24290-25900 cm™ is observed
in the spectra of complexes and this can be assigned to the Zn —
Ophenolates ZN — Nazomethine and Zn — S MLCT transitions [249,215]. The
electronic spectral data of the Zn(Il) complexes are given in Table 6.3.

Figs. 6.3 and 6.4 represent the electronic spectra of the complexes.

Table 6.3. Electronic spectral assignments (cm™) of thiosemicarbazones
and their Zn(II) complexes

Compounds n—n*/n—n* MLCT
H,bspt 30100, 24320 -—--

[Zn(bspt),] (21) 30420 25430
[Zn(bspt)(phen)]-H,0O (22) 31000 24460
[Zn(bspt)(bipy)] (23) 31020 25650
[Zn(bspt)(4,4'-dmbipy)] (24) 31130 25810
[Zn(bspt)(5,5'-dmbipy)] (25) 30960 25700
Hbpet 30840, 23600 -—--

[Zn(bpet)(dca)], (26) 30010 24190
[Zn(Hbpet),](NO3),-H,0 (27) 30020 24290
[Zn(bpet)(OAc)] (28) 31410 24290
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Fig. 6.3. Electronic spectra of Zn(II) complexes of H,bspt.
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Fig. 6.4. Electronic spectra of Zn(II) complexes of Hbpet.
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6.3.5. "H NMR spectra

Proton magnetic resonance spectroscopy is a powerful tool for the
spectral studies of diamagnetic complexes. The "H NMR spectral data of
the ligand Hbpet and its complex [Zn(Hbpet)](NOs),-H,O (27) were
recorded in DMSO-dg with tetramethylsilane as an internal standard.

In the case of [Zn(Hbpet)](NO3),-H,O (27) complex (Fig. 6.5),
the spectra are only slightly modified, with the same multiplicity of the
signals and some slight changes in the chemical shifts with respect to the
ligand. The singlet which integrate as a single hydrogen present in the
spectrum of the ligand at 13.6 ppm is not disappeared in the spectrum of
the complex. This provides an evidence for the existence of the neutral

form of the thiosemicarbazone in the complex.

Hbpet i

T T T T T T T T T T T T T T T T
15 14 13 12 11 10 9 8 T 6 5 4 3 2 1 ppm

Fig. 6.5. '"H NMR spectra of Zn(II) complex of Hbpet.
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0 | |

[Zny(bspt),] (21)

[Zn(bspt)(phen)]-H,O (22)
i 1! I
it 1 1 |' 1
15 14 13 12 11 10 o 8 7 6 5 4 3 2 1 jrpa

Fig. 6.6. "H NMR spectra of Zn(II) complexes of H,bspt.
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The 'H NMR spectrum of the ligand H,bspt and its complexes 21,
22 and 25 was recorded with deuterated dimethylsulfoxide (DMSO-dy)
as solvent and trimethylsilane (TMS) as the internal standard. It is

shown in Fig. 6.6.

A sharp singlet, which integrates as one hydrogen at 11.632
ppm is assigned to the —OH proton, and another similar singlet at
10.095 ppm is assigned to the N(2)H proton present in the spectrum of
the ligand disappears in the spectra of the complexes because of the
deprotonation on complex formation. This provides an evidence for
the coordination of thiolato sulfur through iminolization followed by

deprotonation.

6.3.6 X-ray crystallography

Single crystals of the complexes [Zn(bpet)(dca)], (26) and
[Zn(Hbpet),](NOs3),'H,O (27) suitable for X-ray diffraction studies
were obtained by slow evaporation of the mother liquor over 3 days.
The crystallographic data and structure refinement parameters for the
complexes are given in Table 6.4. All H atoms on C were placed in
calculated positions, guided by difference maps, with C—-H bond
distances 0.93-0.96 A and were included in the refinement in the riding
model approximation, with U(H) set to 1.2 to 1.5 U(C,N). Nitrogen
bound H-atoms were located from the difference Fourier map and its
distance was restrained to 0.8840.01 A. H atoms were assigned as

Uiso=1.2U¢q (1.5 for Me). .
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In the complex [Zn(bpet)(dca)], (26), N4-H4' hydrogen atom was
located from difference maps and their distances were restrained using
DFIX instructions. Orange block shaped crystal of the compound (26)
having approximate dimensions of 0.30 X 0.25 X 0.20 mm’ was
selected. In the complex [Zn(Hbpet),](NO3),'H,O (27), N3-H3’,
N7-H7, O1S-H1A, O1S-H1B H atoms were located from difference
maps and their distances were restrained using DFIX instructions. H1 A—
HI1B hydrogen atom was located from difference maps and the distance
was restrained using DFIX and DANG instructions. The unit cell
parameters were determined and the data collections were performed on
a Bruker SMART APEXII CCD diffractometer with graphite-
monochromated Mo Ka (A = 0.71073 A) radiation at the Sophisticated
Analytical Instruments Facility (SAIF), Cochin University of Science
and Technology, Kochi-22, Kerala, India. The programs SAINT and
XPREP were used for data reduction and APEX2 and SAINT were used
for cell refinement [95]. The structure was solved by direct methods
using SHELXS97 [64] and refined by full-matrix least-squares
refinement on F? using SHELXL97 [65]. The molecular and crystal
structures were plotted using DIAMOND version 3.2¢g [66].
6.3.6a Crystal structures of the compound [Zn(bpet)dca], (26) and

[Zn(Hbpet);](NO3); H:0 (27)
[Zn(bpet)dcal, (26)

Orange crystals of [Zn(bpet)(dca)],, suitable for X-ray diffraction
studly were obtained by recrystallization of compound in methanol.
Crystallographic data of complex 26 indicate that the Zn(Il) ion is
pentacoordinated in a distorted square-based pyramidal structure (Fig. 6.7).
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Table 6.4. Crystal data and structure refinement parameters for complex 26

and 27

Parameters [Zn(bpet)(dca)], (26) [Zn(Hbpet),](NO;),-H,0 (27)
Empirical formula C,7H5sN;SZn C30H34N005S,Zn
Formula weight 414.82 776.20
Color Orange Orange
Temperature (T) K 296(2) 296(2)
Wavelength (Mo Ka) (A) 0.71073 0.71073
Crystal system Monoclinic Orthorhombic
Space group P2,/c Pca2,
Cell parameters
a 10.0827(4) A 38.612(6) A
b 12.7099(5) A 9.1358(13) A
c 14.5117(6) A 10.0943(15) A
o 90° 90°
B 99.6060(10)° 90°

y 90° 90°
Volume V (A%) 1833.60(13) 3560.8(9)
4 4 4
Calculated density (p) (mg m) 1.503 1.448
Absorgtlon coefficient, 1.469 0.867
p(mm-)
F(000) 848 1608

Crystal size (mm’)
0 range for data collection
Limiting indices

Reflections collected
Unique Reflections (R;,)
Completeness to 0
Absorption correction

