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PREFACE

Hydrazones are a versatle class of compounds with a broad,
spectrum  of applications. Hydrazone derivatives possess  antiHIV,
antimicrobial, antitubercular, antconvulsant and anti inflammatory activities.
The transiton metal complexes of aroylhydrazones have been invesugated
extensively because of their biological, especially as potent inhibitors for
many enzymes, NILO and magnetic activities. They are also proved to have
potential applications as catalysts, analyucal agents, luminescent probes and

molecular sensors.

Supra molecular architectures of coordination complexes of hydrazones
through non covalent interactions have been explored. Molecular self-assembly
driven by weak interactions such as hydrogen- bonding, n ---n, C-H--*x, van
der Waals interactions, and so forth are currently of tremendous research
interest in the fields of molecule based matenals. The directional properties of
the hydrogen-bonding interaction associate discrete molecules into aggregate
structures that arc sufficiently stable to be considered as independent chemical
species. Chemistry can borrow nature’s strategy to utilize hydrogen-bonding as
well as other noncovalent intcractions as found in secondary and tertiary
structures of proteins such as the double helix folding of DNA, hydrophobic
self-organization of phospholipids in cell membrane etc. In supramolecular
chemistry hydrogen bonding plays an important role in forming a variety of
architectures. Thus, the wise modulation and tuning of the complementary sites

responsible for hydrogen-bond formation have led to its application in



supramolecular clectronics, host-guest chemistry, self-assembly of molecular

capsules, nanotubes etc.

‘The work presented in ‘this thesis describes the synthesis and
characterization of metal complexes derived from some substituted
aroylhydrazones. The thesis is divided into seven chapters. Chapter 1 gives a
brief outhine of aroylhydrazones, diversity in their chelating behavior and
their applications. ‘This chapter also describes different physicochemical
techniques employed for the characterization of aroylhydrazones and their

metal complexcs.

Chapter 2 includes the synthesis and characterization of five different
aroylhydrazones and their characterization by elemental analyses, FTIR, 'H
NMR, UV-Vis spectral studies and single crystal X-ray diffracuon studies.
Chapters 3-7 discuss the synthesis and characterizaton of some transition

mctal complexes derived from the aroylhydrazones under study.
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AROYLHYDRAZONES: A BRIEF OUTLINE

1.1 Intreduction

1.2 Aroylhydrazones

1.3 Coordination modes of hydrazones
1.4 Applications of hydrazones

1.5 Scape and objectives of the work
1.6 Physical measurements

Cantents

1.1 Introduction

The research interest in inorganic chemistry has steadily evolved over
hundreds of years and has been flourished by the versatile development in the area of
coordination chemistry. Widespread interest in the chemistry of coordination
compounds is associated with their broad spectrum of applications in different areas
such as catalysis, molecular sensors nonlinear optics, bioinorganic, biomimetic,
magnetic and medicinal chemistry. The design and synthesis of multifunctional
molecules combining in their structure several active moieties, sensitive towards
different external influences have attracted significant interest recently. Coordination
chemistry has greatly contributed to the rational design of new classes of host
molecules. For instance, crystal structure of a copper complex which resembles a
‘wheel and axle’ may belong to a new category of host molecules [1]. Molecules with
this shape is not suitable for close packing but tend to accommodate other molecules
thus serving as adsorbents, sensors and catalysts. The architectural beauty of
coordination compounds is due to the interesting ligand systems containing different
donor sites say ONO, NNO, NO and NNS. [t provides many new directions in

research such as, in molecular magnetism, supramolecular chemistry, non-silicon-
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based devices, precursors for vapor phase deposition and single molecule-based
photonic devices and sensors [2]. Schiff bases play an important role in inorganic
chemistry as they easily form stable complexes with most transition metal ions in the
periodic table. The development of the field of bioinorganic chemistry has increased
the interest in Schiff base complexes, since it has been recognized that many of these

complexes may serve as models for biologically important species.

Transition metal complexes derived from hydrazone Schiff bases can
form diverse supramolecular networks as reported by various research groups
[3-5]. Blending supramolecular chemistry with materials science defines a field
of supramolecular materials that rests on the explicit implementation of
intermolecular interactions in the design and synthesis of novel materials
presenting novel properties. Slight steric and electronic modifications in the
ligand backbone provoke differences in the supramolecular architectures of the
complexes, leading to a variety of one, two and three-dimensional hydrogen

bonded networks in complexes.

It is well established that aroylhydrazones form stable chelate complex
with transition metal cations by utilizing both their oxygen and imine nitrogen
as donor atoms [6]. Among nitrogen-oxygen donor ligands, hydrazones occupy
an important position due to their widespread applications and versatile

coordination capability with transition metal ions [7].
1.2 Aroylhydrazones

Hydrazones which belong to a class of azomethines having the group
—C=N-N- are interesting ligands in coordination chemistry. Introduction of a
—C=0 group in the hydrazide part increases the electron delocalization and
denticity of the hydrazone and the resulting compound is known as an

aroylhydrazone. N-aroylhydrazones are usually obtained by condensation of

El —————Department of Agplied Chemisiry; Cochin University of Science ard Technologyssme = -



Aroythydrazones: a brief outline

aldehydes or ketones with aroylhydrazines, in the presence of an acid catalyst, in
reaction times varying from 30 minutes to several hours [8,9]. Their purification
«can be accomplished by simple recrystallization and they are stable at ambient
temperature. Recently a variety of N-aroylhydrazones were synthesized by
another method i.e., under microwave irradiation within 2.5-10 minutes, starting
from benzo, salicyloyl and isonicotinic hydrazides. The protocol developed
employs microwave irradiation in the absence of solvents and catalysts, leading
to high yields [10]. Fig. 1.1 represents the general formulae of a hydrazone and

an aroylhydrazone.

R NH R, NH R;
j/\N/ \R Y\N/ \”/
R, 0

R;

Hydrazone Aroylhydrazone

Fig. 1.1. Hydrazones, a class of azomethines with triatomic >C=N-N< linkage

Aroyl hydrazones allow additional donor sites to be introduced (via R,
R’ and R?, Fig.1.1) inorder to increase the denticity of the resulting ligands. In
an aroylhydrazone the basic coordination sites are carbonyl oxygen and the
azomethine nitrogen. It is interesting to note that aroythydrazones can
potentially form amido/iminol tautomers and sym/anti forms as indicated in

Figs.1.2 and 1.3.

Ry NH Rs R, N R3
o) R, OH

R

amido form imino! form

Fig. 1.2. Tautomerism in aroylhydrazone.

=Depariment of Applied Chemistry; Cochi




Chapter }

Recent studies have shown that sym/anti isomerisation and
tautomerisation processes affect the metal chelating properties of these ligands
[11]. In solid state amido form predominates while in solution state iminol form
(Fig. 1.2). This property offers the formation of a variety of complexes, i.e., the
hydrazones can coordinate to the metal either in neutral amido form or in
deprotonated iminolate form. The mn conjugation over the hydrazone moiety is
increased by the enolization of the ligand which improves the electron

delocalization.
R1 %
>:N O R1 NH‘{
R2 \NH% >:N/ R3
R3 R2

Syn form Anti form

Fig. 1.3. Geometrical isomers of aroylhydrazone.

1.3 Coordination modes of hydrazones

The high efficacy, selectivity and specificity of the coordination of
aroylhydrazones towards transition metal ions has rendered these Schiff bases
prime candidates in the formation of coordination compounds. Hydrazones can
act as potential multifunctional ligands with interesting coordination modes.
The coordination mode adopted by a hydrazone depends on different factors like
tautomerism, reaction conditions, stability of the complex formed, number and
nature of the substituent on hydrazone skeleton. Number of coordination sites

can be increased by introducing suitable substituents on the hydrazide part as

pariment of Appiied Chemmistry, Cothin University of Science and Téchiology-— s




Aroylhydrazones: a brief outline

well as on the carbonyl part. For example if a hetero atom is present on the
carbonyl part of a hydrazone, it can coordinate to the central metal by adopting
an NNO coordination mode, either through the deprotonated iminolate form

(Structure [} or through neutral amido form (Structure II) [12,13].

T )
M /M\O
\N/ \ N | "IN \ /H\
l > /N\N/J\R = /N\T R
CHj CHs H
Structure 1 Structure 11

Another mmode is the formation of a six coordinated metal complex with
two deprotonated ligands. Stable metal chelates of distorted octahedral

geometry are expected in this case (Structure LII) [14].

Structure 111

Bridged complexes are formed by another mode of coordination. In this

case anions (like halogens, azide or thiocyanate) present in the metal salt, an

= Department of Applied Chemistry; Co ce ond Technology o™ B
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atom or group of atoms can act as a bridging ligand which results in the

formation of a dimeric structure (Structure IV) [15,16].

Structure IV

If the hydrazone possesses a phenolic group in the aldehyde/ketone part
which is in suitable position for coordination, it leads to an ONO coordination
mode, resulting in the formation of dimeric complexes with phenolate oxygen

bridges (Structure V) [17].

Structure V

In the case of complexes with ONO donor hydrazones we can
incorporate heterocyclic bases to the central metal (Structure VI) resulting in a

distorted square pyramidal structure [18].

< Depariment of Applied Chmishy, Cocin Univsity of Sceric and Tecbnology= "




Aroylhydrazones: a brief outline

AN
= 0 N| P
\N/,,__-\M/
/ /\N X
N

Structure VI

If the hydrazone possesses an electron donating group like methoxy
group in the carbonyl part it may also take part in coordination to the central
metal (Structure VII) [19]. Here the methoxy group can act as a chelating group

and as a bridging group resulting in a multinuclear complex.

/M
O/M 0\
B i
N o)
H |

Structure VII
1.4 Applications of hydrazones

The 1nterest in the design, syntheses and characterization of aroythydrazones
and their metal complexes has come from their applications in various fields. Their
ease of syntheses, easily tunable steric and electronic properties and good solubility
in common solvents has enhanced research interest in this area. They have wide

applications in biology, medicine, optics, catalysis and analytical chemistry.

———————Départment of Applied Chemistry, Cochin Universiry of Science ond Tecknology—=———



Chapter 1

1.4.1 Hydrazones in magnetochemistry

Variable temperature magnetic susceptibility measurements reveal that
moderate antiferromagnetic interactions operate between phenoxo bridged Ni(I!)
dimers  whereas very weak antiferromagnetic exchange occurs through
hydrogen bonding and n---n stacking interactions. All complexes are proved to
be efficient catalysts for the epoxidation of alkenes by NaOCIl under phase

transfer condition [20].

Several coordination complexes derived from aroylhydrazones were
reported for their pharmacological activity and magnetic properties [21] but such
complexes were devoid of any hydrogen-bonding interactions that could
generate supramolecular architectures with intriguing structures. The
interactions of hydrogen bonds play vital roles for molecular recognition in a
wide variety of biological systems and have also been applied in the synthesis of
molecular magnetic materials [22]. Supramolecular architectures of singly
phenoxo-bridged copper(ll) and doubly phenoxo-bridged manganese(1[)
complexes derived from an unusual ONOO donor hydrazone ligand were
reported and cryomagnetic, DFT and EPR studies were done [23]. The
chemistry of multinuclear coordination metal complexes, especially of couple
systems is of special interest because the phenomenon of interaction between
metal centers lies at the crossover point of the two areas, namely the physics of
the magnetic materials and the role of polymer-clear reaction sites in biological
processes [24]. Manoj ef al. investigated temperature dependence of magnetic
susceptibility and EPR characteristics which appeared relevant to the

coordination chemistry of potential class of carbohydrazone ligands [25].

Y —————Departweai of Applied Chiemistry, Cochin University of Sciencs and Technolog



Aroylhydrazones: a brief outline

1.4.2 Hydrazones in nonlinear optics

Aromatic hydrazones are known to exhibit good NLO activity.
Hydrazones and their metal complexes have been studied with regard to their
physical properties, reactivity patterns and application in a variety of processes,

inctuding non linear optics and molecular sensing [26].

Electronic materials, which have been at the heart of the
telecommunication industry, are fast approaching their limitations, and soon,
photonics will be the key in revolutionizing the telecommunication industry. The
area of nonlinear optics (NLO) is a rapidly progressing field of science and
technology that has the potential to offer unparalleled switching speed and
bandwidth for optical signal processing. One of the major hurdles to the
realization of second-order NLO polymer devices, has been overcoming the loss
of noncentrosymmetric order at elevated manufacturing and operating

temperatures.

Hydrazone derivatives are an attractive class of non-linear optical (NLO)
crystalline materials because of their large molecular nonlinearities and their
remarkable propensity to form non-centrosymmetric crystal systems [27]. The
current approach to the development of practical NLO materials has focused on
the use of a dihydroxy —functionalised hydrazone chromophore that can be
easily synthesized and subsequently incorporated into a commercial epoxy

polymer system

The synthesis and properties of six hydrazone-functionalized crosslinked
polymers possessing stable nonlinear optics (NLO) properties were presented
[28]. The NLO activity of hydrazone derivatives has been investigated in detail

as crystals and as Langmuir-Blodgett films, as characterized by Kurtz and Perry

epariment of Applied Chemistsy; Cochin University.of Science and Technology————-" B}
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[29]. Second-order nonlinear optical properties of copper and palladium
complexes of N-salicylidene-N -aroylhydrazones were studied and the results

showed that the complexes have considerable nonlinearity [30].
1.4.3 Hydrazones in supramolecular chemistry

Supramolecular chemistry is by nature a dynamic chemistry in view of
the lability of the noncovalent interactions connecting the molecular components
of a supramolecular entity [31]. Supramolecular architectures of the coordination
complexes through hydrazone ligand-based hydrogen-bonding interactions are
explored [32]. Chattopadhyay and his group have shown how the
supramolecular architecture of manganese(ll) aroylhydrazone complexes can be
controlled by slight modification of the substituents attached to the ligand
framework [33]. The self-assembly of multimetallic assemblies held together by
intermolecular forces (hydrogen bonds, van der Waals forces etc.) is greatly
dependent on the metal ions [34]. Metal ions can read the information coded in
the organic ligands according to their coordination algorithm [35] and thereby
give rise to metal-organic ligand complex species that are simultaneously
assembled via complementary interligand hydrogen bonding forming
supramolecular multimetallic assemblies. Quinolyl hydrazones are known to

function as chelating agents and have versatile modes of bonding [36].
1.4.4 Metal complexes of hydrazones as catalysts

Hydrazones are able to change their coordination behaviour depending
on the starting reagents, pH of the medium and reaction conditions. Metal-
organic frameworks containing channels or pores with various sizes and shapes
have attracted much attention because of their potential applications in catalysis,
separation and gas sorption and storage [37,38]. According to Mahmudov et al.,
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a copper(ll) dimer with 3-(2-hydroxy-4-mtrophenylhydrazo)pentane-2,4-dione
exhibits a good catalytic activity in the peroxidative oxidation of cyclohexane by
aqueous H.Os, under mild conditions. to afford cyclohexanol, cyclohexanonc
and cyclohexy! hydroperoxide [39]. Transition metal complexes derived from
hydrazones are proved to be efficient catalysts for the epoxidation of alkenes by
NaOC]I under phase transfer condition. Hydrazone complexes show remarkable
catalytic activity in various organic reactions. Monfared et af. studied the
catalytic abilities of some oxo- and dioxovanadium(V) complexes of tridentate
hydrazones towards the oxidation of various hydrocarbons and found that the

complexes are cllective catalysts [40].
1.4.5 Hydrazones: Biological and Medicinal studies

Aroylhydrazones of various aldehydes and ketones occupy a special
place among the biologically important organic ligands containing a variety of
donor groups. N-aroylhydrazones which include the fragment (-CO-NH-
N—CH-), have attracted much attention in the last 20 years because of their
biological propertics as wcll as thcir chelating properties toward metal ions.
Many of them have been reported to possess a broad spectrum of biological
activities, such as antifungal [41], antimalamal [42]. antitubercular [43].
antiplatelet [44] activities and have been studied extensively as potential
therapeutic agents in a number of pharmaceutical contexts. Some hydrazone
analogues such as pyridoxal isonicotinoyl hydrazonc derivatives have been
investigated as potential iron chelating drugs in vivo and in vitro and could be

used in the treatment of iron overload [45].

The search for new HIV-l1 CA assembly inhibitors has led to the
synthesis and antiviral evaluation of new N-acylhvdrazones containing glycine

residue which show potent antiviral activities. They can bind 111V-1 capsid
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1.4.6 Other applications

Aromatic hydrazones dispersed in a binder polymer possess hole-
transporting properties and are used in electro photographic photoreceptors of
laser printers [S1]. Some of the arylhydrazones can act as herbicides,
insecticides, nematocides, rodenticides and plant-growth regulators.
Hydramethylnon is an amidinohydrazone insecticide which is used against
cockroaches [52]. Metal complexes of hydrazones proved to have potential
applications as luminescent probes [53] and molecular sensors [54]. Hydrazones
of 2-methylphthalazone are effective sterilants for houseflies [55]. Many
hydrazones are found to be effective corrosion inhibitors of metals. The effect
of 2-hydroxyacetophenone aroylhydrazone derivatives on the inhibition of
copper was studied and found that the corrosion is significantly decreased in

presence of the investigated compounds [56].
1.5 Scope and objectives of the work

The ability of aroylhydrazones to engage in coordination to transition
metals is a developing area of research interest and a great variety of complexes
can be attained by attaching different donor groups to the hydrazone.
Aroylhydrazones have continued to attract extensive attention from chemists
because of their widespread uses in biology, pharmacology, catalysis, analytical
chemistry and optics. Hydrazones, a member of the Schiff base family with
triatomic >C=N-N< linkage, takes the forefront position among other organic
ligands. Also these compounds contain the basic unit of peptide linkage

[-C(=0)-NH] group closely related to the primary structure of proteins.

The coordination chemistry of transition metal complexes that contain

polydentate ligand moieties including heterocyclic bases and anions is of current
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research interest. Syntheses, spectral and structural studies of mixed-ligand
metal complexes based on heterocyclic bases like 1,10-phenanthroline, 2,2°-
bipyridine (the classical N,N donor ligands) and 4-picoline (the N donor ligand)
can reveal different bonding modes, spectral properties and geometries in
coordination compounds. Incorporation of anions like azide, thiocyanate and
perchiorate in the complexes may demonstrate coordination modes of various

combinations of the coligands.

The coordination properties of hydrazones can be tuned by the
appropriate choice of parent aldehyde or ketone and hydrazide and the
substituents attached to them. So in the present investigation we selected five
different ONO/NO donor hydrazones as principal ligands. We selected 2-
hydroxy-3-methoxybenzophenone and 5-bromo-3-methoxy-salycilaldehyde as
the carbonyl part as it can provide an additional binding site for metal cation and

thus increase the denticity.

The importance of aroylhydrazones and their transiton metal complexes
in the application level and their interesting coordination abilities kindle our
interest in the investigation of transition metal complexes with ONO/NO donor

hydrazones with the following objectives.

» To synthesize some ONO/NO donor aroylhydrazones by the
condenzation  of  2-hydroxy-4-methoxybenzophenone,  furan-2-
carboxaldehyde and 5-bromo-3-methoxysalicylaldehyde with nicotinic

acid hydrazide, N’-4-nitrobenzhydrazide and benzhydrazide.

» To characterize the synthesized hydrazones by different
physicochemical techniques like partial elemental analysis and

spectroscopic techniques like UV, IR and NMR.
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» To analyse the crystal structures of aroylhydrazones. A systematic
crystal structure analysis of the compounds may provide further
information concerning the structural characteristics required - for

different applications.

» To synthesize different transition metal complexes using the synthesized
hydrazones as principal ligands and some heterocyclic bases and anions
as coligands. Oxido/dioxidovanadium(IV/V), manganese(1[/IV),
cobalt(11/11), copper(ll), zinc(I) and cadmium(Il) complexes are to be

synthesized.

» To analyse the crystal structures of metal complexes by single crystal

XRD studies.

» To study the coordination modes of different hydrazones in metal
complexes by using physicochemical methods like molar conductance
measurements, magnetic  susceptibility = measurements, cyclic
voltammetry, thermogravimetry and by different spectroscopic

techniques like UV, IR and EPR.
1.6 Physical measurements

Details of physicochemical techniques employed for the present study is

discussed below.
1.6.1 Elemental analyses

Microanalysis for carbon, hydrogen and nitrogen in the synthesized
aroylhydrazones and in their metal complexes were carried out on an Elementar
model Vario EL Il CHNS analyzer at the Sophisticated Analytical Instrument
Facility (SAIF), Sophisticated Test and Instrumentation Centre (STIC), Kochi.
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1.6.2 Conductivity measurements

Molar conductivities of the complexes in dimethylformamide (DMF)
solutions (10 M) were measured ‘at room temperature using a Systronic model
303 direct-reading conductivity bridge at the Department of Applied Chemistry,
CUSAT, Kochi, India.

1.6.3 Magnetic susceptibility measurements

The magnetic susceptibility measurements of the powdered samples
were done at room temperature using a Sherwood Scientific Magnetic
Susceptibility Balance (M.S.B.) at the Department of Applied Chemistry,
CUSAT, Kochi, India. The compound used as calibrant was HgCo(SCN),

1.6.4 Thermogravimetric analysis

TG-DTG analyses of the complexes were carried out in a Perkin Elmer Pyris
Diamond TG / DTA analyzer at a heating rate of 10 °C per minute in an atmosphere of
nitrogen, at the Department of Applied Chemistry, CUSAT, Kochi, India.

1.6.5 Cyclic voltammetric analysis

Cyclic voltammograms were recorded on a CHI 608D electrochemical
analyzer at Bharathiar University, Coimbatore, India. Electrochemical properties
of complexes were studied in DMF/ DMSO medium with tetrabutylammonium
phosphate as supporting electrolyte at a scan rate of 100 mV s with platinum

wires as working and counter electrodes and Ag/Ag" as a reference electrode.
1.6.6 Infrared spectroscopy

Infrared spectra of the compounds were recorded on a JASCO FT IR-
4100 Fourier Transform Infrared Spectrometer using KBr pellets in the range of
4000-400 cm™’ at the Department of Applied Chemistry, CUSAT, Kochi, India
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and also on a Thermo Nicolet AVATAR 370 DTGS model FT IR Spectrometer
using KBr pellets in the range of 4000-400 cm” and ATR technique at
Sophisticated Analytical Instrument Facility (SAIF), Sophisticated Test and

Instrumentation Centre (STIC), Kochi.
1.6.7 Electronic spectroscopy

Electronic spectra of all 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. The solvents used

were dimethylformamide and acetonitrile.
1.6.8 NMR spectroscopy

'H NMR spectra of the hydrazones and some complexes were recorded
using Bruker AMX 400 FT-NMR Spectrometer with DMSO-d; as the solvent
and TMS as internal standard at the Sophisticated Analytical Instrument Facility
(SAIF), Indian Institute of Science, Bangalore, India and also on a Bruker

Avance DPX-300 MHz NMR Spectrometer at NIIST Trivandrum.
1.6.9 EPR spectroscopy

The EPR spectra of the complexes in the solid state at 298 K, in DMF at
298 K and at 77 K were recorded on a Varian E-112 spectrometer using TCNE
as the standard, with 100 kHz modulation frequency, modulation amplitude 2 G

and 9.1 GHz microwave frequency at the SAIF, IIT Bombay, India.
1.6.10 Mass spectroscopy

Mass spectra were recorded by direct injection on Waters 3100 mass
detector using electron spray ionization technique at the Department of Applied

Chemistry, CUSAT, Kochi, India. Mass spectroscopy is used to measure relative
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molecular masses. A mass spectrum is a plot of relative abundance against the

ratio mass/charge.
1.6.11 Single crystal XRD

The Single crystal X-ray diffraction data of six of the compounds, say
two aroylhydrazones, two vanadium complexes, copper and cobalt complexes
one each were collected on an Oxford Xcalibur Eos (Mova) Diffractometer at
100 K using Mo Ka radiation (A=0.7107 A)with X-ray generator operating at 50
kV and 1 mA [57]. The structures were solved and refined using SHELX97 [58]
module in the program suite WinGX [59]. The molecular diagrams were
generated using ORTEP-3 [60] and the packing diagrams were generated using
Mercury 2.3. The geometric calculations were carried out by PARST9S and

PLATON [61] and all the hydrogen atoms were fixed in calculated positions.

Single crystal X-ray diffraction data of one of the aroylhydrazones,
Furan-2-carboxaldehyde nicotinoylhydrazone was collected on a CrysAlis CCD,
Oxford Diffraction Ltd. diffractometer, equipped with a graphite crystal,
incident-beam monochromator, and a fine focus sealed tube, Mo Ko (A =
0.71073 A) X-ray source at the National Single Crystal X-ray diffraction
Facility, lIT, Bombay, India. The tnal structure was solved using SHELXS-97
and refinement was carried out by full-matrix least squares on F’ using

SHELXL.-97 [58], and all the hydrogen atoms were fixed in calculated position

Single crystal X-ray diffraction analyses of two copper complexes were
performed with a Bruker SMART APEX CCD X-ray diffractometer at the
University of Hyderabad, using graphite monochromated Mo Ka radiation
(A=0.71073 A, ¢ and ® scans). The data was reduced using SAINTPLUS [62].

The structure was solved using SHELXS-97 and full matrix least squares
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refinement against F? was carried out using SHELXL-97 in anisotropic
approximation for non-hydrogen atoms {63]. All hydrogen atoms were assigned
on the basis of geometrical considerations and were allowed to ride upon the

respective carbon atoms.

The single crystal X-ray diffraction data of two aroylhydrazones and
two copper complexes, were collected were collected using Bruker SMART
APEX diffractometer, equipped with graphite —crystal, incident-beam
monochromator, and a fine focus sealed tube with Mo Ka (A = 0.71073 A ) as
the X-ray source at SAIF, Kochi, India. Single crystal X-ray diffraction data
were collected at 296(2) K. The Bruker SAINT software was used for data
reduction and Bruker SMART software for data acquisition [64]. The structure
was solved using SHELXL-97 by direct methods and refined by full-matrix
least- squares calculations with the SHELXL-97 software package. All non-
hydrogen atoms were refined anisotropically, and all hydrogen atoms on carbon
were placed in calculated positions, guided by difference maps and refined
isotropically. The molecular diagrams were generated using ORTEP-3 [60] and
the packing diagrams were generated using Mercury 2.3. and DIAMOND
version 4.2¢g [65].
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SYNTHESIS, CRYSTAL STRUCTURES AND SPECTRAL
CHARACTERIZATION OF SOME AROYLHYDRAZONES

2.1 Introduction

2.2 2-Hydroxy-4-methoxybenzophenone benzoythydrazone (H:BB)

2.3 2-Hydroxy-4-methoxybenzophenone nicotinoylhydrazone (H:BN)

2.4 N-2-hydroxy-4-methoxybenzophenone-N'-4-nitrobenzoylhydrazone (H:BF)
2.5 Furan-2-carboxaldehyde nicotinoylhydrazone (HFN)

2.6 5-Bromo-3-methoxysalicylaldehyde benzoylhydrazone (H.SB)

Centents

2.1. Introduction

Aroylhydrazones are known to be a class of versatile ligands, capable of
generating varied molecular architectures and coordination polyhedra.
Aroylhydrazones with ONO donor atoms are most noteworthy for their excellent
fungicidal [1], bactericidal [2,3], anticonvulsant [4], analgesic and anti-
inflammatory activities [5,6]. A series of aroylhydrazones have displayed
modest antitumor activity both in vitro and in vivo [7-9]. Hydrazones,
RR’C=N-NR”R”’, are used as intermediates in syntheses [10], as functional
groups in metal carbonyls [11], in organic compounds [12,13] and are employed
as catalysts [14]. Furthermore, hydrazones exhibit physiological activities in the
treatment of several diseases such as tuberculosis [15,16], which is attributed to
the formation of stable chelate complexes with transition metals which then
catalyze physiological processes [17,18]. Aroylhydrazones exhibit interesting
electric and magnetic properties [19-21]. They can act as effective catalysts in

alkene epoxidation reaction [22].
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Hydrazides condense with aromatic aldehydes or ketones to form
hydrazones which belong to the general family of Schiff bases. Condenzation
results in an extended electron delocalization along the azometfiine bond. Also
these compounds contain the basic unit of peptide linkage [-C(=0) -NH-] group
closely related to the primary structure of proteins. So research interest in the
biological properties of their metal complexes has been growing in recent years
[23] and were widely investigated with regards to their function as model

compounds for biological enzymes [24-25].

Many of their properties are a function of the parent aldehyde or ketone and
hydrazide and these properties can therefore be elegantly tuned by the appropriate
choice of parent. The flexible design and synthesis of aroylhydrazine or
aroylhydrazone type ligands with an appropriate nature is crucial for the synthesis

of N-arylazoles by copper-catalyzed Ullmann reaction [26].

From a structural perspective, aroylhydrazones attract attention as
interesting ligands due to their tendency to undergo tautomerism and form
planar, highly rigid hydrazine systems capable of imposing a variety of mixed

donor coordination environments about metal cations [27].

We are particularly interested in the ability of the aroylhydrazone of 2-
hydroxy-4-methoxybenzophenone to form complexes of high coordination
number, mono and dinuclear structures. We have synthesised five
aroylhydrazones for investigating their structural chemistry and for assessing
their performance as chelating ligands in metal complexes. Fortunately crystals
suitable for single crystal XRD studies were obtained for all the five compounds.
A systematic crystal structure analysis and other spectrochemical

characterisation of the compounds may provide further information concerning
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the structural characteristics required for their antitumor, cytotoxic, catalytic,

magnetic, nonlinear optical activities and chelating behavior.

Aroylhydrazones from 2-hydroxy-3-methoxybenzophenone are not
reported and that from furan-2-carboxaldehyde and S-bromo-3-methoxy-
salicylaldehyde are not studied much. Benzophenone based hydrazone systems
have a special structure constituted with a larger t-bond conjugated system [28].
In this chapter the crystal structure and spectral perspectives of the
aroylhydrazones are discussed. The newly synthesised dynamic ligand systems
consist of ONO and NO donor acylhydrazones. The ligand systems of our interest

and their abbreviations are as follows
1. 2-Hydroxy-4-methoxybenzophenone benzoylhydrazone (H,BB)
2. 2-Hydroxy-4-methoxybenzophenone nicotinoylhydrazone (H,BN)
3. N-2-hydroxy-4-methoxybenzophenone-N -4-nitrobenzoylhydrazone (H,BF)
4. Furan-2-carboxaldehyde nicotinoylhydrazone (HFN)
5. 5-Bromo-3-methoxysalicylaldehyde benzoylhydrazone [H;SB]
2.2. 2-Hydroxy-4-methoxybenzophenone benzoylhydrazone (H,BB)

The compound 2-hydroxy-4-methoxybenzophenone benzoyl hydrazone was
prepared from 2-hydroxy-4-methoxybenzophenone and benzhydrazide.

X N+
N \I
o]
(o) OH

CHy

2-Hydroxy-4-methoxybenzophenone benzoylhydrazone
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2.2.1.Experimental
2.2.1.1. Materials

2-Hydroxy-4-methoxybenzophenone (Aldrich), benzhydrazide (Aldrich)
and DMF (S.D.Fine) were used as received. Solvents were purified by standard

procedures before use.
2.2.1.2. Synthesis

The compound was synthesized by the reported procedure [29]. 2-
Hydroxy-4-methoxybenzophenone (0.228 g, | mmol) and benzhydrazide (0.136
g, | mmol) were dissolved in 50 mL of absolute EtOH. Three drops of conc.
HCI were added and the resulting solution was refluxed for 3 h. The compound
precipitated upon cooling to room temperature, was collected by filtration and
recrystallized from EtOH. Colorless block shaped crystals suitable for single
crystal X-ray diffraction studies were obtained by slow evaporation of its
solution in ethanol and carefully separated. The scheme for the reaction is
shown below (Scheme 1). Yield: 45%, M. P.: 205" C. Elemental Anal. Found
(Caled.) (%): C: 72.42 (72.82) H: 5.56 (5.24) N: 8.07 (8.09).

l x
F
>__® reﬂux 3h
YT H'_ ethanol \N/””\|
[+
(o) OH
L,

2-hydroxy-4-methoxy  benzhydrazide 2-hydroxy-4-methoxybenzophenone
benzophenone benzoylhydrazone

Scheme 1. Synthesis of 2-hydroxy-4-methoxybenzophenone benzoylhydrazone
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2.2.2. Single crystal XRD studies

The Single crystal X-ray diffraction data of H-BB were collected on an
Oxford Xcalibur Fos (Mova) Diffractometer at 100 K using Mo Ka radiation
(2=0.7107 A) with X-ray generator operating at 50 kV and | mA. The structures
were solved and refined using SHELX97 module in the program suite WinGX.
The molecular diagrams were generated using ORTEP-3 and the packing
diagrams were generated using Mercury 2.3. The geometric calculations were
carried out by PARST9S and PLATON and all the hydrogen atoms werc fixed in

calculated positions.
2.2.2.1. Crystal structure of H,BB

H.BB crystallizes in space group P-1 with Z=2. Colorless block shaped
crystals suitable for diffraction analyses were grown by slow evaporation of a
saturated solution of 1LBB in ethanol. A view of the molecule showing the
atom labeling scheme is shown in Fig. 2.1 and selected structural refinement

parameters are given in Table 2.1,

The C15-03 bond (1.2196(19) A) has a double bond character [30] which
shows that the molecule exists in amido form in the solid state. The torsion angle of -
8.8(2)° percerved by NI-C8C5-C6 maoiety supports the ¢is configuration with
respect to C8-C5 bond in the ligand. So the potential donors O2 and N1 are found in
syn disposition.  This arrangement enables the O(2)}-H to involve in H-bonding (Fig.
2.2) with azomethine N1 atom of the aroylhydrazone resulting in a six membered
pseudo-aromatic nng (N|-C&C5-C6- O2-H) which s enhanced by electron
delocalization as 1t is seen casily from the bond lengths within the ning (Table 2.2).
Such resonance assisted hydrogen bonds seem to be the gencral feature of the crystal

structures of Schiff bases derived from salicylaldehyde [31].

Depariment of Applied Chemistry, Cachin University of Science and Technalogy—————  p§)
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Table 2.1. Crystal data and structure refinement for H,BB

Empirical formula

Formula weight
Temperature/K

Crystal system

Space group

afh, brA, c/A

al®, Bi°, yl°

Volume/A®

Z

Peacfmg mm

plmom’!

F{000)

Crystal size/mm’

® range for data coilection
index ranges

Reflections collected
Independent reflections
Datafrestraints/parameters
Goodness-of-fit an F?

Final R indexes [| > 2¢ {1)]
Final R indexes [all data]
Largest diff. peak/holefe A®

C21 His N2 O3

' 346.37

283(2)

triclinic

P

7.5957(3), 10.6146(4), 11.2385(4)
97.967(3), 90.056(3), 99.093(3)
885.84(6)

2

1.299

0.088

364

0.20 x 0.20 x 0.20

2.49 t0 25.99°
-9<h<9,13<k<13,-13<1£13
19806

3479{R(int) = 0.0323]
347910/245

1.036

Ry = 0.0445, wR. = 0.1168

Ry = 0.0616, wR: = 0.1276
0.166/-0.140

R, = Z||Fy] - IFdl / ZIFo| wRy = [Ew(F-E2)/ 2w(F,2)1"2

The strong intramolecular O—H---N hydrogen bond (1.78 A, and 148.2°)
locks the molecular conformation. However, any strong classical intermolecular
hydrogen bond is absent in the crystal structure. Instead, a variety of C—H---O
interactions that is present in the structure supports building up the

supramolecular assemblage (Fig. 2.3).
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Mass spectrum 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 ‘onizing chemical compounds to generate
charged molecules or molecule fragments and measuring their mass-to-charge ratios
[38]. MS [ESI(M+1)] exact mass calculated for [M]™ (C,; Hig Ny Os) requires m/z
346.37, found m/z 347 (Fig. 2.9).

2.3. 2-Hydroxy-<4-methoxybenzophenone nicotinoylhydrazone (H,BN)

The compound 2-hydroxy-4-methoxybenzophenone nicotinoylhydrazone was
prepared from 2-hydroxy-4-methoxybenzophenone and nicotinic hydrazide.

2-Hydroxy-4-methoxybenzophenone nicotinoylhydrazone
2.3.1.Experimental

2.3.1.1. Materials

2-Hydroxy-4-methoxybenzophenone (Aldrich), nicotinic hydrazide (Aldrich)
and DMF (S.D.Fine) were used as received. Solvents were purified by standard

procedures before use.
2.3.1.2. Synthesis

The compound was synthesized by the reported procedure [29]. 2-
Hydroxy-4-methoxybenzophenone (0.228 g, 1 mmol) and nicotinic hydrazide
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(0.137 g, 1 mmol) were dissolved in 50 mL of absolute EtOH. Three drops of
conc. HC| were added and the resulting solution was refluxed for 3 h. The
'compound precipitated upon cooling to room temperature, was collected by
filtration and recrystallized from EtOH. Colorless block shaped crystals suitable
for single crystal analyses were obtained by slow evaporation of its solution in
ethanol and were carefully separated. The scheme for the reaction is shown
below (Scheme 2). Yield: 45%, M. P.: 210 'C. Elemental Anal. Found (Calcd.)
(%): C: 68.76(69.15) H: 4.99(4.93) N: 12.08(12.1).