Maximum and minimum
transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I > 26 (I)]
R indices (all data)

Largest difference peak and
hole (e A™)

0.30 X 0.25 x 0.20
2.60 to 28.27°
-13<h<12, -13<k<16,
-18<1<19-22 <1< 17
14669

4555 [R(int) = 0.0307]
28.27 (99.4 %)
Semi-empirical from
equivalents

0.745 and 0.650

0.745 and 0.650
4527/1/240

1.048

R, =0.0328, wR, = 0.0858
R; =0.0502, wR, = 0.0929

0.389 and -0.317

0.30 x 0.25 x 0.20
2.29 t0 27.00°
-47<h<49, -11<k<10,
-11<1<12

17950

4043 [R(int) = 0.0579]
27.00 (98.1 %)
Semi-empirical from
equivalents

0.764 and 0.675

Full-matrix least-squares on F*
4043 /6 /469

1.300

R; =0.0740, wR, = 0.1479
R; =0.0879, wR, = 0.1521

0.437 and -0.650

Ry = 2|[Fo| - [Fel| / Z[Fo|

wR, = [Sw(Fo-F2)2/Sw(F2)2]1/2
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The compound crystallized in monoclinic space group, P2;/c. The
crystal structure consist of Zn atom coordinated by deprotonated ligand and
two bridged dicynamide ligand. The structure of [Zn(bpet)(dca)], is made
up of [Zn(bpet)(dca)] units, which are connected by a C;N3 group acting as
bridge between two units, leading infinite 1D chains running along the b
direction (Figure 6.8). The coordination geometry aound Zn atom can be
visualized as distorted square pyramid. In a five coordinate system, the
angular structural parameter (7) is used to propose an index of trigonality.
The value of t is defined by an equation represented by 7 = (f — «)/60,
where [ is the greatest basal angle (N1-Zn1-S1) and a is the second
greatest angle (N5—Znl-N2). The value of the parameter v defined by
Addison et al. is 0.0143 (z = 0 for a regular square-based pyramid).

Fig. 6.7. Asymmetric unit of [Zn(bpet)(dca)], (26) along with atom numbering
scheme.
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Basal plane consist of azomethine N, pyridine N and S atom from
ligand and N atom from dicynamide ligand and the axial site is occupied
by a N atom of dicynamide ligand of the next monomeric unit. The
dicyanamide ligand employed the p; s bridge mode linking the adjacent
Zn atom to produce one dimensional zig-zag chains (Fig. 6.8). Two
parallel layers are interwoven to generate an interpenetrated two-
dimensional sheet through intermolecular hydrogen bonding (Fig. 6.9).
Selected bond distances and bond angles are given in Table 6.5 and
interaction parameters are given in Table 6.6. C—H---m intereractions of

[Zn(bpet)(dca)], (26) is shown in Fig. 6.10.

Fig. 6.8. Coordination polyhedra of [Zn(bpet)(dca)], (26).

Fig. 6.9. Intermolecular hydrogen bonding interactions of
[Zn(bpet)(dca)], (26).
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Fig. 6.10. C-H- -7 intereractions of [Zn(bpet)(dca)], (26).

Table 6.5. Selected bond lengths and angles for complex 26

Bond lengths (&) Bond angles (°)
Zn(1)-S(1)  2.373(6) N(7)Zn(1)-N(2) 105.45(7)
Zn(1)-N(2)  2.109(18) N(5)Zn(1)-N(2) 148.64(8)
Zn(1)-N(1)  2.143(17) N(7)—Zn(1)-N(1) 97.18(7)
Zn(1)-N(5)  2.058(19) N(5)-Zn(1)-N(1) 94.71(7)
Zn(1)-N(7)  2.026(19) N(2)Zn(1)-N(1) 75.76(6)
S(1)-C(13)  1.741(2) N(7)Zn(1)-S(1) 107.20(6)
N(2)-N(@3) 1.357(2) N()Zn(1)-S(1) 96.17(6)
N(2)-C(6) 1.300(2) N(@2)Zn(1)-S(1) 80.21(5)
N@B)-C(13)  1.324(3) N(1)—Zn(1)-S(1) 149.50(5)

m Department of Applied Chemistry, CUSAT



Syntheses, spectral and structural characterization of Zn(11) complexes of N*-substituted . ..

Table 6.6. Interaction parameters

Hydrogen bonding

D-H---A D-H@A) H-AA) D--AA) D-H-A(°)
N(4)-H(4")---S(1)* 0.870(16)  2.562(18)  3.385(2) 158(2)
C-H-- -7 Interactions

C-H---Cg C-H(A) H--Cg(A) C-Cg(A) ZC-H-Cg®
C(14)-H(14A)---Cg(3)"| 0.94 2.93 3.774 147

Equivalent position codes: a = -x+1,-y+1,-z+2 , b = 1-x,-1/2+y,3/2-z
Cg(3) =N(1), C(1), C(2), C(3), C(4), C(5)
A = acceptor, D = Donor, Cg = Centroid

[Zn(Hbpet),](NO;),»H,0 (27)

Small orange needle crystals of 27 (0.30 X 0.25 X 0.20) cm® were
obtained by slow evaporation from a methanol-DMF solution. The
molecular structure of the Zn complex with atom numbering scheme is
given in Fig. 6.11. Selected bond lengths and bond angles are
represented in Table 6.7. Single crystal X-ray diffraction analysis reveals
that this complex belongs to the orthorhombic, space group, Pca2;. This
compound consists of cationic species [Zn(Hbpet)], two non-
coordinating nitrate radical anions NO;™ and one water molecule in the
asymmetric unit. In compound [Zn(Hbpet)](NO;),-H,O (27), Zn centre
displays a distorted octahedral geometry. The inter and intra molecular
hydrogen bonding interactions of [Zn(Hbpet)](NOs),"H,O (27) are
shown in Fig. 6.12.
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Table 6.7. Selected bond lengths and angles for complex 27

Bond lengths Bond angles
Zn(1)-S(1) 2.465(3) N(5)-Zn(1)-N(2) 100.0(2)
Zn(1)-N(1) 2.200(7) N(5)—Zn(1)-N(1) 91.9(3)
Zn(1)-N(5) 2.170(7) N(2)-Zn(1)-N(1) 74.0(2)
Zn(1)-N(2) 2.170(6) N(2)-Zn(1)-N(6) 172.2(3)
Zn(1)-N(6) 2.190(5) N(1)-Zn(1)-N(6) 100.5(3)
Zn(1)-S(2) 2.433(3) N(5)-Zn(1)-8(2) | 153.74(19)
S(1)-C(13) 1.697(8) N@)-Zn(1)-S(2) | 106.03(16)
S(2)-C(28) 1.684(8) N(1)-Zn(1)-S(2) | 92.30(18)
N(2)-C(6) 1.280(10) N(6)-Zn(1)-S(2) | 79.53(16)
NQ)-N@3) 1.343(9) N(5)-Zn(1)-S(1) 90.5(2)
N(6)-C(21) 1.295(9) N@)-Zn(1)-S(1) | 78.72(17)
N(6)-N(7) 1.342(9) N(1)-Zn(1)-S(1) | 152.66(18)
N(7)-C(28) 1.403(10) N(6)-Zn(1)-S(1) 106.3(2)
S(2)-Zn(1)-S(1) | 97.48(11)
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Fig. 6.11. Molecular structure of [Zn(Hbpet),](NO;),"H,O (27) along with
atom numbering scheme.

Fig. 6.12. Inter and intra molecular hydrogen bonding interactions of
[Zn(Hbpet),|(NOs), H,O (27).
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The zinc in the complex is hexacoordinated through two thioamide
sulfur atoms, two azomethine nitrogen and two pyridyl nitrogen atoms.
The basal plane consist of two pyridyl nitrogen and two thioamide sulfur
atoms and the apical positions are occupied by azomethine nitrogen atoms
which is evident from the trans angle of about 172.2(3)° (angle between
N6—Zn1-N2). There are a large number of intra and intermolecular
hydrogen bonding interactions in the crystal structure of the complex.
Two oxygen atoms of nitrate anion are hydrogen bonded to two
hydrogen atoms of water molecules. Every mononuclear unit is linked
with other ones through this intermolecular hydrogen bond to form
one-dimensional (1D) infinite chain of hydrogen bond system. Three-
dimensional (3D) polymeric network arrangement was built via weak
N-O--'m and CH:--'m interactions between [Zn(Hbpet)] moieties
(Fig. 6.14). Ring puckering analyses and least square plane calculations
show that the Cg(4) ring comprising of atoms Zn(1), N(5), C(20), C(21)
and N(5) adopts a half chair conformation twisted on Zn(1) and N(5)
atoms. Cremer & Pople puckering parameter, Q(2) = 0.085(6) A [250].
Packing diagram of [Zn(Hbpet)](NO3),-H,O (27) viewed along ‘c’ axis
is shown in Fig. 6.13.
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Table 6.8. Inter and intra molecular hydrogen bonding interactions of
[Zn(Hbpet)]|(NOs),H,0 (27)
Intermolecular hydrogen bonding
D_H...A D_H H...A D...A D_H...A
N(4)-H(4"---0(1S)" 0.86 2.34 3.070(12) 143.7
N(3)-H(3")---O(1S)" 0.880(11) 2.10(7) 2.844(11) 142(10)
O(1S)-H(1A)---O(3)"  0.859(11)  2.00(11) 2.811(13) 156(25)
O(1S)-H(1A)---O(1)*  0.859(11)  2.44(16) 3.180(12) 144(23)
O(1S)-H(1A)--"N(9)"  0.859(11) 2.57(4) 3.419(14) 169(14)
O(1S)-H(1B)---O(1)°  0.861(11) 2.27(5) 3.018(13) 145(8)
O(1S)-H(1B):--O(2)°  0.861(11) 2.56(7) 3.188(16) 131(7)
Intramolecular hydrogen bonding

N(8)-H(8')---0(6) 0.86 2.20 2.917(15) 140.9
N(8)-H(8)--0(4) 0.86 2.36 3.138(11) 150.4
N(8)-H(8")---N(10) 0.86 2.63 3.462(11) 161.7

N(7)-H(7)--O(4) 0.881(11)  225(7)  3.000(11) 142(9)
N(7)-H(7)---0(6) 0.881(11)  2.35(5)  3.161(12) 153(9)
N(7)-H(7)--N(10)  0.881(11)  2.64(3)  3.501(11) 165(9)

Equivalent position codes: a = —x,—y + 1,z + %, b=xy,z—1c=—-x,—-y=2z —%

Fig. 6.13. Packing diagram of [Zn(Hbpet),](NO;), H,O (27) viewed along ¢
axis.
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Fig. 6.14. N-O---w and C-H:- -7 interactions in Zn(Hbpet),](NO;),-H,O (27).
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Table 6.9. Interaction parameters

C-H:--nt Interactions

C-H---Cg C-H@A) H-CgA) C-Cg(Ad) ZC-H--Cg()
Cl6-H16---Cg(1)* | 0.93 2.92 3.316(11) 107
C24-H24---Cg(6)° | 0.93 2.98 3.845(11) 156
C26-H26---Cg(2)° | 0.93 2.94 3.740(11) 145
N-O-- -7 Interactions

N-O---Cg N-O (A)0:--Cg (A) N---Cg (A) ZN-0O---Cg(")
N10-04---Cg(8)° 1.173 3.481(11) 3.849(11) 99(7)
N9-03---Cg(5)* 1.216 3.619(10)  4.292(10) 115.2(7)

Equivalent position codes: a=x,y,z; b="12-X,y, -Y2tz; c = 2%, y, Yatz; d=X,y, 2

Cg(1) = Zn(1), S(1), C(13), N(3), N(2)
Cg(6) = N(5), C(16), C(17), C(18), C(19), C(20)
Cg(2) = Zn(1), S(2), C(28), N(7), N(6)

Cg(8) = C(22), C(23), C(24), C(25), C(26), C(27)
Ce(5) =N(1), (1), C(2), C3), C4), C(5)

A = acceptor, D = Donor, Cg = Centroid of the ring
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Chapter 7

SYNTHESES, SPECTRAL AND STRUCTURAL
CHARACTERIZATION OF Cd(I1I) COMPLEXES OF
ONS AND NNS DONOR THIOSEMICARBAZONES

7.1 Introduction

7.2 Experimental
7.3 Results and discussion

7.1 Introduction

Cadmium is a lustrous, silver-white, ductile, very malleable metal.
Its surface has a bluish tinge and the metal is soft enough to be cut with a
knife, but it tarnishes in air. It is soluble in acids but not in alkalis. It is
similar in many respects to zinc but it forms more complex compounds.
Cadmium (Latin cadmia, meaning "calamine", a cadmium-bearing
mixture of minerals, which was named after the Greek mythological
character, Cadmus, the founder of Thebes) was discovered simultaneously
in 1817 by Friedrich Stromeyer and Karl Samuel Leberecht Hermann,
both in Germany, as an impurity in zinc carbonate. Stromeyer found the
new element as an impurity in zinc carbonate (calamine), and, for

100 years, Germany remained the only important producer of the metal.
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The metal was named after the Latin word for calamine, because it was
found in this zinc compound. Cadmium is a minor metallic element, one
of the naturally occurring components in the earth’s crust and water, and
present everywhere in our environment. Naturally-occurring cadmium-
sulfide based pigments were used as early as 1850 because of their
brilliant red, orange and yellow colors, and appeared prominently in the

paintings of Vincent Van Gogh in the late 1800s.