<) .
o + >\_O reflux, 3 h
WL N
HN—N \ N/ H', ethanol AN
o
OH
H3

(o]
\
CH,
2-hydroxy-4-methoxy  nicotinic hydrazide 2'-hy(.i roxy-4-methoxybenzophenone
benzophenone nicotinoylhydrazone

Scheme 2. Synthesis of 2-hydroxy-4-methoxybenzophenone nicotinoylhydrazone

2.3.2.Single crystal XRD studies

The Single crystal X-ray diffraction data of H,BN were collected on an
Oxford Xcalibur Eos (Mova) Diffractometer at 100 K using Mo Ka radiation
(A=0.7107 A) with X-ray generator operating at 50 kV and 1 mA. The structures
were solved and refined using SHELX97 module in the program suite WinGX.
The molecular diagrams were generated using ORTEP-3 and the packing
diagrams were generated using Mercury 2.3. The geometric calculations were
carried out by PARST9S5 and PLATON and all the hydrogen atoms were fixed in

calculated positions.
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The molecular structure of H-BN with atom labeling scheme is shown in

Fig. 2.10 and selected structural refinement parameters are given in Table 2.4.

The C15-O3 bond distance (1.215(2) A) agrees well with similar bonds in

related compounds [32] which shows the existence of the ligand in amido form

in the solid state.

Table 2.4. Crystal data and structure refinement for H.BN

Empirical farmula

Formula weight
Temperature/K

Crystal system

Space group

a/h, b/A, c/A

al®, Bi°, yl°

Volume/A®

Z

Peac/mg mm’*

wmm'’

F(000)

Crystal size/mm’

20 range for data collection
(ndex ranges

Reflections collected
Independent reflections
Datafrestraints/parameters
Goodness-of-fit an F

Final R indexes [I > 26 (1)]
Final R indexes [all data]
Largest diff. peak/hole/e A*

Ca0 Hi7 N3 03

347.37

293(2)

triclinic

P

7.1565{10), 10.5650(14), 11.5235(6)
95.761(8), 95.368(8), 97.430(11)
854.57(17)

2

1.350

0.093

364

0.20 x 0.20 x 0.10

4.9802 t0 61.6792°
-9<h<10,-14<k<1b,156<1< 16
22495

3353(Rlint) = 0.0355]
3353/21/239

1.108

R = 0.0565, wR2 = 0.1613

Ri = 0.0704, wR: = 0.1716
0.359/-0.289

R, EF, - |F 7 XIF,wRs = [En(F, -FoY 7 ugFo) )
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The N1-N2 and N2-C15 bond lengths (Table 2.5) are indicative of some
double bond character suggesting delocalization of m electron density over the
hydrazone portion of 'the’ molecule. Atoms N2-N1-C8-C5—C9 are coplanar
with a maximum deviation of 0.010(2) A for C8 from the plane which also

enhances the delocalisation.

Table 2.5. Selected bond lengths (A) and bond angles (°) for H;BN

T

Jon ] e
£15-03  1.215(2) N1-N2-C15 120.17{16)
C15-N2  1.354(2) N2-N1-C8  117.58(16)
N2-N1 1.380(2) £6-C5-C8 122.68(16)
N1-C8 1.295(2) N1-C8-C5  116.88(16)
C8-Ch 1.465(2) N1-C8-C8  121.68(16)
C15-C16  1.492(3) 03-C15-N2  122.77{18}
C2-01 1.362(2) 03-C15- 122.69(17}
C6-02 1.359(2) C16 116.68(16)

C5-Ch 1.414(2) C6-C5-C4

The configuration about C8—C5 bond is cis with respect to N1 and Cé6 as
shown by the torsion angle of 8.3(3)° perceived by N1-C8-C5-C6 moiety and the
configurations about N1-C8 and N2-C15 are also Z which are supported by the
torsion angles N2-N1-C8-C9, 0.5(3)° and N1-N2-C15-03, -1.5(3)° respectively.
This arrangement enables the O(2)-H to involve in H-bonding with azomethine N2-
atom of the ligand resulting in a six membered pseudo-aromatic ring (N1-C8-C5-
C6—-02-H) which is enhanced by electron delocalization as can be seen easily from
the bond lengths within the ring (Table 2.6). Such resonance assisted hydrogen
bonds seem to be the general feature of the crystal structures of Schiff bases derived
from salicylaldehyde [39]. The strong intramolecular O-H---N hydrogen bond (1.76
A, and 146.2°) locks the molecular conformation (Fig. 2.11) and minimizes the

rotational freedom about the C5—C8 bond.

=== Departmenf of Applied Chemifry, Cochin Univarsity of Seience and Technalogy—————~
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The salicyl-hydrazone part of the molecule is essentially planar due to
the presence of this hydrogen bond. The maximum deviations from the least-
squares planes calculated for the hydrazone moiety i.e. N2-N1-C8-C5-C9, is
0.010(2) A for C8 and N1-N2-C15-C16-03, is 0.019(2) A for N2.

The above said planarity and bond distances indicate significant

delocalization of n-electron density over the hydrazone portion of the molecule.

The ligand molecule as a whole has no planarity. The methoxysalicyl
ring and pyridyl ring make dihedral angles of 9.43(10)° and 17.07(13)° with the
hydrazone bridge. The phenyl substituent is attached nearly orthogonal to the
central hydrazone moiety as proved by the dihedral angle between the two,
71.23(11)°. The dihedral angle between the phenyl ring and the pyridyl ring is
80.91(2)° and that with methoxysalicyl ring is 76.49(10)°. These dispositions
are to cope up with steric factors mainly around C8. The steric repulsion
between the phenyl ring and the methoxysalicyl group contracts the N1-C8-C5
and C6-C5—C4 angles to 116.88(16)° and 116.68(16)° respectively [40].

The above observations indicate nonplanarity of the aroylhydrazone
although the hydrazone part itself is planar. The molecule exists in an anti
configuration with respect to the C8-N1 and C15-N2 bonds. This is confirmed
by the torsion angles of 179.88(12)° and -177.57(12)° respectively for N2-N1-
C8-C5 and N1-N2-C15-C16 moieties.

As in case of H,BB, the strong intramolecular O-H:-N hydrogen bond
(1.76 A, and 146.9°) locks the molecular conformation. The main structural
feature that facilitate the crystal packing is the stacking of molecules along
crystallographic a direction by means of n--m interaction (3.72 A) and

intermolecular C-H--O interaction (2.35 A, and 172.6°) which act in a
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The assignments are confumed by the deuteriated proton spectrum in which
the intensity of these signals are considerably reduced. Muitiplets observed in the
6.2-8.7 ppm range are assigned to the aromatic protons. A singlet at 3.8 ppm

corresponds to the methoxy proton. Fig. 2.18 shows the 'H NMR spectrum of H,BN.
2.3.3.4. Mass spectrum

Mass spectrometry (MS) is an analytical technique that measures
the mass-to-charge ratio of charged particles. MS works by tonizing chemical
compounds to generate charged molecules or molecule fragments and measuring
their mass-to-charge ratios [38]. MS [ESI(M+1)] exact mass calculated for [M]"
(Cy Hy7 N3 O5) requires m/z 347.37, found m/z 348.2 (Fig. 2.19).

Match Plot
] 3482 I
20407 Peak #1
74; 894 1
2 1.5;:10j
[
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)
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]
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Fig. 2.19. Mass spectrum of H,BN (M+1).

2.4. N-2-Hydroxy-4-methoxybenzophenone-N’-4-
nitrobenzoylhydrazone (H,BF)

The compound N-2-hydroxy-4-methoxybenzophenone-N’-4-
nitrobenzoylhydrazone was prepared from 2-hydroxy-4-methoxybenzophenone

and N’-4-nitrobenzoy! hydrazide.
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O|

HAC 0
3
~o0 OH

N-2-Hydroxy-4-methoxybenzophenone-N"-4-nitrobenzoylhydrazone
2.4.1.Experimental
2.4.1.1. Materials

2-Hydroxy-4-methoxybenzophenone (Aldrich), and N'-4-
nitrobenzoylhydrazide (Aldrich) and DMF (S.D.Fine) were used as received.

Solvents were purified by standard procedures before use.
2.4.1.2. Synthesis

The compound was synthesized by adapting the reported procedure [29].
2-Hydroxy-4-methoxybenzophenone (0.228 g, 1| mmol) and N'-4-
nitrobenzoylhydrazide (0.181 g, 1 mmol) were dissolved in 50 mL of absolute
EtOH. Three drops of conc. HCI were added and the resulting solution was
refluxed for 3 h. The compound precipitated upon cooling to room temperature,
was collected by filtration and recrystallized from EtOH. Colorless block
shaped crystals suitable for single crystal analyses were grown from a solution
of the compound in a mixture of DMF and ethanol (1:1 v/v). The scheme for the
reaction is shown below (Scheme 3). Yield: 45%, M. P.: 207 °C. Elemental Anal.
Found (Calcd.) (%): C: 64.27 (64.45) H: 4.52 (4.38) N: 10.57 (10.74).

- Depurment of Applied Chemistry; Cochin University of Sciente ond Technblogy———— - Fff}
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Z_

0
I
>_©__ reflux, 3 h
S
H2N —NH % H ethanol
OH
H3

2- Hydroxy-4-methOXy- N'-4-nitrobenzhydrazide N-2-Hydroxy-4-methoxy-benzophenone
benzophenone N'-4-pitrobenzhydrazone

Scheme 3. Synthesis of N-2-hydroxy-4-methoxybenzophenone-
N’-4-nitrobenzoy lhydrazone

2.4.2. Single crystal XRD studies

The single crvstal X-ray diffraction data of H,BF, were collected using
Bruker SMART APEX diffractometer, equipped with graphite —crystal,
incident-beam monochromator, and a fine focus sealed tube with Mo Ka (A =
0.71073 A ) as the X-ray source. The structure was solved by direct methods
and refined by full-matrix least- squares calculations with the SHELXL-97
software package and all hydrogen atoms on carbon were placed in calculated
positions, guided by difference maps and refined isotropicalty. The molecular

diagrams were generated using ORTEP-3 and the packing diagrams were

generated using Mercury 2.3. and DIAMOND version 4.2g.
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Table 2.7 Crystal data and structure refinement for H-BF

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell

Volume

Z

Calculated density

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected
Independent reflections
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [I > 2sigmall]
R indices (all data)

Largest diff. peak and hole

C21 Hi7 N3 Ds

391.38

296(2) K

0.71073 A

Monaclinic £2iin
a=11.2512(10/ A

b ~ 24.105(2)) A

¢ - 13.9105(11) A

a = 90°

B = 93.204(3)°

v =90°

3766.8(5) A®

8

1.380 Mg/ m*

0.101 mm'

1632.0

0.35x0.30 x 0.25 mm®

2.24 19 25.00°.

-13<h<13

-28<k<28

16<i<14

66673

6644

Semi-empirical from equivalents
0.9792 and 0.9711
Full-matrix least-squares on F?
6627 /41542

1.045

Ri = 0.0605, wR2 = 0.1205
R = 0.1099, wR> = 0.1648
0.529 and -0.265 €. A®

R, =ZF,| - Fl- EFa wRs = [Xs(F R En(E )] :

The C7-N1 bond length of 1.298(3) A confirms its significant double-

bond character which indicates

the

formation ot azomethine bond by

condenzation. The values of 1.372(3) and 1.343(3) A for the bond distances of

(5] ——Department of Applied Chemistry, Cochin University of Science and Technology
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N1-N2 and N2-C 14 respectively, are greater than the value for a double bond and
less than the value for a single bond, which indicate significant delocalization of z-

electron density over the hydrazone portion of the molecule [45].

Table 2.8 Sclected bond lengths (A) and bond angles (°) for H.BF

Bond lengths Bond angles
0(1)-C(3)  1.363(4) C(7)-N(1)-N(2) 117.5(2)
C(5)-Ci6)  1.405(3) C(14)-N(2)-N{1) 120.4(2)
0(2-C5)  1.349(3) C(5)-C(6)-C(1) 116.6(2)
Cl6)-C(7)  1.459(4) N(1)-C{7)-C(6) 116.8(2)
C(7 -N(1)  1.298(3) N(2)-C{14)-0(3) 122.7(3)

N(1)-N(2)  1.372(3)
N(2)-C(14)  1.343(3)
C(14)-0(3)  1.220(3)

The formation of strong intramolecular O(2)~H(2)*N(1) hydrogen bond
(1.80(3) A and 146(3)") locks the molecular conformation resulting in a six
membered pseudo-aromatic ring (N1-C8-C5-C6é6 OL--H) which is enhanced by
electron delocalization as can be seen easily from the bond lengths within the
ring (Table 2.9). This is also supported by the ¢is configuration of C6-C7 bond
with respect to N1 and C5 as shown by the torsion angle of -5.2(4)° perccived by
NI-C7-C6-C5 moiety. N2-Cl14 and Cl4 C15 are also in cis configuration
with respect to N[ and O3, N2 and C20 respectively as shown by the torsion
angles NI-N2-Cl14-03, 4.0(4)° and N2 .CI4-C15-C20, 23.5(4)°. The
maximum deviation from the least-squares plane calculated for atoms O3, NI,
N2, C14 and C15 is 0.036(2) A for the N2 atom. The 4-methoxysalicyl ring is
syn-periplanar to 4-nitro phenyl ring as seen from the dihedral angle of 7.65°
between the rings. These facts support the planarity and delocalization of -

electron density over the central hydrazone motety.

Depariment of Applied Chemistry, Cochin University of Science and Technology:
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2.5. Furan-2-carboxaldehyde nicotinoylhydrazone (HFN)

The compound furan-2-carboxaldehyde nicotinoylhydrazone was

prepared from furan-2-carboxaldehyde and nicotinichydrazide.

@)
a
N
0 Z NN X

=
N

Furan-2-carboxaldehyde nicotinoylhydrazone

2.5.1. Experimental
2.5.1.1. Materials

Furan-2-carboxaldehyde (Aldrich), nicotinichydrazide (Aldrich) and
DMF (S.D.Fine) were used as received. Solvents were purified by standard

procedures before use.
2.5.1.2. Synthesis

The compound was synthesized by adapting the reported procedure [29].
Furan-2-carboxaldehyde (0.08 mL, 1 mmol) and nicotinic hydrazide (0.137 g, |
mmol) were dissolved in 50 mL of absolute EtOH and the resulting solution was
refluxed for 3 h. The compound precipitated upon cooling to room temperature,
was collected by filtration and recrystallized from EtOH. Colorless block

shaped crystals suitable for single crystal analysis were grown by slow

evaporation of a saturated solution of HFN in ethanol. The scheme for the
reaction is shown below (Scheme 4). Yield: 45%, M. P.: 210° C. Elemental Anal.
Found (Calcd.) (%): C: 61.21(61.39) H: 4.12 (4.22) N: 19.38 (19.53).




Chapter 2

0]

" X0 HzN\NH Xy, reflux, 3h @\/N\
\ 0 * mct.hanol Z TNA
s
N

furan-2-carboxaldehyde  nicotinichydrazide furan-2-carboxaldchyde

nicotinoylhydrazone

Scheme 4. Synthesis of furan-2-carboxaldehyde nicotinoylhydrazone.
2.5.2. Single crystal XRD studies

Single crystal X-ray diffraction data of aroylhydrazone (HFN) is collected
on a CrysAlis CCD, Oxford Diffraction Ltd. diffractometer, equipped with a
graphite crystal, incident-beam monochromator, and a fine focus sealed tube, Mo
Ka (A =0.71073 A) X-ray source at the National Single Crystal X-ray diffraction
Facility, IIT, Bombay, India. The tnal structure was solved using SHELXS-97 and
refinement was carried out by full-matrix least squares on F* using SHELXL-97, and

all the hydrogen atoms were fixed in calculated positions.
2.5.2.1. Crystal structure of HFN

Pale pink block shaped crystals suitable for diffraction analyses were
grown by slow evaporation of a saturated solution of HFN in ethanol. The
aroylhydrazone crystallizes in triclinic space group P-1. There are two
independent molecules (Fig. 2.27) in the asymmetric unit with almost the same
bond length and bond angle, and therefore the detailed description can be limited
to one of these molecules. Fig. 2.28 shows the centrosymmetric dimers linked

through H bonding.

The molecule adopts an £ configuration with respect to C7=N3 bond
and it exists in the keto form with C6=01 bond length of 1.226 (2) A which is

[ ————Department of Applied Chemistiy, Cochin University of Scigic tid Techilogy
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Table 2.10. Crystal data and structure refinement for HEN

Empirical farmula Ca2 His Ne Qa
Formula weight 430.42
Temperature 150(2) K
Wavelength 0.71073 A
Crystal system, space group Triclinic, P-1
Unit cell dimensians a=94412) A
a = 75.10(2)°.

b =10237(3) A
B = 85.413(19)°
¢ =11.02312) A

v =84.11
Volume 1022.5(4) A°
Z, Calculated density 2,1.398 Mg/m*
Absorption coefficient 0.100 mm'
F{000) 448
Crystal size 0.26x0.21x0.18 mm
Theta range for data callection 2.98 ta 25.00 deg.
Limiting indices MNM<=h<=11,12< =k<=11,-12< =< =13
Reflections callected / unique 9430/ 3589 [R(int) = 0.0230]
Campleteness to theta =2500 99.7%
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9822 and 0.9744
Refinement method Full-matrix least-squares on F*
Data | restraints [ parameters 358910/ 297
Goodness-of-fit on F? 0.893
Final R indices (I > 2sigma(l]] R - 0.0408, wR2 = 0.1150
R indices {all data) R+ = 0.0570, wR2 = 0.1255
Largest diff. peak and hole 0.213and -0.329¢. A*

R, =Z[iF, - FJ ¢ SiF R, = [Ew(F, -F) 7 Sw(For )
The molecules shown participate in C—H -t interactions formed between
the H atoms attached at the C10 and C12 atoms and the furan rings (Table 2.12).

The presence of n—r interactions, with centroid centroid distances of 3.7864(15).

3.7R64(15).3.7274(15) and 3.7273(13) A between the rings, is also noted [48].

———————Department of Applied Chemistry, Cochin University of Science and Technology
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their mass-to-charge ratios [38]. MS [ESI(M+1)] exact mass calculated for [M]'
(Cyi Hy N3 O,) requires m/z 215, found m/z 216.2 (fig. 2.34).
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Fig. 2.34. Mass spectrum of HEN (M+1).
2.6 . 5-Bromo-3-methoxysalicylaldehyde benzoylhydrazone (H,SB)

The compound 5-bromo-3-methoxysalicylaldehyde benzoylhydrazone (H,SB)
was prepared from 5-bromo-3-methoxysalicylaldehyde and benzhydrazide.
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2.6.1. Experimental
2.6.1.1. Materials

5-Bromo-3-methoxysalicylaldchyde (Aldrich). benzhydrazide (Aldrich)
and DMF (S.D.Fine) were used as received. Solvents were purified by standard

procedures before usc.
2.6.1.2. Synthesis

The compound was synthesized by adapting the reported procedure [29].
5-Bromo-3-methoxysalicylaldehyde (0.231 ¢, 1| mmol) and benzhydrazide
(0.136 g, 1 mmol) were dissolved in 50 mL of absolute EtOIl. The resulting
solution was refluxed for 3 h. The compound precipitated upon cooling to room
temperature. was collected by filtration and recrystallized from EtOH. Colorless
block shaped crystals suitable for single crystal analyses were grown from a
solution of the compound in a mixture of DMF and ethanol (l:l v/v). The

scheme for the reaction is shown below (Scheme 5). Yield: 45%, M. P.: 202 C.

Elemental Anal. Found (Caled.) (%): C: 51.22 (51.60) H: 3.42 (3.75) N: 7.88 (8.02).

HaC

~0
OH v X reflux, 3 h
in ethanol
=0 Hy;N—NH

Br
5-bromo-3-methoxysalicyl benzhydrazide 5-broma-3-methoxysalicylaldehyde
aldehyde benzoylhydrazone

Scheme 5. Synthesis of 5-bromo-3-methoxysalicylaldehyde benzoylhydrazone
2.6.2. Single crystal XRD studies

The single crystal X-ray ditfraction data of H:BF, were collected using
Bruker SMART APEX diffractometer. equipped with graphite —crystal,
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The bond angles and bond lengths are summarised in Table 2.14. They
are similar to those reported for substituted aroyl hydrazones [44]. The C8-03
bond has a significant double bond character, 1.214(7) A shows the existence of
the ligand in amido form in the solid state. The C7-N1 bond length of 1.273(9)

A confirms its significant double-bond character.

Table 2.13. Crystal data and structure refinement for H,SB

Empirical formula Cis His Br Nz Qs

Formula weight 367.19

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system, space group Orthorhombic, P21 2) 2
Unit cell dimensions a = 4.7223(5) A u= 90°

b = 13.9357(17) A B = 90°.
¢ - 23.028(3) Ay = 90°.

Volume 1515.4(3) A

Z, Calculated density 4,1.609 Mgim®

Absarption coefficient 2.732 mm"

F{000) 7440

Crystal size 0.32x0.25 x 0.22 mm

Theta range for data collection  1.71 to 26.00°

Limiting indices H<=h<=5-17<=k<=17,-22< =1< =28
Reflections collected { unique 12769 | 2968 [R(int) = 0.0899]
Completeness to theta =26.00 999%

Absarption correction Semi-empirical from equivalents
Max. and min. transmission 0.548 and 0.446

Refinement method Full-matrix least-squares on F?
Data | restraints | parameters 2968/ 3 /208

Goodness-of -fit an F? 1.070

Final R indices (I > 2sigmall)] R = 0.0541, wRz2 = 0.1390

R indices (all data) R = 0.0798, wR2 = 0.1680

Absolute structure parameter ~ 0.00(2)
Largest diff. peak and hole 1.210 and -0.372 e.A*
R, = ZlIF| - [Fll / EIFwR, = [Ew(F,-F."Y / Iw(F, )]
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The values of 1.378(7) and 1.353(7) A for the bond distances of N1-N2
and N2—C8 respectively, are greater than the value for a double bond and less
than the value for a single bond, which indicate significant delocalization of z-

electron density over the hydrazone portion of the molecule.

The configuration of C6—C7 bond is cis with respect to N1 and C1 as
shown by the torsion angle of -1.0(9)" perceived by N1-C6-C7—C1 moiety.
This arrangement enables the O(l1)}-H to form strong intramolecular H-bond
with azomethine N1 atom (1.93 A and 145°) resulting in a six membered
pseudo-aromatic ring (N1-C8-C5—C6—~0O1-H) which is enhanced by electron
delocalization as can be seen easily from the bond lengths within the ring (Table
2.15) configuration about N2-C8 and C8—C9 are also cis with respect to N1
and O3, N2 and C10 respectively which is supported by the torsion angles N1—
N2-C8-03, - 0.6(8)° and N2-C8-C9-C10, 4.9(8)°. This supports the
disposition of O3, N2 and C10 to involve in H-bonding with water molecules on

either side of the hydrazone moiety (Table 2.15).

The molecule as a whole is roughly planar with a maximum dihedral
angle of 5.2(3)" between the rings formed by the atoms C1, C2, C3, C4, C5, C6
and C9, C10, Cl11, C12, C13, C14 respectively. The maximum deviation from
the least-squares plane calculated for all non hydrogen atoms is 0.095(7) A for
the C13 atom. The torsion angle values, 179.7(5)" and 179.4(5)" attained by C8—
NI-N2—C7 and N1-N2-C8-C9 suggest the existence of the ligand in trans
configuration along the N1-N2 which supports the possibility of intermolecular
C7-H7---O1W weak hydrogen bonding (2.50 A, 146°) and trans along N2- C8
which supports the possibility of intermolecular CI10-HI10--O1W weak
hydrogen bonding (2.42 A, 166°). The structure of the compound is given in
Fig. 2.35.
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Table 2.14. Bond lcngths [A] and angles [¢] for H,SB

Bond lengths (g) Bond angles (-}
C{11-0(1) 1.337(7) CI7}-N{1)-N(2) 116.2(6)
C(2)-0(2) 1.363(7) C(8)-Nt2)-N(1) 119.1(5)
C1)-Cie) 1.398(8) Ci5-Ci6)-C(1) 119.7(5)
C(6) -C(7) 1.441{9) N(1)-C(7)-C(6) 122.3(6)
C(7} - N(1) 1.273(9) N{2)-C(8)-C{9) 115.3(5)
N(1)-N(2) 1.378(7)

N(2)-C(8) 1.353(7)
C(8)-0(3) 1.214(7)

The oprincipal feature of the crystal packing is the formation of a
supramolecular chain mediated by a network of hydrogen bonds (Fig. 2.36 and Table
2.15). The water molecules present in the lattice are involved in a double donor-single
acceptor hydrogen bond (Fig. 2.38). The novelty about this crystal lies in the packing;
three molecules are involved in intermolecular hydrogen bonding interactions with
one water molecule. H(1A) from water 1s connected to O3 of one hydrazone molecule,
H(1B) of the same water molecule 1s bonded to O1 of a second molecule and OIW of
the water molecule is attached to N2-H(2N) of a third hydrazone moiety through
intermolecular hydrogen bonding interactions. Finally these chains are linked in to
highly ribbed 3D array by extensive hydrogen bonding interactions including C—H--O

contacts (Fig. 2.37).

3

Molecules are stacked onc dimensionally along ‘¢ axis (Fig.2.36).
C-H--0O, C—Hmand very weak Cg-Cg interactions support this (Table 2.15). The
molecules form separate slanding layers in a zig-zag fashion progressing along
crystatlographic *b" axis (Fig.2.39). Neighboring molecules in each layer are linked
through a water molecule by H-bonding interactions. This linking continues

infinitely in the dircction ot the crystallographic *6" axis as shown in Fig. 2.39.
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SYNTHESES, CRYSTAL STRUCTURES AND SPECTRAL STUDIES OF

OXIDO/DIOXIDOVANADIUM(IV/V) COMPLEXES DERIVED FROM
TRIDENTATE AROYLHYDRAZONES

3.1 latraduction

3.2 Experimental

3.3 Results and discussion
References

Cantents

3.1 Introduction

Nowadays, one of the major research goals of a chemist is to find new
and efficient catalysts for the industrially important reactions.
Oxido vanadium(IV) Schiff base complexes have obtained much attention due
to their catalytic properties [1]. The metal ions and their biomolecular
complexes are essential for life on earth and are important not only in
metalloproteins and metalloenzymes but also in gene expression [2]. Vanadium
is normally present in very low concentrations (<10® M) in all plant and animal
cells. Vanadium complexes containing diazo and hydrazido group attracts
attention as they are useful in  understanding  the mechanism of
metalloenzymatic reduction of nitrogen.  Vanadium has an electronic
configuration of [Ar]3d’4s’, and the common oxidation states of vanadium
include +2, +3, +4, and +5. The +1 oxidation state is rarely seen. Under
physiological conditions, both the +4 and +5 oxidation states of vanadium are

accessible kinetically and thermodynamically.
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Vanadium exists in a plethora of oxidation states 3, 4 and 5. It readily
forms V-O bonds and comfortably binds N and S, forming chemically robust
coordination compounds. Vanadium(V) in particular, exhibits stereochemically
flexible coordination geometries ranging from tetrahedral and octahedral to
trigonal pyramidal and pentagonai bipyramidal [3]. The potential for redox
interplay, whether VYV or VOV/VID - increases the versatility of this
element in the biological milieu [4]. Coordination chemistry of vanadium is
interesting because of its involvement in the inhibition of phosphate
metabolizing enzymes, stimulation of phosphomutases, anticancer activity,
insulin mimetic activity etc. One of the most widespread lifestyle-related
diseases in the 21* century is thought to be diabetes mellitus (DM). To treat
DM, several types of insulin preparations are in clinical use, but have several
side effects. Thus, the disease demands extraordinary effects to define
pathobiochemical pathways and strategies for prevention. For this purpose,
oxido vanadium(1V) (vanadyl, VO**) containing complexes have been explored

for the treatment of different types of DM [5].

Vanadium coordination chemistry is further enthused as it can originate
structural and/or functional models for vanadate-dependent haloperoxidases, for
vanadium nitrogenases and other biologically active vanadium compounds [6,7].
The active site structures of the vanadate-dependent haloperoxidases have been
revealed by X-ray diffraction studies. N-Salicylidenehydrazides are versatile
tridentate ligands and several types of V!YO-, VYO- and VYO,-complexes have
been obtained [8]. Some of these complexes have been reported as, structural as
well as functional mimics of vanadiumbromoperoxidases [9]. Maurya ef al.
reported the synthesis and characterization of the binucleating hydrazones of
oxidovanadium(IV) and dioxidovanadium(V) complexes as well as their

catalytic and reactivity patterns [10].
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The coordination chemistry of vanadium compounds with polydentate
ligands acquired a special status in the last decade because of its catalytic
[11,12] and medicinal [13-16] input. Complexes of vanadium exhibit
significant role in nitrogen activation and fixation and are also important in
normal mammalian metabolism [17]. At pharmacological concentrations,
vanadium acts as a potential therapeutic agent [18,19]. Maurya et al. reported
VO," complexes of aroylhydrazones, in search of vanadium compounds with
neutral charge [20] (one of the desirable qualities of vanadium compounds to be
useful as biomimetic drugs include neutral charge ). Thus vanadium complexes
are important in catalytically conducted redox reactions [21], potential
pharmaceutical applications [22-24] and in the studies on the metabolism and
detoxification of vanadium compounds under physiological conditions [25]
which initiates much interest in the structural elucidation of its coordination
compounds. It is interesting to note that Kuriakose et al. have synthesized the
oxidovanadium compound VOL(OCHj;), crystallized as a dioxidoovanadium
species due to aerial oxidation into a monoclinic lattice with P2;/c symmetry
[26].

The heterocyclic adducts of VO** complexes of ONO donor a-amino
acid Schiff bases with NN donor phenanthroline bases display efficient DNA
binding tendancy [24]. A series of oxidovanadium(IV) complexes incorporating
heterocyclic bases have been synthesized in the presence of a heterocyclic base
2,2’-bipyridine [27]. Oxidovanadium(IV) and dioxidovanadium(V) complexes
are commonly synthesized (i) by the reaction of vanadates with ONO-functional
ligands in aqueous solution [28] (i1) by the reaction of [VO(OEt);] with
appropriate ligands [29] and (iii) by the reaction of [VO(acac),] (acacH =
acetylacetone) or VOSSO, with the ligands in non-aqueous or mixed solvent

media followed by oxidation with O, [30,31].
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Herein we report the synthesis and characterization of some new
vanadium(IV/V) complexes including mixed ligand compounds. Fortunately we
could isolate X-ray quality single crystals of two compounds, one each of
oxidovanadium(V) and dioxidovanadium(V). [t is interesting to note that the
dioxidor vanadium compound crystallizes into channels which may tend to
accommodate other molecules, atoms or ions and can possess good catalytic

properties.
3.2 Experimental
3.2.1 Materials

All chemicals and reagents are of reagent grade quality. 2-Hydroxy-4-
methoxybenzophenone (Aldrich), furan-2-carboxaldehyde (Aldrich), nicotinic acid
hydrazide (Aldrich), benzhydrazide (Aldrich), vanadyl sulphate monohydrate
(Aldrich), 4-picoline (Qualigens), 2,2’-bipyridine (Qualigens), |,10-phenanthroline
(Ranchem) and DMF (S.D. Fine) were used without further purification. Methanol

and ethanol were used as solvents,
3.2.2 Syntheses of aroylhydrazones

The aroylhydrazones, 2-hydroxy-4-methoxybenzophenone benzoylhydrazone
(H,BB), 2-hydroxy-4-methoxybenzophenone nicotinoythydrazone (H,BN) and furan-
2-carboxaldehyde nicotinoylhydrazone (HFN) were synthesized as described in
Chapter 2.

3.2.3 Syntheses of vanadium complexes

[VO(BB)]; (1): To a hot methanolic solution of H,BB (0.346 g, 1
mmol), vanadyl sulfate (0.163 g, | mmol) dissolved in hot methanol was added.

The resulting solution was refluxed for 5 h. and then kept at room temperature.
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The reddish brown crystalline precipitate of 1 that separated out was filtered,
washed with ether and dried over P;O, in vacuo. Elemental Anal. Found

(Caled.) (%): C: 60.96 (61.32), H: 3.90 (3.92), N: 6.45 (6.81).

[VO(BB)(bipy)]-H;O (2): Methanolic solutions of 2,2’-bipyridine (0.156
g, 1 mmol) and H,BB (0.346 g, 1 mmol), were added to methanolic solution of
VOSO4HO (0.163 g, | mmol). The resulting dark brown solution was refluxed for
4 h. On cooling brown crystalline precipitate was separated, filtered, washed with
methanol, followed by ether and dried over P4Oyq in vacuo. Elemental Anal. Found

(Caled.) (%):C: 63.82 (63.59), H: 4.19 (4.48), N: 9.48 (9.57).

[VO(BB)(phen)]-H,O (3): To a methanolic solution of VOSO4-H,O
(0.163 g, | mmol), were added methanolic solutions of 1,10-phenanthroline
(0.198 g, I mmol) and H,BB (0.346 g, [ mmol). The resulting dark brown
solution was refluxed for 4 h. Kept at room temperature for cooling, brown
crystalline precipitate was separated, filtered, washed with methanol, followed
by ether and dried over P;O,q in vacuo. Elemental Anal. Found (Caled.) (%):C:
64.61 (65.03), H: 4.44 (4.30), N: 8.78 (9.19).

[VO(BB)(OCHj3)] (4): Methanolic solution of H,BB (0.346 g, | mmol)
was added to VOSO,-H,0 (0.163 g, 1 mmol) dissolved in a mixture of methanol (20
mL) and dimethylformamide (2 mL). The resulting dark brown solution was
refluxed for 4 h. On cooling brown crystalline precipitate was separated, filtered,
washed with methanol, followed by ether and dried over P,Oyq in vacuo. Dark
brown blocks suitable for single crystal X-ray diffraction studies were obtained by
slow evaporation of its solution in methanol and DMF (10:1 ratio v/v). Elemental
Anal. Found (Calcd.) (%):C: 59.66 (59.87), H: 4.02 (4.11), N: 6.21 (6.35).

[VO(BN)], (5): To H;BN (0.347 g, 1 mmol) dissolved in methanol,

were added methanolic solutions of 2,2’-bipyridine (0.156 g, 1 mmol) and
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VOSO4-H;O (0.163 g, 1 mmol). The resulting dark brown solution was refluxed
for 4 h. On cooling brown crystalline precipitate was separated, filtered, washed
with methanol, followed by ether and dried over P4Oyg in vacuo. Elementai

Anal. Found (Caled.) (%):C: 57.85 (58.26), H: 3.23 (3.67), N: 9.91 (10.19).

[VO(BN)(phen)] (6): To a methanolic solution of VOSO,-H,O (0.163
g, 1 mmol), were added methanolic solutions of 1,10-phenanthroline (0.198 g, |
mmol) and H,BN (0.347 g, 1 mmol). The resulting dark brown solution was
refluxed for 4 h. Kept at room temperature for cooling, brown crystalline
precipitate was separated, filtered, washed with methanol, followed by ether and
dried over P;Oy¢ in vacuo. Elemental Anal. Found (Caled.) (%):C: 64.73
(65.13), H: 3.89 (4.47), N: 11.7 (11.5).

[VO,(HBN)]-H:O (7): To H,BN (0.346 g, 1 mmol) dissolved in
methanol, methanolic solution of 4-picoline (2-3 mL) and VOSO,-H,0 (0.163 g,
1 mmol) dissolved in a mixture of methanol and DMF (10:1 v/v) were added.
The resulting dark brown solution was refluxed for 4 h. On slow evaporation by
keeping at room temperature yellow needle shaped single crystals suitable for
single crystal X-ray diffraction studies were obtained, 2-5 crystals separated and
the remaining filtered, washed with methanol, followed by ether and dried over
P40y in vacuo. Elemental Anal. Found (Caled.) (%):C: 55.64 (55.95), H: 3.55
(3.76), N: 9.54 (9.79).

[VO(: :FN) (Hsz] (8): To HFN (0.215 g, 1 mmol) dissolved in
methanol, was added methanolic solution of VOSO4-H,O (0.163 g, 1 mmol).
The resulting dark brown solution was refluxed for 4 h. On cooling brown
crystalline precipitate was separated, filtered, washed with methanol, followed
by ether and dried over P4Oyq in vacuo. Elemental Anal. Found (Caled.) (%):C:
41.56 (41.92), H: 3.49(3.20), N: 14.72 (13.33).
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3.3 Results and discussion

We synthesized and characterized eight vanadium complexes which are
found to be stable. The complexes are soluble in organic solvents like
acetonitrile and DMF. The hydrazones coordinate to the central metal ion in the
amido form in compound 7 and in iminolate form in all other complexes. The
elemental analyses values showed that the found and calculated values are in
close agreement with the general formula of the complexes. All the complexes
are characterized by various physicochemical techniques such as elemental
analyses, FT-IR, EPR, electronic spectral studies, single crystal XRD studies,
thermogravimetric  analyses, conductance and agnetic susceptibility
measurements. Compounds [VO(BB)(OCH3)] (4), [VO:(HBN)]-H,O (7) and
[VO(FN)(H,0)] (8) are vanadium(V) with d con figuration and are diamagnetic
in nature and the remaining five compounds are paramagnetic with central
vanadium ion in +4 oxidation state. Complexes 1 and 5 exhibit subnormal
magnetic moments (per = 1.34 and 1.42 B.M. at room temperature) due to the
strong antiferromagnetic coupling, which proposes a dimeric nature to these
complexes. Magnetic susceptibility values for complexes [VO(BB)Xbipy)]-H,O
(2), [VO(BB)(phen)]-H,O (3) and [VO(BN)( Pﬁ\e'n;)] (&) are near to the spin only
value for a d' system. The molar conductivity values for all the complexes in 10
* M DMF solution are found to be in the range 4-12 ohm™ cm? mol which is
less than the value of 65-90 ohm™ ¢cm? mol™ reported for a 1:1 electrolyte in the
same solvent. This confirmed the non-electrolytic nature of the complexes. The
magnetic susceptibility and molar conductivity values of the complexes are

listed in Table 3.1.