Cadmium(Il) complexes have been extensively studied from a
chemical and structural point of view, mainly due to the capability of
cadmium(Il) to adopt different modes of coordination (shared by most
d" metal ions) determined by consideration of size, as well as
electrostatic and bonding forces [251]. Amongst these complexes are
thiosemicarbazides, a class of metal complexes that have been shown to
exhibit a wide range of biological activities, which is considered to be
related to their ability to chelate metals [252]. Some complexes of
thiosemicarbazide derivatives are potential anti-tumor and hypertensive
agents and others are active against influenza and protozoa [253]. A
number of complexes of transition metals with thiosemicarbazide-based
ligands have found extensive application in medicine, technology and
analytical chemistry [254]. Interest in the crystal engineering of metal
complexes has stimulated investigation of means of thiosemicarbazide-
based metal complexes in supramolecular structures [255]. The
relatively rigid structure of metal thiosemicarbazide chelate rings and the
capacity of the ligand for hydrogen bonding make these molecules

potentially important for stabilization of supramolecular structures. In its
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complexes, thiosemicarbazide behaves as a chelating bidentate ligand
coordinated through the terminal hydrazine N atom and S atom.
Complexes of the d'’ metal ions of mixed diimine and thiolate ligands
have also been shown to exhibit an interesting type of intra-ligand
charge transfer transition in the visible region without the involvement
of the metal ion [256]. These kinds of non-linear optical (NLO)
complexes are characterized with a central metal ion surrounded by a
number of organic and/or inorganic ligands [257,258]. The organic
ligand is usually more dominant in the NLO effect. Much focus has been
on the 11B (Zn, Cd, Hg) group metal complexes, as these metals have a
high transparency in the UV region because of their closed d'® shell.
This has stimulated research on the excited state electronic properties of

thiolato- complexes of these metal ions.

7.2 Experimental

7.2.1 Materials

Cadmium(Il) acetate dihydrate (E-Merck), cadmium chloride
(anhydrous) (CDH), potassium thiocyanate (E-Merck), 1,10-phenanthroline
(phen), 2,2'-bipyridine (bipy), 4,4'-dimethyl-2,2"-bipyridine (4,4’-dmbipy),
5,5'-dimethyl-2,2"-bipyridine (5,5’- dmbipy), sodium dicyanamide (Sigma-

Aldrich) were used as received.

7.2.2 Syntheses of thiosemicarbazones

The syntheses of thiosemicarbazones Hybspt and Hbpet are discussed

already in Chapter 2.
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7.2.3 Syntheses of cadmium complexes

7.2.3.1 [Cdx(bspt)] (29)

This complex was synthesized by refluxing a solution of Hjbspt
(0.1885 g, 0.5 mmol) in 1:1 mixture of DMF and methanol with a methanolic
solution of Cd(OAc),-2H,0 (0.1332 g, 0.5 mmol) for 3 hours. The complex

formed was filtered, washed with methanol and dried in vacuo.

Elemental Anal. Found (Calcd.) (%): C, 51.51(51.70); H, 3.10(3.51); N,
8.51(8.61); S, 6.25(6.57). Yield: 60%.

7.2.3.2 [Cd(bspt)(phen)] (30)

Methanolic solution of cadmium(Il) acetate dihydrate (0.1332 g,
0.5 mmol,) was added to a stirred mixture of Hybspt (0.1885 g, 0.5 mmol) in
DMF and methanol and 1,10-phenanthroline (0.090 g, 0.5 mmol) in
methanol. The resultant solution was refluxed for 3 hours. The orange

product obtained was filtered, washed with methanol and dried in vacuo.

Elemental Anal. Found (Caled.) (%): C, 58.72(59.33); H, 3.67(3.77); N,
9.77(9.46); S, 4.62(4.82). Yield: 68%.

7.2.3.3 [Cd(bspy)(bipy)] (31)

To a stirred mixture of Hybspt (0.5 mmol, 0.1885 g) in DMF and
methanol and 2,2'- bipyridine (0.078 g, 0.5 mmol) in methanol,
cadmium(Il) acetate dihydrate (0.1332 g ,0.5 mmol) was added. The
solution was refluxed for 3 hours and orange crystalline product

separated out was filtered, washed with methanol and dried in vacuo.

Elemental Anal. Found (Calcd.) (%): C, 54.87 (55.17); H, 5.35 (5.04); N,
10.31(10.48); S, 5.02 (4.33). Yield: 62%.
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7.2.3.4 [Cd(bspt)(4,4"-dmbipy)] (32)

To a stirred mixture of H,bspt (0.1885 g, 0.5 mmol) in DMF and
methanol and 4,4'-dimethylbipyridine (0.0920 g, 0.5 mmol) in methanol,
cadmium(Il) acetate dihydrate (0.1332 g, 0.5 mmol) was added. The
solution was refluxed for 3 hours and orange crystalline product

separated out was filtered, washed with methanol and dried in vacuo.

Elemental Anal. Found (Calcd.) (%) : C, 56.72 (57.27); H, 3.07 (4.81);
N, 9.89 (10.12); S, 4.62 (4.6). Yield: 73%.

7.2.3.5 [Cd(bspt)(5,5'-dmbipy)] (33)

To a stirred mixture of H,bspt (0.5 mmol, 0.1885 g) in DMF and
methanol and 5,5'-dimethylbipyridine (0.0920 g, 0.5 mmol) in
methanol, cadmium(II) acetate monohydrate (0.1332 g, 0.5 mmol) was
added. The solution was refluxed for 3 hours and orange crystalline
product separated out was filtered, washed with methanol and dried

in vacuo.

Elemental Anal. Found (Calcd.) (%): C, 56.72(57.27); H, 3.07(4.81); N,
9.89(10.12); S, 4.62(4.6). Yield: 60%.

7.2.3.6 [Cd(bpet)(NCS)] (34)

A solution of the ligand Hbpet (0.1421 g, 0.5 mmol) in methanol
was treated with a methanolic solution of Cd(OAc),-2H,O (0.133 g,
0.5 mmol). The solution was heated under reflux and potassium
thiocyanate was added to the solution and further refluxed for 4 hours.

The resulting solution was allowed to stand at room temperature and
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upon slow evaporation gave yellow crystals. The product then separated

out was collected, washed and dried over P4O1 in vacuo.

Elemental Anal. Found (Caled.) (%) : C, 42.11(42.34); H, 3.80 (3.33);
N, 15.71(15.43); S, 14.53 (14.13). Yield: 55%.

7.2.3.7 [Cd(bpet)(N3)] (35)

A solution of the ligand Hbpet (0.1421 g, 0.5 mmol) in methanol
was treated with a methanolic solution of cadmium acetate dihydrate
(0.133 g, 0.5 mmol). The solution was heated under reflux and sodium
azide was added to the solution and further refluxed for 4 hours. The
resulting solution was allowed to stand at room temperature and upon
slow evaporation gave yellow crystals. The product then seperated out

was collected, washed and dried over P4O1q in vacuo.

Elemental Anal. Found (Calcd.) (%): C, 41.27 (41.15); H, 2.97 (3.45);
N, 22.63 (22.40); S, 7.42 (7.32). Yield: 52%.

7.2.3.8 [Cdz(bpet)»(Cl),] (36)

A solution of the ligand Hbpet (0.142 g, 0.5 mmol) in methanol
was treated with a methanolic solution of CdCl,- 2H,O (0.114 g,
0.5 mmol). The solution was refluxed for 4 hours. The resulting solution
was allowed to stand at room temperature and upon slow evaporation
gave yellow crystals. The crystals then separated out was collected

washed and dried over P4O1q in vacuo.

Elemental Anal. Found (Caled.) (%): C, 42.08 (41.78); H, 3.71 (3.51);
N, 13.02 (12.99); S, 7.84 (7.44). Yield: 62%.
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7.3 Results and discussion

Equimolar ratios of the thiosemicarbazones, metal acetate
yielded yellow colored complexes. In complexes 30-33, 1,10-
phenanthroline, 2,2'-bipyridine, 4,4’-dimethyl-2,2"-bipyridine, 5,5'-
dimethyl-2,2'-bipyridine are used as coligands and in complexes 34-36,
azide, chloride and thiocyanate were used as anions. Single crystal of
compound [Cdy(bpet),Cly] (36) could be isolated and the structure was
established by single crystal XRD studies. The complexes were

characterized by the following physico-chemical methods.

7.3.1 Elemental analyses

From the observed C, H, N and S values, the above stoichiometry

of the complexes were proposed.

7.3.2 Molar conductivity measurements

The molar conductivities of the complexes in DMF (10~ M) was
measured at 298 K with a Systronic model 303 direct reading
conductivity bridge. The molar conductivity measurements showed
that all the complexes are non-electrolytic in nature since the observed
values are less than 10 ohm™” cm’mol™ which are very much less than
the value of 65-90 ohm™cm’mol™” reported for a 1:1 electrolyte in the
same solvent [110]. The molar conductivity values are given in

Table 7.1.
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Table 7.1. Molar conductivity of Cd(II) complexes

Compound Am'
[Cdy(bspt),] (29) 4.0
[Cd(bspt)(phen)] (30) 2.4
[Cd(bspt)(bipy)] (31) 3.6
[Cd(bspt)(4,4'-dmbipy)] (32) 6.2
[Cd(bspt)(5,5'-dmbipy)] (33) 52
[Cd(bpet)(NCS)] (34) 52.0
[Cd(bpet)(N5)] (35) 13.0
[Cda(bpet)2(Cl),] (36) 4.8

= mho cm? mol™!

7.3.3 X-ray crystallography
Single crystals of compound [Cd,(bpet),(Cl),] (36) suitable for

X-ray diffraction studies were obtained by the slow evaporation of the
mother liquor. Single crystals of dimensions 0.50 x 0.45 x 0.40 mm® of
the complex 36 is selected and mounted on a Bruker SMART APEXII
CCD diffractometer, equipped with a graphite crystal, incident-beam
monochromator and a fine focus sealed tube with Mo Ka (A = 0.71073 A)
radiation as the X-ray source. The crystallographic data and structure
refinement parameters for compound 36 are given in Table 7.2. The
unit cell dimensions were measured and the data collection was
performed at 296 (2) K. Bruker SMART software was used for data
acquisition and Bruker SAINT software for data integration [62].
Absorption corrections were carried out using SADABS based on Laue
symmetry using equivalent reflections [63]. The structure was solved
by direct methods using SHELXS97 [64] and refined by full-matrix
least-squares calculations with SHELXIL.97 software package [65]. The
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molecular and crystal structures were plotted using DIAMOND version
3.2g [66]. In [Cda(bpet)2(Cl)2] (36), all non-hydrogen atoms were
refined anisotropically and all H atoms on C were placed in calculated
positions, guided by difference Fourier maps, with C—H bond distances
0.93-0.96 A. H atoms were assigned as Ujs;=1.2Ueq (1.5 for Me). The
N4-H4" H atom was located from difference maps and its distance is
restrained to 0.88 +0.01 A.

7.3.3 Crystal structure of [Cd,(bpet)2(Cl):] (36)

Crystal data and structure refinement for compound 36 are
summarized in Table 7.2. The relevant bond lengths and angles for
compound 36 are given in Table 7.3. The compound crystallized in a
monoclinic space group C2/c. This compound is a sulfur-bridged
cadmium box-dimer in which the environment of each Cd(II) atom can
be described as distorted pentagonal pyramidal. Each cadmium(II) ion
is pentacoordinated with four positions occupied by the two imine
nitrogen atoms and sulfur atom from a thiosemicarbazonate ligand
while the fifth position is occupied by the sulfur atom of the adjacent
[Cd(bpet)] entity, acting as a bridge. This complex could be alternatively
described as two cadmium monomer complexes connected through one of
the sulfur atoms. S-bridged dimeric cadmium complexes are unusual for
thiosemicarbazone ligands. The molecular structure of the compound 36

is shown in Fig. 7.1.
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Table 7.2. Crystal data and structure refinement parameters of

[Cdz(bpet),(C),] (36)

Parameters

[Cda(bpet)y(Cl),] (36)

Empirical formula
Formula weight

Color

Temperature (T) K
Wavelength (Mo Ka) (A)
Crystal system

Space group

Cell parameters

XR ™ O o &

Volume V (A%)

Z

Calculated density (p) (mg m™)
Absorption coefficient, p(mm™)
F(000)

Crystal size (mm”)

0 range for data collection

Limiting indices

Reflections collected

Unique Reflections (Ryy)
Completeness to 0

Absorption correction

Maximum and minimum transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [1 > 2o (1)]

R indices (all data)

Largest difference peak and hole (e A3 )

C3oH3¢Cd,C1,NgS,
862.48

Yellow

296(2)

0.71073
Monoclinic

C2/c

20.9473(8)A

12.3048(8)A

16.1750(9)A

90°

125.339(3)°

90°

3401.0(3)

4

1.684

1.564

1712

0.50x 0.45x 0.40

2.59 to 28.00°

-27<h<23, -16<k<16, -20<1<20
12530

4044 [R(int) = 0.0351]

28.00 (98.6%)

Semi-empirical from equivalents
0.535 and 0.462

Full-matrix least-squares on F*
4100/1/204

1.161

R;=0.0299, wR, = 0.0702
R;=0.0375, wR,=0.0772
0.916 and -0.796
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The CdsS; angles [S(1)-Cd(1)"'-S(1)#1 ] and [S(1)-Cd(1)-S(1)#1]
are slightly deviated from a square planar arrangement, which can be
attributed to the restricted bite angle of the donor atoms in the
thiosemicarbazonate ligand. The deprotonation of the ligand can be
confirmed with the C-S distances, because they are longer than the
typical thione double bond distance (around 1.6 A). The [Cd(bpet)Cl],
dimer unit permits the establishment of intermolecular hydrogen bond
[N(4)-H(4")---CI(1) 2.513(17) A] between the thioamide nitrogen proton
and the chloride atom (Fig. 7.2). This interaction links two dimer units in

the crystal cell giving rise to a 2D laminar packed structure (Fig. 7.3).