X-ray quality single crystals of compounds [VO(BB)(OCHj,)] (4) and
[VO,(HBN)]-H,O (7) were grown and analysed by single crystal XRD studies.
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The coordination geometry of the complexes are found to be distorted square
pyramidal. Crystal packing shows that compound 7 polymerises to form one
dimensional channel like molecular architecture. EPR spectra of the compounds

in DMF at 77 K display axial features with eight hyperfine splitting and in all

complexes the gy < g, and A; > A, relationship, show an axially compressed dly

configuration. For dimeric species, EPR spectrum in polycrystalline state exhibits half

field signal due to spin-spin interaction.

Table 3.1 Molar conductivities and magnetic susceptibilities of
vanadium complexes

5-3[§ompound o At p.eﬂlB..M.)'ﬁ.E:: ;
[VO(BB)L: {1) 5 1.34
[VO(BB)(bipy)]-H20 {2) 10 1.81
[V0(BB)(phen)]-Hz0 (3 8 1.76
[VO(BBJ(OCHa}] (4) 7 Diamagnetic
[VO(BN))2 {5) 4 1.42
[VO(BN){phen)] (6} 5 1.79
[VB2(HBNJI-H20 (7) 6 Diamagnetic

VO “FN)-(H-048) 7 Diamagnetic

*molar conductivity {in ohm'' em? mol'} taken in 10° M DMF solution.

3.3.1. X-ray crystallography

The Single crystal X-ray diffraction data of two vanadium complexes,
[VO(BB)(OCH;)] (4) and [VO,(HBN)]-H,O (7) were collected on an Oxford
Xcalibur Eos (Mova) Diffractometer at 100 K using Mo Ka radiation (A=0.7107
A)with X-ray generator operating at 50 kV and 1 mA. The structures were solved
and refined using SHELX97 module in the program suite WinGX. The molecular
diagrams were generated using ORTEP-3 and the packing diagrams were generated
using Mercury 2.3.The geometric calculations were carmed out by PARST9S and

PLATON and all the hydrogen atoms were fixed in calculated positions.
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Table 3.2. Crystal data and structure refincment parameters for
[VO(BB)(OCH,)] (4)

Empirical formula

Formula weight
Temperature (T) K

Crystal system

Space group

alhlb (Al cid)

al) By (%)

Volume (A%)

Z

pestc (g mm’)

p (mm')

F({000}

Crystal size (mm?)

20 range for data collection
Index ranges

Retlections collected
independent reflections
Datalrestraints/parameters
Goodness-of-fit on F?

Final R indexes [ > 2o {I}]
Final R indexes [all data]
Largest diff. peak/hole e (A?)

C22H19NsQsV

442.34

298(2)

monaclinic

Phic

11.1413(5), 8.7739(4), 21.3208(9)
90.00, 102.573(4), 90.00
2034.19(16)

4

1.444

0.524

912

0.30 x 0.20 x 0.20

4.8 t052°
-13<h<13,-10<k<10,-26<1< 26
23362

4000[R(int) = 0.0433]
4000/0{273

1.041

R = 0.0425, wR2 = 0.1051
R = 0.0543, wR2 = 0.1111
0.307/-0.256

Ry = SIF| - iF. 1/ T FJwRs = [Ew(F PO SES Y] e

The fourth and fifth coordination positions are occupied by one mcthoxy
oxygen (O5) and one terminal oxo group (0O4). Comparing the bond angles and
bond lengths, it 1s evident that the squarc pyramidal geometry is considerably
distorted, with the axial site taken up by the terminal oxo atom (O4). The V-

Oupicar distance 1.5823(18) is comparable to that in similar compounds [32]. The
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V-02, 03, and OS5 bond lengths are less than 2 A and that of V=N is 2.093(18)
A indicating a strong coordination of the methoxy group and the ligand to the
metal centre. The relatively short C8 NI and CI15-N2 bond distances of
1.311(3) A and 1.292(3) A coupled with the N1-N2 distance of 1.396(3) A,
indicate that there is conjugation along the backbone of the tridentate ligand and
it 1s coordinated to the vanadium ion in the iminolate form [33]. The bond

distances are in the range of those similar reported compounds [34].

Table 3.3 Sclccted bond lengths (A) and bond angles (°) of { VO(BB)(OCH3)] (4)

Bond lengths Bond angles
V{1}-N(1) 20903(18)  0(4)-V(1)-0(6)  104.33(6)
Vi1)-0(2) 1.8299(16)  0{2)-v(1}-013) 135.35(7)

v(13-013) 1.8081(16) D) -V{1)-0(5)  106.03(9)
Vi1}-0(4) 1.5823118)  0(2)-V{1)-0(4) 108.33(9)
V(1)-0(5) 1.7607(1) 014)-v(1)-013) 111.83(9)
Ci4)-012) 1.340(3) 013)-V(1}-0i5) 88.78(8)
C(15)-0(3) 1.317(3) 05)-w{1}-0(2) 98.33(8)
C(22)-0(5) 1.415(4) 0(B)-V(1}-N{1] 157.33(8)
C{2-001) 1.355(3) 0{31-ViH-N(1) 75.02(7)
C(a)-C(5) 1.408(3) 0@-vii-N(1}  94.8319)
C(5)-Ci8} 1.448(3) 0(2)-v{1)-N{1) 83.06(7)
N(1-Ci8) 1.31143) 0(5)-V(1)-0{5a)  74.98{5)
NiTI-N(2) 1.396(3) Vi1)-0(3-Ct15)  118.39(14)
N(2)-C(15) 1.282(3) C{15}-NI2)}-N{1)  108.45(17)

The vanadium(V) ion in the five coordinate complex adopts a distorted
square pyramidal structure with 02, O5. O3 and NI atoms defining the
equatorial plane and terminal oxo atom (04) at the apical position. The trans
angles O2-VI1-03, 135.35(7)" and O5-VI-NI, 157.33(8)° are practically
compressed. The apical V-0O4 bond is not exactly perpendicular to the basal
square plane as scen from the bond angles of O4-V1-03, |1 1.83(9)° and 04—
V1-02, 108.33(9)". The cquatorial bond angles deviate much from the expected

value of 90.0°. When thcse bond angles arc summed it comes below 360.0°
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The V(V) centre is surrounded by two fused five and six membered
chelate rings Cg(1){V. NI, N2. C15, O3} and Cg(2) {V. NI, €8, C5. C4,02}
with a dihedral angle ol 21.00(8) between them which indicates deviation of the
basal portion trom planarity. The five membered chelate rings Cg(1) and Cg(2)
make dihedral angles of 62.08(12)" and 43.84(11)" with the ring Cg(4) {C9-
Cl4} indicating that the ring Cg(4) twists significantly out of planarity. The
mean plane deviation calculation shows that from the plane containing atoms V,
02. NI, C4, C5, and C8, atoms O3 and O35 show deviations of 0.467(2) A and
0.038.(2) A respectively. From ring puckering analysis [36] it is clear that the
five membered rings Cg(1) and Cg(2) are puckered with Q values 0.1012(16) A
and 0.5207(15) A and ¢ values 1.3(12)° and 194.1(2)" respectively. The five
membered ring Cg(l) exhibits a T (twist boat) conformation and forms an
envelope on V. the central metal atom [37]. Thus the five coordinate complex
exhibits a distorted square pyramidal geometry. and the significant deviation
from regular square pyramidal geometry is evident from the values of bond

angles and bond lengths as summarized in Table 3.3.

Centrosymmetric molecular dimers are formed via C-H--N interactions
(2.66 A and 145.4°) and C-H---O interactions (2.65 A, and 153.2°) (Fig. 3.2). In
addition, a different kind of C-H---O) interaction also occurs between methyl C-H
donor and terminal oxo- oxygen atom acceptor (2.63 A, and 130.7°) This along
with a Cyepy -H--m (2.82 A) interaction enhances the stability of crystal packing.
It is to be noted that in this case the Cep ~H hydrogen bond donor is pointed
towards the centre of the C11-Cl12 bond. Interestingly, weak homonuclear C-
H--H-C dihydrogen interaction (2.30 A) arc formed in a centrosymmetric
fashion (Fig. 3.3) between the dimers formed by C-IE--N and C-H--O
interactions. In this crystal structure, the weak C-H---H-C dihydrogen interaction

can add to the packing stability owing to the absence of any classical hydrogen
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than 2 A and that of VI N1 is 2.175(4) A indicating a strong coordination of the

dioxido group and the ligand to the metal centre,

Table 3.5.Crystal data and structure rcfinement parameters for

[VO.(HBN)]-H:0 (7)

Formula CaoH1eN30sY
Formula weight 44732
Temperature (K 293(1)
Crystal system Triclinic
Space graup P

a(h) 5.900(5)
bIA) 8.067(5)
c(h) 20.153(5)
a(®) 85.164(5)
B0 81.887(5)
7% 82.614(5)
Valume (A% 939.6(10)
Z 2

Density (gcm?) 1.5810

2 (mm’) 0.574

F (000) 460.9
hiin, max -8, 8

Kerun, max A1, 1
I, max -30, 29
No. af unique reflections 3290
No.of parameters 284

R, Fovs

Whha, Whhobs
Apmama (e A7)
GOOF

0.0794,0.0676
0.1834,0.1716
1.095

-0.936, 1.039

R, = S|F. - Foll© SIF Ry = (BB F0F - Sw(F))

m = Dspartment of Applied Chemisiry, (ochin University of Science and Tachnology
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The relatively short C7-N1 and C14-N2 bond distances of 1.302(5) A
and 1.296(5) A coupled with the N1-N2 distance of 1.410(S) A, indicate that
there is conjugation along thc backbone of the tridentate ligand and it is
coordinated to the vanadium ion in the enolate form [33]. The bond distances
are in the range of those reported in the Cambridge Structural Database for

similar compounds [34].

Table 3.6. Selected bond lengths (A) and bond angles (°) of [VO,(HBN)]-H-O (7)

Bond lengths Bond angles
vin-0(1) 1.890(3) 0i-V(h-0(2) 145.91(14)
V(1-012) 1.974(4) 0i1)-v(M-0(3) 94.88(14)
vin-0Q) 1.654(3) 0(1)-V(1)-014) 105.63(15)
V(1)-0(4) 1.612(4) O{M-Vi-N(1) 82.1713)
V)-N(1} 2.175(4) 0(2)-v(1)-0(3) 91.39(13)
Cn-om 1.330(5) 0(21-V(1)-0(4) 103.79(15)
C(141-0(2)  1.309(5) 02)-V(1)-N(1) 73.3712)
Ci8-C(n 1.504(6) 0)-v{11-0(4) 109.18(16)
N{T)-N(2) 1.410(5) 0(3)-vi1-N) 143.91(15)
NG-CD 1.302(5) 014)-v(1)-Ni1) 106.21(14)
CO14MN{Z)  1.296(5) vin-o(-cm 130.0@3)
C(14-C(16)  1.487(6) Vi1)-012)-C14) 118.3(2)
C(1)-Ct6) 1.404(6) Vi1)-0(3-C(37) 142.0(4)
C(6)-C{7) 1.467(6) N{1)}N(2)-C14) 107.7(3)

The vanadium(V) ion in the five coordinate complex adopts a square
pyramidal structure with OL. O2, one of the oxygen atoms of the dioxido group
03 and N1 atoms defining the equatorial plane and the other terminal oxo atom
(O4) at the apical position. Comparing the bond angles and bond lengths, it is
evident that the square pyramidal geometry is considerably distorted. The trans
angles O1-V1i-02, 14591(14)" and O3 V1 NI, 143.91(15) are practically
compressed. The apical V1-04 bond is not exactly perpendicular to the basal

square plane as seen from the band angles of O4-VI1-03, 109.18(16)" and O4-
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value 0.435(3) A and ¢ value 28.7(5)° respectively. The six membered ring Cg(1)
exhibits a S-form conformation with the central metal atom [37]. Thus the five
coordinate complex exhibits a distorted square pyramidal geometry. and the
significant deviation from regular square pyramidal geometry is evident from the

values of bond angles and bond lengths as summarized in Table 3.6.

Pyridinium moiety in the ligand involves in N—H--O hydrogen bond
(1.718 A, 174.12 A) with the oxo-oxygen atom forming centrosymmetric
molecular dimers (Fig. 3.6). These dimers are further interlinked via water
mediated O—H--O hydrogen bonds assisted by a variety of C—H--O and
C-—H---r interactions. Water oxygen atom acts as the hydrogen bond acceptor in
one of the C—H---O interactions, and oxo-oxygen atom in another (Fig. 3.7).
Similarly, hydrogen atoms in the methoxy group are involved in two different
kinds of C—H---m interactions, adding to the stability of the crystal. Molecular
packing in [VO-(HBN)]-H-O (7) results in channel like assembly as shown in

Figs. 3.8 a.b. Some additional interaction parameters are given in Table 3.7.

Table 3.7. Interaction parameters of the [VO.(HBN)]-H-O (7)

_H-bonding interactions .
B-H-A DHIA D-AA  H-AJA  /DH-A° Symmetry codes

0TW—H1WB-03 0.84(7) 2.961(5) 2.18(7) 152.316) xy.z

01W—H1WA--04 0.84(7) 3.155(5) 2.36(7)  154.5(5)  x+1,+y,+z

C2—H2--04 0.93(4} 3.391(5) 2.632(3) 163.7(2)  x+1,+y,+2z
C18—H18--01W 0.930(5) 3.367(6) 2.643(4) 135.1{2)  -x,-y,-z+1
N3-H3N---03 0.892) 2.607(5) 1742y 174.1{2)  x,y.2+1
-7 interaction

Cgfl) - CalJ) Cy-ColAl  «l’) B

Cgi1} - Cgld) 3.71148) 9.5(6) 11.39 T+x,y,2
Cg(b) -~ Cg(1)° 3.71148) 9.5(6) 20.56 Sy

Cg (1) = Vi1, 0(3), Ci15), N(2), Ni1)

Cg (1) = C(8)-C{13)
D. Donor; A, acceptor; Cg, centroid; « (°), dihedral angle between planes | and J; B (°1, angle betwaen Cgll)-CqlJ]
vector and normal to plane ).
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cation, superhyperfine coupling due to nitrogen atom of the ligand is not
resolved in a typical X-band EPR spectrum as the single electron 1s residing in a
sigma non-bonding orbital pointing away from the ligands in the equatorial (xy)
plane. The unpaired electron staying in the ba, (dyy *Bs ground state) orbital is
localized on metal for most of the time, excludes the possibility of its direct
interaction with the higand [39.40]. Thc V(IV) complexes 1, 2, 3, 5 and 6 are
EPR active and their spectra were recorded in polycrystalline state at 298 K and
in DMF solution at 77 K. The spectral parameters are collected in Table 3.8.
V(V) complexes 4, 7 and 8 are EPR silent as vanadium is in +3 oxidation state

with d” configuration and are diamagnetic.

Table 3.8 EPR spectral assignments of oxidovanadium(]V) complexes
in polycrystalline state at 298 K and DMF solution at 77 K

Paolycryst DMEF solution (77 K)
alline
Compound | Al o B?

state al g1 b= A A A:

(298 X) o

1.991}

[VO(BB)]2 (1) 1.997 1864 1993 1979 157 70 13 -0.6908 -0.8325

g1y

[VO(BB)(bipy}l.H-0 (2} 1.990 1865 1887 1980 168 55 93 -0.5600 -1.0661
(VO(BBI{pheni].H20 3) 1.989 1959 1990 1979 153 5% 90 -0.65632  -0.9922

1.9564
[VOIBN)T {5) 1.979 B B B ~
g1y
{VO(BN)(phen)] (6) 1.984 1957 1988 1977 157 54 88 -0.7290 -0.9848

The molecular orbital coefficients o and £ were also calculated for the
complexes using the EPR parameters g ¢ . A and 4 and cnergies of o d
transitions, by means of the following equations:

o (2.00277-g)E,_,

[’

5

845
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SISO e

where P =128 x 10" cm™, 1=135 cm™ and E,is the energy of d-d transition

EPR spectrum of complex [VO(BB)], (1) is recorded in polycrystalline
state at 298 K and in DMF solution at 77 K (Fig. 3.9). In polycrystalline state
the compound is axial with gy=1.991 and g, = 1.997. At half the field of the
allowed AM; = 1 transition, there occurs a signal corresponding to a forbidden
AM, = £ 2 transition with g, =3.823 which indicates the possibility for a dimeric
species and the signal splits into 15 lines [2n/ + 1; n =2; [ = 7/2]. So it is
evident that the spin-spin interaction in this compound is significant in the
solid state. In the presence of magnetic field, the electronic ground state (S =
') is split into two (m, = +'/, and -'/,) and additional splitting occurs

through the different magnetic orientations of the nuclear spin (m,).

A

KXV
£ad
pvy

MW 1

B (mT) —

Fig. 3.9. EPR spectrum of [VO(BB)], (1) in polycrystalline state at 298 K.
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parent hydrazones disappear in the IR spectra of complexes 1-6. This indicates
the transformation of carbonyl moiety to enolic moiety, deprotonation of the
phenolic group and subsequent coordination to the metal ion througl: erolate
and phenolate oxygens [46] in addition to azomethine nitrogen. The v(C=0)
mode of the carbonyl group observed at ca.1670 cm™ in the hydrazone H,BN is
shifted to lower wave numbers and appears at 1570-1600 cm™ in the compound
7. This suggests the bonding of the carbonyl oxygen to vanadium in this
complex. In the case of compound 8, hydrazone HFN is coordinated through
enolate oxygen and azomethine nitrogen. This is quite evident from the
disappearance of bands due to v(N-H) and v(C=0) modes at ca. 3440 cm™ and
1678 cm’ from the absorption spectrum of the complex. This reveals the
bidenticity of the ligand HFN with NO donor sites to coordinate to the metal

center.

Table 3.9 Selected IR bands (cm™) with tentative assignments of
vanadium (IV and V) complexes

. :Compound - v{C=N). - viC=NF.- vi{¥=0) . v(C-0) - vV-0) v{V-N)

[VO({BBJz (1] 1604 1521 951 1245 489 428
(VO{BB)(bipy)}-H20 (2) 1609 1526 966 1269 512 414
[VO(BB)(phen|-H0 (3] 1603 1515 949 1241 485 423
[VO(BB)DCH:} (4) 1602 1534 979 1239 456 429
[VO[BNJL () 1602 1532 951 1246 482 436
[VO{BN{phen}] (B) 1605 1513 959 1241 461 425
VOAHBNJ] (7) 1608 . 949,850 - 475 an
IVO:AFN) (H0)8) 1609 15620 959,883 1220 475 436

*newly formed

IR spectra of complexes show a prominent band in the region 1505-
1545 cm™, which is attributed to newly formed C=N due to enolization of the
ligands during complexation. Bands occuring at the 1230-1285 cm™' region in
the metal complexes is assigned to the v(C-O) (enolato) mode. The shifting of

the band at ca. 1620 cm” due to W(C=N) (azomethine) mode of the free
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hydrazones to wavenumbers lowered by 10-20 cm™ in the metal complexes is
an explicit evidence for the coordination of azomethine nitrogen to the metal. In
complexes there is a symmct;ic s.hift in the position of the IR bands in the region
1600-1350 cm™ due to C=C and C=N vibrational modes and their mixing

patterns are different from that found in the spectra of free hydrazones [28§].

[n all the complexes of VO™, the V=0 (oxidovanadium) stretching frequency
occurs in the range 935-987 cm™'. These values are observed in the usual range (960 +
50 cm™) for monomeric VO** complexes [47]. The dioxidovanadium(V) complexes
normally exhibit two sharp bands in the 891-980 cm™ range due to sym v(O=V=0)
and asym v(O=V=0) stretches, corresponding to the cis-[VY0,]" unit. In the present
study monomeric neutra] dioxido complexes 7 and 8 exhibit a second strong terminal
V=0 stretching frequency at ca. 870-950 cm™ [48] as given in the Table 3.9. The
frequency range observed in complexes indicate that V=0 bond is weakened by
strong ¢ and 7 electron donation by enolate and phenoxy group to the antibonding
orbital of the V=0 [49]. A characteristic feature due to the V-O-V bridge vibrations
in the form of a strong band at ca. 833 cm™ is also observed for the binuclear

complexes 1and 5 [43].

A band at 1130 cm™ due to v(N-N) stretch in the IR spectrum of the
parent hydrazone undergoes a shift to lower wavenumbers due to small increase
in the bond distance of N1-N2. In compound 4, for instance the bond distance
increases from 1.3764(17) A to 1.396(3) A which is due to coordination through
azomethine nitrogen and diminished repulsion between the lone pairs of adjacent
nitrogen atoms on complexation [34]. The bands in the regions 475-515 cm™
and 420-436 cm™ can be assigned to the stretching modes of the metal to ligand
bonds, v(V-0O) and W(V-N), respectively [50]. In the IR spectra of complexes 2,
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Mn(11/1V) COMPLEXES OF SOME AROYLHYDRAZONES

4.1 Introduction
4.2 Experimental
4.3 Results and discussion

<
-
e
V]
-
]
3
NI References

4.1 Introduction

Manganese shows versatile coordination chemistry with diverse
Mn(II/II/1V/V) oxidation states. Among these different oxidation states, +2 is
the most stable and dominant oxidation state. Mn(Il) complexes are primarily
high spin complexes because of the extra stability exhibited by the exactly half
filled & system. The most common geometry associated with Mn(Il/1V) is
octahedral, although there are reports on four, five and seven coordination.
Manganese is an essential element in biological systems and it acts as an
effective enzyme activator. It is also an active site in metalloproteins, where

manganese exists in different oxidation states.

Manganese complexes are significant in various fields ranging from
bioinorganic chemistry to solid-state physics. Mn(Il) complexes display superoxide
dismutase activity [1] and Mn(IVII/IV) ions act as water oxidation center of
photosystem-1I [2,3]. Manganese complexes play an important role in industrial
catalysis. Processes of fractionalization of hydrocarbons involving high valent
intermediates are effectively catalyzed by manganese porphyrins [4,5]. Complexes

of manganese with non-heme ligands are found to be effective catalysts in olefin
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epoxidation and alkane hydroxylation [6,7]. Chattopadhyay and his group have
shown how the supramolecular architecture of Mn(II) aroylhydrazone complexes
can be controlled by slight modification of the substituents attached to the ligand
framework [8]. Metal ions can read the information coded in the organic ligands

according to their coordination algorithm [9].

Wen et al. synthesized one dimensional chiral coordination polymers of
Mn(I1) using azide and a Schiff base (obtained from pyridine-2-carbaldehyde
and |-phenylethyl amine) as the auxiliary ligand [10]. An important goal in the
field of modern inorganic chemistry is to find out new rational routes leading to
materials with expected magnetic properties. Clusters of nanometcr-size with
high spin ground states are studied as single molecule magnets [11,12]. The
magnetic properties of the cluster, [CusMnL,][ClO4]; have been investigated in
the temperature range 1.9-300 K by Tuna et al. [13]. The use of hydrazones in
conjugation with heterocyclic bases and groups viz. perchlorate, azide etc. can
give interesting results. In this chapter we report the syntheses and spectral
characteristics of seven Mn(I) complexes of aroylhydrazones containing

heterocyclic bases and perchlorate anions.
4.2 Experimental

4.2.1 Materials

All chemicals and reagents are of reagent grade quality. 2-Hydroxy-4-
methoxybenzophenone (Aldrich), furan-2-carboxaldehyde (Aldrich), nicotinic
hydrazide (Aldrich), benzhydrazide (Aldrich), manganese(I) acetate tetrahydrate
(E-Merck), 2,2’-bipyridine (Qualigens), 1,10-phenanthroline (Ranchem) and DMF
(S.D. Fine) were used without further purification. Methanol and ethanol were

used as solvents.
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4.2.2 Syntheses of the aroylhydrazones
The syntheses of aroylhydrazones were done as described in Chapter 2.
4.2.3 Syntheses of manganese(ll) complexes

(Mn(BB),] (9): Methanolic solutions of H,BB (0.692 g, 2 mmol), and
Mn(CH,COO),4H,O (0.245 g, 1 mmol) were mixed and refluxed for S h in

presence of one or two drops of triethylamine. The dark brown colored product
obtained was filtered, washed with methanol, followed by ether and dried over P;Oy
in vacuo. Elemental Anal. Found (Caled.) (%6): C: 67.39 (67.83), H: 4.41 (4.34), N:
7.52 (7.53).

[Mn(BB)(phen)(CH,OH)]-2CH,OH (10): To a hot methanolic solution of

H,BB (0.346 g, 1 mmol), containing 1,10-phenanthroline (0.198 g, 1 mmol),
Mn(CH;COOQ), 4H,O (0.245 g, 1 mmol) in methanol was added and the resulting
brown colored solution was refluxed for 5 h. after adding one drop of triethylamine.
The dark brown colored product obtained was filtered, washed with methanol,
followed by ether and dried over P4O,¢ in vacuo. Elemental Anal. Found (Calcd.)
(%) C: 64.58 (64.00), H: 5.52 (5.37), N: 8.07 (8.29).

[Mn(BB)(bipy)(CH,OH)] (11): To a methanolic solution of

Mn(CH;COO),-4H,0 (0.245 g, 1 mmol) methanolic solutions of 2,2’-bipyridine
(0.156 g, 1 mmol) and H.BB (0.346 g, 1 mmol) were added. The resulting dark
brown solution was refluxed for 4 h. after adding a drop of triethylamine and
then kept at room temperature for cooling. Brown crystalline precipitate was
separated, filtered, washed with methanol, followed by ether and dried over
P,Oyo in vacuo. Elemental Anal. Found (Calcd.) (%): C: 65.01 (65.42), H: 4.62
(4.80), N: 9.45 (9.54).
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[Mn(BN),] (12): To methanolic solution of H;BN (0.694 g, 2 mmol),
methanolic solution of Mn(CH;COO),-4H,0 (0.245 g, 1 mmol).was added. The

resulting dark brown solution was refluxed for 4-5 h in presence of
triethylamine. On cooling, brown crystalline precipitate was separated, filtered,
washed with methanol, followed by ether and dried over P;O,y in vacwo.
Elemental Anal. Found (Calcd.) (%): C: 63.89 (64.09), H: 4.43 (4.57), N: 10.78
(11.21).

[Mn(BN)(phenX-HZO'_.' (13) : To a hot methanolic solutions of H,BN (0.347
g, | mmol), and 1,10-phenanthroline (0.198 g, | mmol), Mn(CH;COQO)»4H,0

(0.245 g, | mmol) in methanol was added and the resulting brown colored solution
was refluxed for 5 h. after adding one drop of triethylamine. The dark brown
colored product obtained was filtered, washed with methanol, followed by ether and
dried over P Oy in vacuo. Elemental Anal. Found (Caled.) (%): C: 63.94 (64.22),
H: 420 (4.21), N: 11.56 (11.7).

[Mn(BN)(H,0)] (14): Methanolic solutions of the H,BN (0.347 g, | mmol)
and Mn(CH;COO),4H,0 (0.245 g, 1 mmol) were mixed in the ratio 1:1 and the
resulting dark brown solution was refluxed for 4-5 h in presence of triethylamine.
On cooling brown crystalline precipitate was separated, filtered, washed with
methanol, followed by ether and dried over P;Oy¢ in vacuo. Elemental Anal. Found

(Calcd.) (%): C: 57.72(57.43), H: 4.31 (4.10), N: 9.85 (10.05).
[Mn(EN)(phen)(CIO,),]ICIO, (15): To hot ethanolic solution of the HFN
(0.215 g, I mmol) and 1,10-phenanthroline (0.198 g, 1 mmot), Mn(CIO,),-6H,0

(0.362 g, 1 mmol) in ethanol was added and the resulting brown colored solution
was stirred for 5-6 h. after adding one drop of triethylamine. The dark brown

colored product obtained was filtered, washed with methanol, followed by ether
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and dried over P,O,q in vacuo. Elemental Anal. Found (Caled.) (%): C: 36.52
(36.95), H: 2.31 (2.16), N: 9.12 (9.37).

4.3 Results and discussion

Seven manganese(ll/IV) complexes were synthesized using different
aroylhydrazones out of which four are mixed ligand complexes containing
heterocyclic bases like |,10-phenanthroline and 2,2-bipyridine as auxiliary
ligands and perchlorate anion is incorporated in one of the compounds. They are
found to be stable, brown in color and soluble in organic solvents like methanol,
acetonitrile, DMF and DMSO. Based on the elemental analyses, conductivity
and magnetic susceptibility measurements and spectral investigations, the
complexes were formulated. The molar conductivities of the complexes in DMF
(10° M) solution were measured at 298 K with a Systronic model 303 direct-
reading conductivity bridge. The molar conductance values lie in the range 4-12
ohm™ ¢m? mol™ for complexes 9-14 which shows their non-conducting nature

[14]. The compound [Mn(FN)(phen)XClO,),]CIO, (15) is found to be a 1:1

electrolyte as seen from its conductance value of A, (DMF)(10” M) = 85 ohm™

lem? mol™

The analytical data indicate that the observed C, H, N values of the
complexes were in close agreement with that of the formula suggested and
matched with the stoichiometry containing one molecule of lattice water in
compound [Mn(BN)(phen)]}HZO (13), and one molecule of coordinated water
in [Mn{BN)(H,0)] (14), which is further supported by thermal analysis.
Magnetic susceptibility measurements of the compounds are in agreement with
the spin only value [15], thereby suggesting the paramagnetic nature of the
Mn(ll) complexes with a & [16] and Mn(IV) complexes with a @ high spin

configuration. The data obtained from magnetic susceptibility measurements
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and partial elemental analyses are consistent with Mn(1V) oxidation state in
compounds 9, 12 and 15 and Mn(l1) in 10, 11, 13 and 14. Table 4.1 summarizes

the molar conductivities and magnetic susceptibilities of the tomplexes.

Table 4.1 Molar conductivities and magnetic susceptibilities of Mn(Il/[V)

Compound An” et (8.M)
[Mn(BB}2} (9} 11 3.91
[Mn(BB}{phen){CH3QH)]-2CHs0H (10) 14 5.86
[Mn(BB)bipy)(CHs0H}] {11} 13 5.58
(Mn{BN)2] (12) 8 3.94
{Mn{BNj(phen}{H20}} {13) 12 5.87
IMn{BN){H20)] (14) 9 5.85
IMn{FN}{phen}{C104}]C104 {15) 85 411

“molar conductivity (in shm' cm? mal”) taken in 10° M DMF solution.
4.3.1 EPR spectral studies

Electron paramagnetic resonance (EPR) of manganese has much
significance as a spectroscopic probe of manganese centers in manganese
proteins and it is one of the few techniques that can selectively sense and
characterize Mn(Il) ions. The Mn(II) state possesses Kramers doublets and
exhibits characteristic transitions in the normal X-band regime. The spin
Hamiltonian used to represent the EPR spectra of Mn([I) [17] is given by the

equation

H= gfBBS+ D[S’ —S(S+1)/3]+E(S,”-S,")

Where B is the magnetic field vector, g is the spectroscopic splitting
factor, B is the Bohr magneton, D is the axial zero field splitting parameter, E is
the rhombic zero field splitting parameter and S is the electron spin vector [18].
The first two terms represent the electronic Zeeman and the electron nuclear
hyperfine interactions respectively, whereas the last two terms define the zero

field splitting interaction with D and E gauging the axial and the rhombic parts.
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Low intensity lines are observed in between two major hyperfine
splittings in the frozen solution spectra of compounds 10 and 13. These
forbidden' lines corresponds to AM; = | transitions, due to the mixing of the
nuclear hyperfine levels by the zero field splitting factor D of the Hamiltonian
[27]. The forbidden peaks are not visible in complex 11 due to broadening of
the main hyperfine lines in the spectrum. In the scan range 200-400 mT,
compound [Mn(BN)(phen)}H2O= (13) shows a broad low field signal with g
value of ~5.61, which indicates tetragonal distortion, in addition to the

occurrence of a single sextet with g value 1.994.

4.3.2 Infrared spectra

The mode of coordination of the hydrazones to Mn(II/IV) center has
been suggested by a careful comparison of the characteristic vibrational bands of
the complexes with that of the free ligand. The main stretching frequencies of
the IR spectra of the complexes and together with their tentative assignments are
tabulated in Table 4.2.

Table 4.2 Infrared spectral assignments (cm™') of Mn(II) complexes

=N’V CvMn-N)

(Mn(BB),] {3) 1602 1526 1238 512 429

[Mn{BB)(phen}{CH,GH)]-2CH,0H (10) 1584 1519 1239 505 432
(Mn(BBKbipy)(CH,0H}| {11) 1598 1518 1246 505 429
(Mn{BN),] (12) 1601 1514 1238 509 422
[Mn(BN)(phen){H,0)] {13) 1602 1510 1239 512 422
[Mn{BN)(H,0)1 (14) 1602 1510 1240 513 436
[Mn(FN)phen)(CIC,),ICIO, {15} 1998 1510 1223 505 414

In the infrared spectra of all the seven complexes, we have not found any

bands due to v(C=0), v(N-H) and v(O-H) modes at 1640-1690, 3025-3200 and
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4.3.5. Cyclic voltammetric studies

Cyclic voltammograms of Mn(Il/IV) complexes were recorded in
DMEF/DMSO (107 M) and tetrabutylammonium phosphate as the supporting
electrolyte at a scan speed of 100 mV s”'. A three-electrode system design is
incorporated in the experiment. In simple cases, the surface is started at a
particular voltage with respect to a reference half-cell such as calomel or
Ag/AgCl, with platinum wires as working and counter electrodes. The solution
in contact with an electrode surface is electrolyzed (oxidized or reduced), and
then making that surface sufficiently positive or negative in voltage to force
electron transfer. The spectral and structural changes accompanying electron
transfer in metal complexes with O, N, O- donor hydrazone ligands can be
scrutinized using cyclic voltammetric studies [36].

The cyclic voltammograms of Mn (1I/IV) complexes 9, 14 and 15 consist
of two or more reversible oxidation peaks and reduction peaks. The relevant
electrochemical data of the hydrazone complexes of Mn (II/IV) are given in

Table 4.4.

Table 4.4. Cyclic voltammetric data for Mn(II/[V) complexes

m R LA LA
[Mn(BB),] (9) 0.2,-1.2 0.56,-0.51 20,79 6.1,-4.6
[Mn(FN)(phen)(CI0,},ICI0« (15)  0.01, 048  -0.44,0.49 3.88,346  -2.15,1.7
[Mn(BN)(H, 0] (18) 0.17,0.3 0.92,-1.5 47,56 7.1,1.3

The cyclic voltammogram for the behavior of the Mn(IV) compounds 9
and 15 show reduction peaks at 0.2, -1.2 and 0.01, -0.48 V which are attributed
to reduction steps involved in the conversion of Mn(IV) to Mn(0). On the
reverse scan the corresponding anodic peak potentials occur at -0.51, 0.56 and -

0.44, 0.49 V which can be attributed to the reverse series of oxidation of Mn(0)
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5.1. Introduction

In view of the growing importance of aroylhydrazone and as their metal
complexes mimic the functional properties of some enzymes, the chemical,
structural and electrochemical properties have been studied in detail by many
researchers [1,2]. A number of cobalt complexes of substituted polypyridine
ligands were synthesized and investigated as possible alternatives to the volatile
and corrosive iodide/triiodide redox couple commonly used as an electron-
transfer mediator in dye-sensitized solar cells (DSSCs). Sapp ef al. have
recently discovered that the best mediator, based on tris(4,4’-di-tert-butyl-2,2’-
dipyridyl)-cobalt(II/IIT) perchlorate, resulted in DSSCs exhibiting efficiencies
within 80% of that of a comparable iodide/triiodide-mediated DSSC [3].

The interaction of transition metal polypyridyl complexes with DNA has
received considerable attention in recent years [4]. Small molecules can interact
with double-stranded DNA in a number of ways [5,6] and in most cases it is
non-covalent, which involves intercalation of planar aromatic molecules

between the base pairs of DNA helix. Barton has reported that chiral
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phenanthroline—cobalt([Il) complexes recognize different local structures of
DNA [7]. Therefore, mixed ligand complexes of cobalt([]) having
phenanthroline/bipyridine/picoline and aroylhydrazones were prepared and

studied their properties through spectral and electrochemical methods [8].

Cobalt(lIf) complexes synthesized from symmetrical and unsymmetrical
Schiff bases are quite relevant as biologically active compounds [9]. The central
metal ion of cobalt (iI/II1) complexes shows reactivity in the transmethylation
reaction and reversible absorption of molecular oxygen [10]. Studies on mixed
ligand complexes of cobalt(li]) have been reported [11]. Cobalt(II1) complexes
containing bidentate bases like 2,2°-bipyridine (bipy) or 1,10-phenanthroline
(phen) as auxiliary ligands for coordination with cobalt metal have also been
studied [12]. This was the first structural report of a Co(lll) 'n -azido complex

of N(4)-substituted thiosemicarbazones and heterocyclic bases.

Vitamin B,,, which is involved in the production of red blood cells is a
cobalt(l[l) complex with a substituted corrin macrocycle. Cobalt(itl) complexes
have shown specific hypoxic radiosensitization and thermosensitization as well
as antitumor activity in vivo [13]. As cobalt is a first row transition metal,
dissociation and exchange of ligands may occur rapidly in the case of Co(Il). It
is difficult to oxidise divalent cobalt compounds with @ configuration and are
very stable. However, in basic solutions, oxidation of Co®* to Co’" takes place
relatively easily. When we consider complex formation, Co(Il) complexes are
readily oxidized to Co(IIT) since the overall formation constant is greater for the
higher oxidation state. Also the crystal field stabilization energy of Co(IIT) with
a d® configuration is higher than that for Co(II) with a d configuration. Low
spin six coordinate complexes are widely reported for Co(Ill) and are found to

be diamagnetic [12,14]. Reports on high/low spin five coordinate and four
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coordinate complexes of Co(Il) are common and are paramagnetic in nature
[15]. Tt is observed that Co(II) complexes exhibit tetrahedral geometry than any
other transition metal ion, except Zn(lIl), as d configuration, supports a
tetrahedral geometry than an octahedral alignment [16]. The two geometries of
Co(IT) are of comparable stability so that there exists an equilibrium between the
two structures [17]. Tridentate ligands are expected to improve significantly the

stability of the cobalt complex compared with bidentate ligands.