Table 7.3. Selected bond lengths ad bond angles of [Cd,(bpet),(Cl),] (36)

Bond lengths Bond angles
Cd(1)-N(1) 2.319(2) N(1) Cd(1)-N(2) 70.28(8)
Cd(1)-N(2) 2.343(2) N(1)-Cd(1)-CI(1) 98.97(6)
Cd(1)-CI(1) 2.151(5) N(Q2)-Cd(1)-CI(1) 142.92(6)
Cd(1)-S(1) 2.6162(7) N(1)-Cd(1)-S(1) 144.18(6)
Cd(1)-S(1)™ 2.6225(8) N(Q2)-Cd(1)-S(1) 74.02(6)
S(1)-C(13) 1.770(3) CI(1)-Cd(1)-S(1) 107.86(3)
S(1)-Cd(1)"! 2.6225(8) N(1)-Cd(1)-S(1"*! 98.30(7)
N(Q2)-N(3) 1.369(3) NQ)-Cd(1)-S(1)" 107.96(6)
N(3)-C(13) 1.308(3) CI(1)-Cd(1)-S(1)" 108.69(3)

S(1)-Cd(1)-S(1)" 95.16(2)
C(13)-S(1)-Cd(1) 97.53(9)
C(13)-S(1)-Cd(1)" 96.39(9)
Cd(1)-S(1)-Cd(1)" 84.05(2)
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3.507(5) A

Fig. 7.1. Molecular structure of [Cd,(bpet),(Cl);] (36).

Fig. 7.2. Intermolecular hydrogen bonding interactions.
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Fig. 7.4. Metal---m interaction and C-H-- & interactions.
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Further, crystal packing is reinforced by very weak C-H---m and
metal---t interactions (Fig. 7.4). Fig. 7.3 shows the packing diagram of
the compound. The various interaction parameters are shown in

Table 7.4.

Table 7.4. Interaction parameters

H-bonding

D-H---A D-H () H--A(A) D--AA) D-H:A(°)
N(4)-H(4") ---C1(1)*]0.879(10) 2.513(17)  3.324(3) 154(3)
C-H: -1t interactions

C-H(I):--Cg(J) C-H (A) H---Cg(A) C---Cg(A) 2C-H---Cg (°)
C15-H15C---Cg(3) 2.86 3.440(7) 120

Metal:- -7 interaction

Cg(@)---Me(J) Cg-Me(Ad) B()

Cg(2)-Cd(1) 3.155 35.29

Equivalent position codes : a = x,—y + 1,z + 1/2
Cg(2)-Cd(1)-S(1)-C(13)-N(3)-N(2); Cg3-Cd(1)-N(1)-C(5)—-C(6)-N(2)

D = Donor, A = acceptor, Cg = Centroid of the ring

B = angle between Cg(I):--Cg(J) vector and Cg(J) perp

7.3.4 Infrared spectra

The IR spectra of the thiosemicarbazones when compared with the
Cd(II) complexes confirm the coordination of the thiosemicarbazone to
the metal. The significant bands observed in the IR spectra of the

thiosemicarbazones and their complexes are summarized in Table 7.5.

The band corresponding to azomethine bond, v(C=N), shifts to
higher energy on complexation due to the combination of v(C=N) with

the newly formed C=N bond which results from the loss of the
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thioamide hydrogen from the thiosemicarbazone moiety [113-116,90].
Strong bands found at 1112 and 1107 cm™ in the thiosemicarbazones are
assigned to the V(N-N) band. The increase in frequency of this band in
the spectra of complexes is due to the increase in the bond strength,
again confirming the coordination via the azomethine nitrogen.
Coordination via thioiminolate sulfur is indicated by the downward shift
of frequencies of 6/v CS bands in the complexes [259]. Some of the IR

spectra of complexes are given in Fig. 7.5.

Table 7.5. IR spectral assignments (cm™) of thiosemicarbazones and their
Cd(II) complexes

V(C=S)MC-S),

Compound v(O-H) v(C=N) vw(C=N)" v(N-N) 8(C=S)/5(C—9) v(C-0)
H,bspt 3366 1625 1112 1330, 832 1261
[Cdy(bspt).] (29) 1607 1555 1215 1369, 840 1214
[Cd(bspt)(phen)] (30) 1595 1536 1295 1425, 847 1256
[Cd(bspt)(bipy)] (31) 1590 1535 1286 1384, 831 1249
gffgs}%t])((‘;;; 1597 1539 1293 1328,833 1253
gffgsg])(é’;)’ 1605 1540 1293 1328,833 1256
Hbpet — 1583 1107 1306,812 —
[Cd(bpet)(NCS)] (34) 1587 1545 1155 1315,819 —
[Cd(bpet)(N3)] (35) 1586 1545 1138 1311,892 —
[Cdy(bpet),(Cl),] (36) 1592 1506 1111 1322,854 —

* =newly formed C=N bond
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Fig. 7.5. Infrared spectra of cadmium(II) complexes.
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7.3.5 Electronic spectra

Hzbspt
[Cda(bspty] (29)
—— [Cd(bspt)(phen)] (30)
— [Cd(bspt)(bipy)] (31)
——— [Cd(bspt)(4,4"-dmbipy)] (32)
0.4 [Cd(bspt)(5,5-dmbipy)] (33)
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Fig. 7.6. Electronic spectra of cadmium(II) complexes.

The electronic spectral assignments for the thiosemicarbazones and
their Cd(II) complexes recorded in DMF are summarized in Table 7.6. The

electronic spectra of the thiosemicarbazones showed bands in the range
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24200-30850 cm’' which are assignable to azomethine bond and the
thiosemicarbazone moiety [260]. These bands are slightly shifted on
complexation. In addition to these bands due to intraligand transitions, new
bands around 23000-26200 cm™ range are observed in the spectra of
complexes. These bands can be assigned to metal to ligand charge transfer
transitions. No appreciable absorptions occurred below 20000 cm™,
indicating the absence of d-d bands, which is in accordance with the o'’
configuration of Cd(II) ion [261]. The electronic spectra of complexes are
given in Fig. 7.6.