Azide is a versatile ligand since it exhibits a variety of coordination
modes such as monodentate, end-on bridging mode (-1, 1), end-to-end bridging
mode (x-1, 3) etc. among many others [18]. Azide acts as an inhibitor for
several enzymes like ATPases [19]. Hence the study of metal-azido complexes
is very useful for the understanding of biological processes. Cobalt(Il) complex
of azide anion and bis(pyrazol-1-yl)methane has been reported [20]. Cobalt(ilI)
complexes with azide anion has been previously reported with 1,10-
phenanthroline [21]. In this chapter, we report cobalt(1l/[I[) complexes of

aroylhydrazones, with azide, thiocyanate and heterocyclic bases as coligands.

3.2. Experimental
5.2.1. Materials

All the chemicals and solvents used for the syntheses were of analytical
grade. 2-Hydroxy-4-methoxybenzophenone (Aldrich), furan-2-carboxaldehyde
(Aldrich), nicotinic hydrazide (Aldrich), benzhydrazide (Aldrich), cobalt(II) acetate
tetrahydrate (BDH), potassium thiocyanate (Merck), sodium azide (Reidel-De
Haen), 4-picoline, 2,2’-bipyridine (Qualigens), 1,10-phenanthroline (Ranchem) and
DMF (S.D. Fine) were used without further purification. Methanol and ethanol

were used as solvents.
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5.2.2. Syntheses of the aroylhydrazones

The aroylhydrazones, 2Thydroxy-4—methoxybenzophenone benzoy!lhydrazone
(H,BB), 2-hydroxy-4-methoxybenzophenone nicotinoylhydrazone (H,BN) and furan-2-
carboxaldehyde nicotinoylhydrazone (HFN) were synthesized as described in Chapter 2.

5.2.3. Syntheses of cobalt(I1/TII) complexes

[Co(BB)]; (16) : To a hot methanolic solution of the H,BB (0.346 g, 1 mmol),
cobalt(Il) acetate tetrahydrate (0.249 g, 1 mmol) in methanol (20 mL) was added
and refluxed the solution for 4 hours. Then the solution is cooled in room
temperature. The dark brown crystalline precipitate of 16 obtained was washed
with methanol followed by ether and then dried over PyOyg in vacuo. Yield:
78.9%. Am (DMF): 7 ohm™ cm? mol”. 4 (B.M.): 4.84. Elemental Anal. Found
(Caled.) (%): C: 62.32 (62.54), H: 3.78 (4.00), N: 6.9.

[Co(BB)(bipy)N;]-H,O (17): Cobalt(Il) acetate tetrahydrate (0.249 g, 1 mmol)
in methanol (20 mL) was added to a hot methanolic solution of the
aroylhydrazone H;BB (0.346 g, 1 mmol) and 2,2’-bipyridine (0.156 g, 1 mmol).
To this solution, NaN; (0.065 g, 1 mmol) in methanol (10 mL) was added and
stirred the solution for 4 hours. The dark brown precipitate of 17 obtained was
washed with methanol followed by ether and then dried over P4Oyq in vacuo.
Yield: 74.5%. A, (DMF): 9 ohm™ cm? mol™. 4 (B.M.): 4.89. Elemental Anal.
Found (Caled.) (%): C: 59.56 (59.81), H: 4.59 (4.70), N: 16.22 (15.75).

[Co(BB)(phen)N;] (18): Methanolic solutions of H,BB (0.346 g, 1 mmol), and
1,10-phenanthroline (0.198 g, 1 mmol) were mixed and cobalt(II) acetate
tetrahydrate (0.249 g, 1 mmol) dissolved in hot methanol was added. To this
solution, NaN3 (0.065 g, 1 mmol) in methanol (10 mL) was added and stirred the

solution for 4 hours. The brown precipitate of 18 obtained was washed with
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methanol followed by ether and then dried over P4Oo in vacuo. Yield: 34.9%.
Am (DME): 13 ohm™ ecm’ mol™. iz (B.M.): 4.92. Elemental Anal. Found (Calcd.)
(%a): C: 63.27 (63.36), H: 3.76 (3.87), N: 15.45 (15.67)."

[Co(BB)(4,4’bipy)N;} (19): To a solution of H,BB (0.346 g, 1 mmol) and 4,4’-
dimethy1-2,2-bipyridine (0.156 g, 1 mmol) in methanol, cobalt(ll) acetate
tetrahydrate (0.249 g, 1 mmol) dissolved in hot methano! was added. NaNj
(0.065 g, | mmol) in methanol (10 mL) was added and stirred the solution for 4
hours. The brown precipitate of 19 obtained was washed with methanol,
followed by ether and dried over PO\ in vacuo. Elemental Anal. Found

(Caled.) (%): C: 62.29 (62.86), H: 4.43 (4.64), N: 15.29 (15.55).

[Co(BB)(pi)s] (20): A solution of H,BB (0.346 g, 1 mmol) and 4-picoline (2-3
mL) in methanol were mixed with cobalt(Il) acetate tetrahydrate (0.249 g, 1
mmol) dissolved in hot methanol and DMF (10:1 ratio v/v) and refluxed for
about 5 hours. The brown colored crystalline product was filtered, washed with
methanol, followed by ether and dried over P,O,¢ in vacuo. Dark brown plate
like crystals suitable for single crystal X-ray diffraction studies were obtained by
slow evaporation of its solution in ethanol and DMF (10:1 ratio v/v). Yield:
68.2%. Elemental Anal. Found (Caled.) (%): C: 68.35 (68.61), H: 4.94 (5.46),
N:9.79 (10.26).

[Co(BN)(OCH;){H,0)] (21): This complex was prepared by refluxing cobalt(Il)
acetate tetrahydrate (0.249 g, 1 mmol), H,BN (0.347 g, | mmol) and 4-picoline
(2-3 mL) in methanol and DMF (10:1 ratio v/v) for about 5 hours. The brown
precipitate of 21 was washed with methanol followed by ether and then dried
over P4Oyo in vacuo. Yield: 58.4%. A, (DMF): 13 ohm™ cm? mol™. 4 (B.M):
4.85 Elemental Anal. Found (Calcd.) (%): C: 55.39 (55.64), H: 4.08 (4.45), N:
9.10 (9.27).
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[Coz(BN),N3(OCH;3)]-2H, 0O (22):  This complex was prepared by mixing
cobalt(II) acetate tetrahydrate (0.249 g, | mmol), H,BN (0.347 g, 1 mmol) and
NaNj; (0.065 g, 1 mmol) in methanol (10 mL) and stirred the solution for about
5 hours. The brown precipitate of 22 was washed with methanol followed by
ether and then dried over P,O, in vacuo. Yield: 58.4%. A, (DMF): 13 ohm™
em’ mol”. 4 (B.M.): 4.85 Elemental Anal. Found (Calcd.) (%): C: 53.27 (53.49),
H: 4.84 (4.38), N: 13.22 (13.69).

[Co(BN)(phen) N3] (23): Methanolic solutions of H,BN (0.347 g, | mmol), and
1,10-phenanthroline (0.198 g, | mmol) were mixed and cobalt(Il) acetate
tetrahydrate (0.249 g, 1 mmol) dissolved in hot methanol was added. To this
NaN; (0.065 ¢, 1 mmol) in methanol (10 mL) was added and stirred the solution
for 4 hours. The brown precipitate of 23 obtained was washed with methanol
followed by ether and then dried over P4Oyy in vacuo. Elemental Anal. Found

(Caled.) (%): C: 61.27 (61.35), H: 3.56 (3.70), N: 17.45 (17.89).

[Co(BN)(4,4’bipy)N;] (24): To a mixture of solutions of H,BN (0.347 g, 1
mmol) and 4,4’-dimethyl-2,2’-bipyridine (0.156 g, 1 mmol) in methanol
cobalt(I1) acetate tetrahydrate (0.249 g, | mmol) dissolved in hot methanol was
added. To this NaN; (0.065 g, | mmol) in methanol (10 mL) was then added and
stirred for 4 hours. The brown precipitate of 24 obtained was washed with

methanol, followed by ether and dried over P,O,y in vacuo. Elemental Anal.

Found (Caled.) (%): C: 60.39 (60.95), H: 4.10 (4.32), N: 17.46 (17.77).

[Co(BN)(bipy)(NCS)]'H,O (25): Cobalt(II) acetate tetrahydrate (0.249 g, |
mmol) in methanol (20 mL) was added to a mixture of hot methanolic solutions
of H;BN (0.347 g, 1 mmol) and 2,2’-bipyridine (0.156 g, 1 mmol). To this
solution, KSCN (0.097 g, | mmol) in methanol (10 mL) was added and refluxed

the solution for 4 hours. The dark brown precipitate of 25 obtained was washed
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with methanol followed by ether and then dried over PsOyq in vacuo. Elemental

Anal. Found (Calcd.) (%): C: 58.08 (58.49), H: 3.94 (3.96), N: 12.64 (13.20).

[Co(FN),] (26): Methanolic solutfon§ of the HFN (0.430 g, 2 mmol), cobalt([1)
acetate tetrahydrate (0.249 g, 1 mmol) were mixed and refluxed for about 5
hours. The solution was kept overnight. The dark brown product obtained was
filtered, washed with methanol followed by ether and dried over P;O,, in vacuo.
Elemental Anal. Found (Calcd.) (%): C: 53.83 (54.22), H: 3.74 (4.00), N: 16.91
(17.24).

Caution: Azido complexes of metal ions with organic ligands are potentially
explosive. Only a small amount of the material should be prepared, and it

should be handled with care.
5.3. Results and discussion

Eleven cobalt(I/IlI) complexes of aroylhydrazones were prepared out of
which seven contain heterocyclic bases as auxiliary ligands. Five among them 17, 18,
19, 23 and 24 are azido and one 25, thiocyanato complexes. They are formed by the
reaction of the aroylhydrazone and heterocyclic base with cobaltous acetate followed
by metathetical displacement of the acetate anion by azide or thiocyanate anions and
cobalt(Il) is oxidized to cobalt(IIl) in these complexes. They are found to be stable,
brown in color and soluble in organic solvents like methanol, acetonitrile and DMF.
Based on the elemental analyses, conductivity and magnetic susceptibility
measurements and spectral investigations, the complexes were formulated. The molar
conductivities of the complexes in DMF (10° M) solution were measured at 298 K
with a Systronic model 303 direct-reading conductivity bridge. The values are shown
in Table 5.1. The molar conductance values lie in the range 4-12 ohm™ cm’ mol®

which shows that all the complexes are non-conducting in nature [22].
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The elemental analysis data of compounds 17, 18, 19, 23 and 24 suggests
a formulation of [MLBN;]. This along with the conductance, magnetic
susceptibility and IR data indicate that the azide ion is coordinated to the metal
in all these complexes. In compound 25 thiocyanate ion, in 21 methoxy group
and in 22 both azide ion and methoxy group are bound to the central metal ion.
Magnetic susceptibility measurements at room temperature reveals that all these
complexes are diamagnetic which confirms the +3 oxidation state of cobalt and
its d electronic arrangement, in strong field showing that it has no unpaired
electrons, with a spin paired octahedral configuration. The data obtained from
elemental analysis match with the stoichiometry containing one molecule of
lattice water in compounds 17 and 25, two molecules of lattice water in 22 and
one molecule of coordinated water in 21, which is further supported by thermal

analysis.

The magnetic moment measurement and partial elemental analyses data
are consistent with formulation of compound 16 as [CoL],, 20 as [Co(BB){pi)s]
(supported by crystal data) and 26 as [Co(FN),]. The magnetic moment values
observed for cobalt(Il) complexes are generally investigative of the coordination
geometry about the metal ion (as shown in Table 5.1). The magnetic moment of
tetrahedral cobalt(Il) complex 26, is 4.5 B.M. with an orbitally non-degenerate
ground term, which is higher than the spin only value as there is contribution
from higher orbitally degenerate terms. The contribution due to ‘7, ground term
is still Jarger in octahedral cobalt(ll) complexes and exhibit g in the range
4.8-5.6 B.M. [23].

For the compound 20 the observed effective magnetic moment  p=5.1
B.M. which shows that it has three unpaired electrons and is typical for a high

spin cobalt(I[) system [16] with octahedral geometry. This value is Jarger than
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the spin only value of high-spin cobalt(1l) (3.87 B.M; pso = [4S(S+/1)]'™ S =
3/2) but close to the value obtained [y = [L(L+/1) /4S(S+1j]'": L = 3, § =3/2]

when spin and orbital angular momenta exist independently.

Compound 16 exhibit subnormal magnetic moment (.= 1.5 B.M. at room
temperature) due to strong antiferromagnetic exchange proposing a dimeric nature
to the compound. X-ray quality single crystal of one of the compound,
[Co(BB)(pi):] (20) were obtained from reaction mixture. The compound crystallizes

into a monoclinic space group P 1 2,/c .

Table 5.1 Molar conductivities and maghelic susceptibilities of Co(1I/111)

Compound An' ot B.M)
[Co{BB)]: (16) 9 1.5
(ColBB)bipy)NsJ-Hz0 (17) 12 diamagnetic
(Co({BB){phen)N:] (18) 8 diamagnetic
iCo(BB)(4,4"-bipy)Nal. (19) 10 diamagnetic
[Co{BBi{pi)s] {20} 11 5.1
[Co(BNNOCHs){H20]i(21) g diamagnetic
[Co2(BN):N3{OCHs}] 2H.0 (22) 13 diamagnetic
[Co(BN)(pheniN:] (23) 7 diamagnetic
[CalBN}(4,4"-bipy)Ns].(24) 10 diamagnetic
(Co{BN){bipy{(NCS)]-H20 (25) 9 diamagnetic
[Co{FN)] (26) 8 4.5

5.3.1. Crystal structure of [Co(BB)(pi):| (20) .

The Single crystal X-ray diffraction data of [Co(BB)(pi):] (20) were
collected on an Oxford Xcalibur Eos (Mova) Diffractometer at 100 K using Mo
Ka radiation (A=0.7107 A) with X-ray generator operating at 50 kV and 1 mA.
The structures were solved and refined using SHELX97 module in the program
suite WinGX. The molecular diagrams were generated using ORTEP-3 and the

packing diagrams were generated using Mereury 2.3, The geometric
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square plane are occupied by N1, O3, N3, and O4 atoms and the axial positions by
N4 and N7 atoms. The equatorial bond lengths are shorter than the axial Co—N4 and
Co-N7 bond lengtlis. There is slight deviation for the equatorial bond angles from
the expected value of 90.0° which indicates a distortion of the basal plane from a
square geometry. The apical Co—N4 bond is not exactly perpendicular to the basal
square plane and N4—Co-N7 is not exactly linear, as seen from the bond angles of
N4—Co-N3 and N4—Co-N7, 89.49° and 178.91° which indicates distortion from
regular octahedral geometry and is confirmed by the fact that the two trans O atoms
are at an angle of 179.65°. The two trans N atoms are also not exactly linear as N1-

Co—N3, bond angle being 174.27°.
5.3.2. Infrared spectra

The IR spectra of the hydrazones and their Co(ll) complexes were
recorded in the solid state as KBr discs. The characteristic bands in the IR
spectra of the free hydrazones differ from those of their complexes. The bands
of diagnostic importance are listed in Table 5.3. IR spectral analyses provide

significant indications regarding the bonding sites of the ligands.

Table 5.3 IR spectral data (em™) of cobalt(1I/i11) complexes

Compounds e “v{G=N) - iC=NP - v{C-0) " v[Co=0) " v(Co=N) - valNs)
[Co(BB)]2(18) 1608 1514 1239 576 442
[Co(BB)bipy)Na}-H20 {17} 1602 1510 1246 565 444 2025
[Co(BB)phen)Ns] (18} 1609 1512 1276 588 422 2018
{Co(BB)(4,4"-bipy)N3) (19) 1609 1510 1269 h73 451 2018
[Co(BBI(pi)s] (20) 1602 1510 1240 573 442
[Co(BN)OCH3)-H20] (21) 1603 1541 1269 b65 436
[Co2(BN):N3(0CH4)]-2H.0{22) 1608 1521 1245 573 451 2023
[Co(BN}{phen)Ns] (23) 1609 1510 1239 582 448 2025
[Co(BN)(4,4"-bipyIN3] {24) 1607 1516 1242 573 444 2027
[Ca{BN)(bipy)(NCS)}-Hz0 (25) 1602 1518 1246 573 422 2070
[Co(FN)2] {26) 1602 1526 1239 565 423

“newly formed
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transitions of the azomethine and amide function are masked by strong bands due to
n-n transitions. The intraligand bands of the free hydrazones are slightly shifted
upon complexation. The intense broad band observed for the complexes in the
region 24110-25280 cm’ corresponds to the intramolecular ligand to metal charge

transfer (LMCT) transitions involving the whole molecule [31].

The electronic spectra of spin paired trivalent octahedral cobalt complexes
of d configuration have the tollowing assignments of - bands. v, [T|g <—'A1‘L.. 1y
Ty Ay v Tie ¢ A1 vy "Toy « '4,,[32]. The v bands are assigned values ~
20600 ¢cm™ and 1> ~ 25000 cm'. Very weak bands at ~ 17300 18100 cm’'
corresponds to spin forbidden *Th, « '4), transitions. Assignment of the two high-
energy bands is complicated by overlap of interligand and charge transfer
transitions. 3T;.E. « 'd,, is also difficult to assign because this weak spin forbidden
band is always at the onset of other high-energy intense bands. For octahedral
Co(ll1) complexes with a low spin o' configuration only one weak d-d transition is

observed at around 18000 cm™ as given in the Table.54.

Table 5.4. Elcetronic spectral data (cm‘l) of Co (117 II1) complexes in acetonitrile

Compound Intraligand transitions  LMCT d-d

(Co(BBIl, (16) 28750, 37048, 41980 24651 15116,16704,17499
[Co(BB){bipy)N,I-H,0 (17) 28961, 33582, 40303 24328 18100
[Co(BB){pheniN,] (18} 29905, 37148,43769 24229
[Co(BB)(4,4"-bipy)N,] (18) 29061, 37570,41980 24862

[Co(BBIpil,] (20) 29261, 36018, 40878 24774 17820
[Co(BN)(OCH,)H,01(21) 30948,38374,44548 24844 17882
(Co,(BNJ,N,(OCH,}I-2H,0 (22)  32200,38522,44035 23740

[Co(BN)phen)N,! 123) 30878, 37418, 44113 24548 18030
[ColBN)(4,4"-bipyIN,] (24) 30287,39331,44749 24479
[CoiBN)(bipyXNCS)I'H,0 {25) 30380, 37515, 43969 248765 17900
(Co(FN),] (26) 28783, 36536, 40970 24324 15206
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For tetrahedral Co™ complexcs three bands corresponding to the spin allowed
transitions *7+(F) — *4» . *T\(F) — *4> and *T(P) «— *4, are expected. The clectronic
spectra of compounds 16 and 26 showed two-three bands in the range 15100-17500
cm’' which may be due to 4T1(F) — *4, and "TI(P) — *4> transitions [35,36] (Fig.