Table 7.6. Electronic spectral assignments (cm™) of thiosemicarbazones
and their Cd(II) complexes

Compound n—a*/a—n* MLCT
H,bspt 30110, 24238 -
[Cda(bspt).] (29) 31077 26000
[Cd(bspt)(phen)] (30) 31077 25800
[Cd(bspt)(bipy)] (31) 31077 26200
[Cd(bspt)(4,4'-dmbipy)] (32) 31043 26022
[Cd(bspt)(5,5'-dmbipy)] (33) 31164 25850
Hbpet 30840 23600
[Cd(bpet)(NCS)] (34) 31655 24710
[Cd(bpet)(N3)] (35) 31960 24790
[Cda(bpet)x(Cl)2] (36) 33131 24636

7.3.6 "H NMR spectra

Proton Magnetic resonance Spectroscopy is a powerful tool for the
spectral studies of diamagnetic complexes like zinc. The 'H NMR
spectral data of the ligand Hbpet and the complex [Cd(bpet)NCS] (34)

was recorded in DMSO-ds with tetramethylsilane as an internal standard.
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A sharp singlet, which integrates as one hydrogen at 13.62 ppm is
assigned to the —N(3)H proton, present in the spectrum of the ligand
disappeared in the spectrum of the complex because of the deprotonation
on complex formation. This provides an evidence for the coordination
of thiolato sulphur through enolization followed by deprotonation. The

nmr spectra of Hbpet and its complex 34 are given in Fig. 7.7.

[Cd(bpet)(NCS)] (34)

15 14 13 12 11 10 9 8 T 6 5 4 3 2 1 ppm
Fig. 7.7. The nmr spectra of Hbpet and [Cd(bpet)(NCS)] (34).
e FOR......
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SUMMARY AND CONCLUSION

The chemistry of transition metal complexes of thiosemicarbazones
has been receiving considerable attention largely because of their
pharmacological properties. Due to their interesting biological activities,
such as antibacterial, anti-convulsant and antiproliferative-antitumor,
thiosemicarbazones have attracted great attention in the recent years. The
biological activity and the medicinal properties of thiosemicarbazones
depend upon the chemical nature of the moiety attached to the C=S carbon
atom. The structure diversity of thiosemicarbazide based compounds is
considerably increased not only due to the condenzation of the different
carbonyls but also due to the alkylation of the different part of the
thiosemicarbazide. Thiosemicarbazone usually act as chelating ligands
with transition metal ion, bonding through the sulfur and hydrazine
nitrogen atom. Thiosemicarbazones can coordinate to metal as neutral
molecules or after deprotonation, as anionic ligands and can adopt
variety different coordination modes. The possibility of their being able
to transmit electronic effects between a reduce unit and metal centre is
suggested by the delocalization of the m bonds in the thiosemicarbazone

chain.

Thiosemicarbazones (R'R*C*=N’-N*H)-C'(=S)N'R’R*) constitute

an important class of N, S-donor ligands, and their coordination chemistry
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was initially explored during the early sixties. The synthesis of
thiosemicarbazones involves condenzation of a ketone, or an aldehyde with
a thiosemicarbazide under ambient conditions. They are represented by the
general formula R1R2C=N—NH—C(S)—NH2. In the solid state, these
thiosemicarbazones exist in the thione form. In solution, however, they
are known to tautomerize into the thiol form. Complexation usually
takes place via dissociation of the acidic proton, resulting in the
formation of a five membered chelate ring. When an additional donor
site D is incorporated in such ligands, linked to the carbonylic carbon via

one or two intervening atoms, D,N,S tricoordination usually takes place.

Objectives of the present work

Thiosemicarbazones have emerged as an important class of ligands
over a period of time, for a variety of reasons, such as variable donor
properties, structural diversity and biological applications. In order to
pursue the interesting coordinating properties of thiosemicarbazones,
complexes with different types of ligand environments are essential. With
this knowledge taken from the literature, we undertook the present study by
taking two different NNS and ONS donor types thiosemicarbazones as
principal ligands. Introduction of heterocyclic bases like 1,10-
phenanthroline, 2,2'-bipyridine, 4,4'-dimethyl-2,2"-bipyridine and 5,5'-
dimethyl-2,2'-bipyridine, and anions like azide, chloride, dicyanamide,
thiocyanate etc., the classical N,N donor ligands leads to the syntheses of
mixed-ligand complexes which can cause different bonding, spectral

properties and geometries in coordination compounds.
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We have synthesized the following two new and two earlier reported
ligands using 4-benzyloxysalicylaldehyde, 5-bromosalicylaldehyde,
2-benzoylpyridine 4-phenylthiosemicarbazide, 4-ethylthiosemicarbazide,
4-methylthiosemicarbazide and N, N-dimethylthiosemicarbazide.

» 4-Benzyloxysalicylaldehyde—N"—phenylthiosemicarbazone (H,bspt)
» 5-Bromosalicylaldehyde —N"-ethylthiosemicarbazone (H,brset)
= 2-Benzoylpyridine ~N* -ethylthiosemicarbazone (Hbpet)

= 2-Benzoylpyridine ~N' N -dimethylthiosemicarbazone (Hbpdt)

Summary of the thesis:

The thesis is divided into seven chapters.

Chapter 1

Chapter 1 involves a brief overview to thiosemicarbazones and their
metal complexes, bonding and coordination nature of thiosemicarbazones
and their various applications. The objectives of the present work and the
various physicochemical methods adopted for the characterization of the

thiosemicarbazones and their complexes are also discussed in this chapter.

Chapter 2

Chapter 2 describes the syntheses of four tridentate thiosemicarbazones
and their characterization by elemental analyses, mass, FT-IR, UV-Vis and
'H NMR spectral studies. Among the four ligands two are ONS and
remaining are NNS ligands. X-ray quality single crystals of these two
ligands were grown and their molecular structures were established by

single crystal X-ray diffraction studies.
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The thiosemicarbazones synthesized are

» 4-Benzyloxysalicylaldehyde—N'-phenylthiosemicarbazone (Hobspt)
» 5-Bromosalicylaldehyde —N*-ethylthiosemicarbazone (H,brset)

= 2-Benzoylpyridine —N*-ethylthiosemicarbazone (Hbpet)
= 2-Benzoylpyridine —N*,N*-dimethylthiosemicarbazone (Hbpdt)

Chapter 3

This chapter deals with the coordinaton chemistry of four
oxidovanadium(IV) complexes derived from 4-benzyloxysalicylaldehyde-
N'-phenyl thiosemicarbazone and a dioxidovanadium(V) complex

derived from 2-benzoylpyridine-N", N*-dimethyl thiosemicarbazone.

All complexes except the dioxidovanadium complex are
mononuclear with heterocyclic bases 1,10-phenanthroline, 2,2'-bipyridine,
4,4'-dimethyl-2,2'-bipyridine and 5,5’-dimethyl-2,2"-bipyridine as coligands.
All the complexes are characterized by various techniques such as
elemental analyses, molar conductivity and magnetic susceptibility
measurements, FTIR, UV-vis and EPR spectral studies. The observed
molar conductivity values in 10° M DMF solution confirm that all the
complexes are non-electrolytic in nature. Magnetic susceptibility
measurements clearly indicate that all the complexes except the
dioxidovanadium complex are paramagnetic in nature with vanadium in
+4 oxidation state. In all the complexes except the dioxidovanadium
complex, thiosemicarbazones are coordinated to the metal centre in the
thioiminolate form and act as dideprotonated tridentate ligands. In the

EPR spectra, g values are found to be less than the free electron value
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and in DMF at 77 K, they displayed well resolved axial anisotropy with
two sets of eight line pattern with g < g, and 4 > A4, relationship
characteristic of an axially compressed dlxy configuration. We could
isolate X-ray quality single crystals for the dioxidovanadium complex by
the slow evaporation of the mother liquor. The molecule exhibited
distorted square pyramidal geometry with N, N and S atoms of the
principal ligand and one of the oxo group occupying the square plane
and the other oxo group occupying the axial position. There are no intra
and intermolecular hydrogen bonds in the molecule. The neighbouring

molecules are interconnected by 1 1 and C—H-- -t interactions.

Chapter 4

Chapter 4 deals with the syntheses and characterization of six nickel
complexes of the thiosemicarbazones by CHNS analyses, conductivity
and magnetic susceptibility measurements, infrared and electronic spectral
studies. All the complexes are found to be non-electrolytic in nature. The
five-coordinate complexes are found to be paramagnetic with two
unpaired electrons. In all of them, thiosemicarbazone moiety coordinates
to the metal in the thioiminolate form as evidenced from the infrared
spectra. We could isolate X-ray quality single crystal for one of the
nickel complex by the slow evaporation of the mother liquor. The
nickel(IT) atom has square-planar geometry surrounded by one sulfur
atom and three nitrogen atoms. In the crystal packing three molecules
are linked through hydrogen bonding i.e., two molecules are bridged by
a third one. Further, crystal packing is reinforced by very weak n--n

and metal---w interactions.
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Chapter 5

This chapter describes the syntheses and characterization of nine
copper(Il) complexes. The characterization techniques include elemental
analyses, molar conductivity studies and magnetic susceptibility
measurements, FTIR, UV-Vis and EPR spectral studies. Heterocyclic
bases like 1,10-phenanthroline, 2,2"-bipyridine, 4,4'-dimethyl-2,2'-
bipyridine and  5,5'-dimethyl-2,2"-bipyridine were used as coligands and
iodide and azide as anions In all the complexes, the ONS donor
thiosemicarbazones (Hybspt and H,brset) exist in thioiminolate form and
coordinates to the metal through azomethine nitrogen, thioiminolate
sulfur and phenolate oxygen. For NNS donor thiosemicarbazones, the
ligands coordinate to the metal through azomethine nitrogen,
thioiminolate sulfur and pyridyl nitrogen. The molar conductivity values
obtained for all the complexes confirmed their non-electrolytic nature.
The magnetic susceptibility measurements reveal that all the complexes
are paramagnetic and for mononuclear complexes the effective magnetic
moment values are found to be close to the spin only value which
corresponds to a single unpaired electron. The low magnetic moment
values for two complexes may be due to considerable antiferromagnetic
interaction between the metal centers. EPR spectra in polycrystalline
state at 298 K show that some of the compounds are isotropic and some
are axial. In DMF at 77 K, some complexes are found to be axial with
hyperfine lines in the parallel and perpendicular regions. Superhyperfine
splittings give clear evidence for the coordination of azomethine
nitrogen and that of heterocyclic bases to the metal. The g values

calculated indicate that in most of the complexes the unpaired electron in
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Cu(Il) resides in the d, ,orbital. The complexes in which g, > g, >
X y

2.0023 suggest a distorted square pyramidal structure and rules out the
possibility of a trigonal bipyramidal structure which would be expected

to have g <g.

Chapter 6

Chapter 6 explains the syntheses and characterization of eight zinc
complexes of the thiosemicarbazones by CHNS analyses, conductivity and
magnetic susceptibility measurements, infrared and electronic spectral
studies. The observed molar conductivity values in 10° M DMF
solution confirm that all the complexes are non-electrolytes. The
tridentate character of the thiosemicarbazones is inferred from IR
spectra. The structure of two of the complexes [Zn(bpet)(dca)], and
[Zn(Hbpet)](NOs),-H,O has been resolved using single crystal X-ray
diffraction studies. The crystal structure revealed a monoclinic space
group P2, for complex [Zn(bpet)(dca)], and orthorhombic space group
Pca2; for [Zn(Hbpet)](NO;),-H,O. The compound [Zn(bpet)(dca)],
adopts a distorted square pyramidal geometry. Basal plane consist of
azomethine N, pyridine N and S atom from ligand and N atom from
dicynamide ligand and the axial site is occupied by a N atom of dicynamide
ligand of the next unit. The dicyanamide ligand employed the ;s bridge
mode linking the adjacent Zn atom to produce one dimensional zig-zag
chains. In compound [Zn(Hbpet)][(NOs),'H,O, Zn centre displays a
distorted octahedral geometry and the ligand is coordinated in the neutral
form. The zinc in the complex is hexacoordinated through two thioamide

sulfur atoms, two azomethine nitrogen and two pyridyl nitrogen atoms.
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The basal plane consist of two pyridyl nitrogen and two thioamide sulfur
atoms and the apical positions are occupied by azomethine nitrogen
atoms. Three-dimensional (3D) polymeric network arrangement was
built via weak N—O----t and CH:---& interactions between [Zn(Hbpet)]

moieties.

The 'H NMR spectral data of the ligand Hbpet and its complex
[Zn(Hbpet)](NO3),-H,O were recorded in DMSO-dg with tetramethylsilane
as an internal standard. In the case of [Zn(Hbpet)](NO;),-H,O complex,
the spectrum is only slightly modified, with the same multiplicity of the
signals and some slight changes in the chemical shifts with respect to the
ligand. The singlet which integrate as a single hydrogen present in the
spectra of the ligand at 13.6 ppm is not disappeared in the spectra of the
complex. This provides an evidence for the coordination of the ligand in

the thioiminol form.

Chapter 7

Eight cadmium complexes have been synthesized and physico-
chemically characterized by CHNS analyses, conductivity and magnetic
susceptibility measurements, infrared and electronic spectral studies.
Heterocyclic bases like 1,10-phenanthroline, 2,2'-bipyridine, 4,4'-
dimethyl-2,2'-bipyridine, 5,5'-dimethyl-2,2'-bipyridine and anions like
thiocyanate, azide and chloride act as coligands. The molar conductivity
measurements in DMF (10 M) indicate that all the complexes are non-
electrolytes. The IR spectral studies show that the thiosemicarbazones
coordinate in thioiminolate form in all the complexes and act as

dideprotonated tridentate ligands. We could isolate X-ray quality single
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crystals for one of the cadmium complex by the slow evaporation of the
mother liquor. This compound is a sulfur-bridged cadmium box-dimer
in which the environment of each Cd(II) atom can be described as
distorted square pyramidal. The intermolecular hydrogen bonding
interaction links two dimer units in the crystal cell giving rise to a 2D
laminar packed structure. Further, crystal packing is reinforced by very

weak C—H:--w and metal---mt interactions.
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