5.12). The transition *To(F) — *4, occurs in the near [R region and i$ not observed.

5.3.5. Cyeclic voltammetric studies

Cyclic voltammograms of the hydrazones and their Co(Il) complexes
were recorded on a CHI 608D electrochemical analyzer. The electrochemical
studies of selected complexes were performed using DMF as the solvent and
TBAP (tetrabutylammonium phosphate) as the supporting electrolyte at a scan
speed of 100 mV s A three-electrode system design is an essential feature of
all cyclic voltammetry systems, and this was incorporated in the present
experiment. In simple cases. the surface 1s started at a particular voltage with
respect to a reference half-cell such as calomel or AgiAgCl, with platinum wires

as working and counter electrodes.

Co(1I/TIT) complexes of hydrazones are electrochemically reactive and there
are often quite interesting ditferences in redox reversibility, stability of reduced and
oxidized forms, and pH effects. In typical cyclic voltammetry. a solution
component is electrolyzed (oxidized or reduced) by placing the solution in contact
with an electrode surface, and then making that surface sufficiently positive or
negative in voltage to force electron transfer. The electrochemical behavior of metal
complexes with O, N, O - donor ligands have been studied so as to scrutinize

spectral and structural changes accompanying electron transfer [3,37].

A comparative study of the cyclic voltammetric behavior of the hyvdrazones

with their metal complexes gives the information that redox reactions of the metal
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The clectrochemical data of the hydrazone complexes of Co(ll/IIT) are
given in Table 5.5 and selected cyclic voltammograms for complexes are shown
in Fig 5.13. For compound [Co(BB)(pi);] (20), the reduction peak at -0.47 V is
attributed to Co(Il)/Co(I) reduction. On the reverse scan the corresponding
oxidation peak occurs at 0.79 V can be attributed to the Co(1)/Co(Il) oxidation.
On-the other hand, Co(l1l) complex [Co(BB)(phen)N;] (18) shows two anodic
and two cathodic peak potentials in the forward and reverse scans as given in the

Table 5.5.

Table 5.5. Cyclic voltammetric data for Co([l/111) complexes

c"ml’ound EP‘(V) EP(V) ) JuA). - Ip(pA)

[Co(BB)(pil] {20) -0.47 0.78 287 -6.45

[Co(BB){phen)N:] (18} 1.11, -0.07 1.12,-0.1 1.93 -5.09,-1.15

As seen from Fig. S5.13, the cyclic voltammogram of complex
[Co{BB)(phen)N;] (18) shows two redox processes in which one of them
corresponds to the formation of Co(lIT)/Co(II) couple at Epc = 1.11 V and Epa =
1.12 V which is found to be reversible. The other one corresponds to the
formation of Co(Il)/Co(I) couple at Epc = -0.07 V and the associated anodic
peak at Epa=-0.11 V.
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SYNTHESES, CRYSTAL STRUCTURES AND SPECTRAL CHARACTERIZATION
OF COPPER(I1) COMPLEXES OF SOME AROYLHYDRAZONES

6.1. Introduction
6.2. Experimental

§ 6.3. Results and discussion
References

6.1 Introduction

Coordination chemistry of copper(ll) complexes are of great interest not
only due to their versatile applications in various fields such as biological [1,2]
catalytical [3,4], magnetochemistry [5], NLO [6], pharmacological [7] etc. but
also because of their intriguing variety of architectures and new topologies. The
diversity in the structures and topology of the coordination polymers can be
attributed to the selection of metal centers and organic building blocks as well as
reaction pathways. So far, a large number of coordination complexes of
copper(Il) composed of chains, sheets and 3D networks based on mixed ligands

have been reported [8,9].

Among the metal ions used to build molecule-based magnetic materials,
copper(If) has played a prominent role both from experimental and theoretical point
of view [10]. However, looking at the structural aspects, the plasticity of the

coordination sphere of the copper(Il) ion, which accounts for the richness and
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variety of its coordination chemistry, is at the origin of the diversity of the topologies

and connectivities occurring in the extended assemblies containing this metal ion.

The &’ configuration of the Cu(ll) cation favors either a square planar (4-
coordinate) or a square pyramidal (5-coordinate) geometry [11] in coordination
complexes under present investigation. It can also offer tetrahedral, trigonal
bipyramidal and distorted octahedral geometries with coordination numbers 4, 5
and 6 respectively. Nonspherical symmetry of the Cu(ll) ion with
configuration leads to distortion from the basic stereochemistries predicted by
the classical molecular mechanics approach. Jahn Teller active ground state
supports this deviation to lower symmetry. Square planar or square pyramidal
geometries of some of the mixed ligand complex molecules in the present study

are confirmed by single crystal X-ray crystallographic analyses.

We can expect non-linear response for copper(Il) complexes of
hydrazones which are non centrosymmetric or posses inversion centers in the
crystalline form. Proper choice of the metal and its oxidation state and of the
ligands allows the fragment to behave as an electron donor or acceptor group
[12]. Coe et al. showed that NLO materials, having the property of limiting the
transmitted light (OLs) intensity to a maximum value, i.e. are transparent to
weak signals and opaque to strong signals have received considerable attention
with increasing application of optical techniques and interdisciplinary fields of
the THz-technologies such as spectroscopic imaging, environmental detection
and inspection etc [13]. The ability of copper(ll) ion to form chelates and its
positive redox potential help to involve in biological transport reactions. In
redox reactions of copper containing enzymes interconversion of Cu(l) and
Cu(Il) oxidation states occur which is an essential factor for most of the

properties of these enzymes [14,15]. Thus Cu(Il) becomes the active centers in
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several metalloenzymes and proteins and show variety of biological roles in
electron transport, dioxygen transport, oxygenation, disproportionation and

redox reaction [16]."

Copper(1l) complex is more potent than the metal free chelate suggesting
that metal complex is the biologically active species. For instance copper is
required for the activity of monoxigenases: a particulate form of methane
monoxigenase (pMMO) and ammonia monoxigenase [17,18]. There is a
correlation between copper concentration in the growth medium and in vitro and

in vivo pMMO activity.

Spectral and crystallographic investigations continue to play a key role in
proposing the structural features suitable for an activity. Copper enzymes exhibit
unique spectroscopic features reflecting novel electronic structures that can
make major contributions to reactivity. It has also allowed the identification and

detailed description of oxygen intermediates in the copper cluster enzymes [19].

Tamasi et al. synthesized copper(ll}-benzoylpyndine-2-quinolinylhydrazone
complex and analysed its crystal structure by X-ray diffraction analysis and also
showed that it is potentially anticancerous and anti-inflammatory [20]. Manoj et al
made magnetic and EPR spectral studies of copper(Il) complexes of an anticancer
drug analogue. EPR spectral simulation of most of the compounds is in agreement
with the presence of two uncoupled copper(1l) species in solution [21].

Mixed ligand copper(Il) complexes of aroythydrazones, as principal ligands,
derived from acetophenone, benzaldehyde, salicylaldehyde and their derivatives were
reported [22,23]. We have synthesized copper(ll) complexes of aroylhydrazones
focused on carbonyl compounds such as 2-hydroxy-4-methoxybenzophenone, furan-
2-carboxaldehyde and S-bromo-3-methoxysalicylaldehyde. Among the heterocyclic
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bases, 4-picoline, 1,10-phenanthroline and 2,2’-bipyridine have been used [24]. In the
case of monoanionic bidentate hydrazone we incorporate different anions and
pseudohalogens into copper precursor complexes. The formation of pseudohalide
bridged complexes is interesting because of the structural diversity, magnetic and
spectral properties [25). Single crystals of five of the copper complexes, suitable for
X-ray diffraction studies were obtained and crystal structures were solved by direct

method of SHEL.XS-97 [26].
6.2 Experimental

6.2.1 Materials

All chemicals and reagents are of reagent grade quality. 2-Hydroxy-4-
methoxybenzophenone (Aldrich), furan-2-carboxaldehyde (Aldnich), 5-bromo-3-
methoxysalicylaldehyde (Aldrich), nicotinic acid hydrazide (Aldrich), benzhydrazide
(Aldrich), N’-4-nitrobenzoylhydrazide(Aldrich), copper(ll) acetate monohydrate
(Qualigens), copper(Il) chloride dihydrate (E-Merck), sodium azide (Reidel-De Haen),
potassium thiocyanate (E-Merck), 4-picoline, (Aldrich), 2,2’-bipyridine (Qualigens),
1,10-phenanthroline (Ranchem) and DMF (S.D.Fine) were used without further

purification. Methanol and ethanol were used as solvents.
6.2.2 Syntheses of the aroylhydrazones

The method of synthesis of aroylhydrazones, 2-hydroxy4-
methoxybenzophenone benzoylhydrazone (H,BB), 2-hydroxy-4-methoxybenzophenone
nicottnoylhydrazone (H;BN), N-2-hydroxy-4-methoxybenzophenone-V4-
nitrobenzoylhydrazone (H;BF), furan-2-carboxaldehyde nicotinoylhydrazone (HFN) and
5-Bromo-3-methoxysalicylaldehyde benzoylhydrazone [H,SB] is described in Chapter 2.
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6.2.3 Syntheses of copper(II) complexes

[Cux(BB),[(27): To a hot methanolic solution of the aroylhydrazone H,BB
(0.346 g, 1 mmol), Cu(OAc),H,O (0.199 g, 1 mmol) dissolved in hot methanol
was added. On refluxing, pale green amorphous product was separated at once.

This was filtered, washed with ether and dried over P;O,q in vacuo. Elemental

Anal. Found (Caled.) (%): C, 61.44 (61.83); H, 4.09 (3.95); N, 6.84 (11.98).

[Cu(BB)phen] (28): Methanolic solutions of H,BB (0.346 g, | mmol), and
1,10-phenanthroline (0.198 g, 1 mmol) were mixed and refluxed for about half
an hour. Cu(OAc),"H;0 (0.199 g, 1 mmol) dissolved in hot methanol and DMF
(10:1 ratio v/v) was added and refluxed for 4-5 h. On slow evaporation green
plate like crystals suitable for single crystal X-ray diffraction studies were
obtained and 2-3 crystals were separated. The remaining product was filtered,
washed with methanol, followed by ether and dried over P,Oyy in vacuo.
Elemental Anal. Found (Calcd.) (%): C: 66.88 (67.28), H: 4.03 (4.28), N:
9.72(9.51).

[Cu(BB)bipy]-C,HsOH (29): To a refluxing solution of H,BB (0.346 g, 1
mmol) and 2,2’-bipyridine (0.156 g, 1 mmol) in ethanol, Cu(OAc),-H,0O (0.199
g, 1 mmol) dissolved in hot ethanol and DMF (10:1 ratio v/v) were added and
refluxed for about 5h. On slow evaporation dark green block shaped crystals
suitable for single crystal X-ray diffraction studies were obtained and a few
crystals were collected. The remaining green colored crystalline product was
filtered, washed with ethanol, followed by ether and dried over P,Oy, in vacuo.
Elemental Anal. Found (Caled.) (%):C: 65.51 (65.89), H: 4.23 (4.46), N: 9.49
9.9D).
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[Cu{BB)pi] (30): A solution of H,BB (0.346 g, | mmol) and 4-picoline (2-3 mL)
in methanol were mixed with Cu(OAc), H,0 (0.199 g, 1 mmol) dissolved in hot
methanol and DMF (10:1 ratio v/v) and refluxed for about 5 hours. The brown
colored crystalline product was filtered, washed with methanot, followed by
ether and dried over P,Oyy in vacuo. Dark brown plate like crystals suitable for
single crystal X-ray diffraction studies were obtained by slow evaporation of its
solution in ethanol and DMF (10:1 ratio v/v). Elemental Anal. Found (Calcd.)
(%): C: 64.38 (64.72), H: 4.32 (4.63), N: 9.26 (9.58).

[Cux(BN);} (31): To a hot methanolic solution of Cu(OAc);"H,O (0.199 g, 1
mmol), methanolic solution of the hydrazone H,BN (0.347 g, | mmol) was
added with stirring. Pale green amorphous product separated was filtered,
washed with ether and dried over P,Oy¢ in vacuo. Elemental Anal. Found

(Caled.) (%): C: 58.23 (58.75), H: 3.08 (3.70), N: 10.14 (10.28).

[Cu(BN)phen|‘H;O (32): This complex was prepared by refluxing 1:1:1 ratio
of Cu(OAc)-H,O (0.199 g, 1 mmol ), 1,10-phenanthrotine (0.198 g, 1 mmol)
and H,BN (0.347 g, | mmol) in methanol and DMF (10:1 ratio v/v) for about 6
h. Dark green product obtained was filtered, washed with methanol followed by
ether and dried over P;Oy in vacuo. Dark green elongated blocks of crystals
suitable for single crystal X-ray diffraction studies were obtained by slow
evaporation of its solution in methanol and DMF (10:1 ratio v/v). Elemental

Anal. Found (Calcd.) (%): C: 62.91 (63.31), H:3.95 (4.15), N: 11.27 (11.54).

[Cux(BF),] (33): A hot methanolic solution of the hydrazone H,BF (0.391 g, 1
mmol), was added to a hot methanolic solution of Cu(OAc),"H,O (0.199 g, |

mmol), with stirring. Pale yellow amorphous product separated was filtered,

washed with ether and dried over P4;O,¢ in vacuo. Elemental Anal. Found

(Caled.) (%): C: 55.86 (55.69), H: 3.01 (3.34), N: 9.20 (9.28).
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[Cu(FN);] (34): Methanolic solutions of the ligand, HFN (0.430 g, 2 mmol),
Cu(OAc),'H,0 (0.199 g, 1 mmol ) and 2,2’-bipyridine (0.156 g, 1 mmol) were
mixed and refluxed for about 6-7 h. The solution was kept overnight. The dark
brown product obtained was filtered, washed with methanol followed by ether
and dried over P,O,, in vacuo. Elemental Anal. Found (Calcd.) (%):C: 53.64
(53.71), H: 3.36 (3.28), N: 16.94 (17.08).

[Cu(FN)CI(H,0)])-2H,0 (35): Hot ethanolic solutions of the aroylhydrazone,
HFN (0.215 g, 1 mmol) and CuCl,-2H,0 (0.170 g, 1 mmol) were mixed and
refluxed for about 2 h. The dark green crystalline product obtained was filtered,
washed with ethanol followed by ether and dried over POy in vacuo.
Elemental Anal. Found (Calcd.) (%):C: 36.42 (35.98), H: 3.50 (3.84), N: 11.34
(11.44).

[Cuz(FN):(n-NCS),} (36): Ethanolic solutions of the aroylhydrazone, HFN
(0.215 g, 1 mmol), KSCN (0.097 g, | mmol) and Cu(OAc)-H,O (0.199 g, |
mmol) were mixed and refluxed for about 2 h. The dark green crystalline
product obtained was filtered, washed with ethanol followed by ether and dried
over P,Oyg in vacuo. Elemental Anal. Found (Calcd.) (%): C: 42.35 (42.92), H:
2.16 (2.40), N: 16.47 (16.68).

[Cuz(FN)2(n-Ns);] (37): To an ethanolic solution of the aroylhydrazone, HFN
(0.215 g, I mmol), ethanolic solution of NaNj; (0.065 g, 1 mmol) was added
dropwise while the mixture was stirred for half an hour. To this solution,
ethanolic solution of Cu(OAc),"H,O (0.199 g, 1 mmol) was added. The dark
green amorphous product obtained was filtered, washed with ethanol followed
by ether and dried over P,Oy¢ in vacuo. Elemental Anal. Found (Calcd.) (%):C:
40.15 (40.97), H: 2.66 (3.44), N: 24.17 (23.89).

({ochin Wiiversity of Scisace and Technology
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[Cu:(SB);](38): To a hot methanolic solution of the ligand H,SB (0.231 g, 1
mmol), Cu(OAc),"H,O (0.199 g, 1 mmol) dissolved in hot methanol was added.
Dark green amorphous product was formed on refluxing. This was filtered,

washed with ether and dried over P,O,y in vacuo. Elemental Anal. Found

(Caled.) (%):C: 40.31 (40.84), H: 2.38 (2.45), N: 10.14 (10.21).

[Cu(SB)(pi)]'H20 (39): A solution of H,SB (0.231 g, 1| mmol) and 4-picoline
(2-3 mL) in ethanol were mixed with Cu(OAc),H,O (0.199 g, 1 mimol)
dissolved in hot ethanol and DMF (10:1 ratio v/v) and refluxed for about 5. The
brown colored crystalline product was filtered, washed with methanol, followed
by ether and dried over P;Oyq in vacuo. Dark brown plate like crystals suitable
for single crystal X-ray diffraction studies were obtained by slow evaporation of
its solution in ethanol and DMF (10:1 ratio v/v). Elemental Anal. Found
(Caled.) (%):C: 47.11 (47.58), H: 3.29 (3.39), N: 11.02 (11.10).

6.3 Results and discussion

The newly synthesized copper complexes are quite stable in air and their
melting points are found to be greater than 250 °C. The observed elemental
analyses data are in good agreement with the calculated value of the proposed
formulae of the complexes. They are soluble in organic solvents like
acetonitrile and DMF. The molar conductance measurements of all the Cu(1l)
complexes are in the range 3-12 ohm” cm’ mol' that confirm the non-
electrolytic nature of the complexes. Magnetic moments of the complexes are
calculated by magnetic susceptibility measurements at 298 K. Diamagnetic
corrections are also considered. The magnetic moment values for the complexes
27,31, 33, 36, 37 and 38 showed substantial decrease and lie in the range of 1.05
-1.35 B. M. which is much less than the spin only value. Such a low value of

magnetic moment indicates antiferromagnetic interaction between two metal
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centres having unpaired electrons suggesting dimeric nature to these complexes
[27-28]. The observed magnetic susceptibility values of the complexes 29, 34,
35 and 39 are in close agreement with the spin only value for a &’ copper system
and that for the compounds 28, 30 and 32 show small decrease from the spin
only value. So there may be some interaction between the magnetic centers in
the solid state owing to the noncovalent interactions in close packing [29]. The
experimental values of magnetic moments are in good agreement with EPR
results. The magnetic susceptibility and molar conductivity values of the
complexes are presented in Table 6.1. X-ray quality single crystals of five
Cu(1l) compounds, 28, 29, 30, 32 and 39 were obtained by slow evaporation of
the solution of corresponding compounds in CH;OH or C;HsOH and DMF.

Table 6.1 Molar conductivities and magnetic moments of copper(1f) complexes

S0 Compound: v Amf peweas
[Cuz(BB)](27) 9 1.10
{Cu{BB)phen] (28) B 1.34
{Cu(BBbipyl:C2Hs0H (29) 8 1.90
[Cu(BB}pi] (30) 4 1.36
[Cu2{BN)z] (31) 6 1.02
[Cu{BN)phen]-Hz0({32) 7 1.29
[Cu2(BF)2}(33) 5 1.07
(Cu(FN]2] (38) 10 1.87
[Cu(FN)CI.H20]-2H:0 (35) 11 1.82
[Cu2(FN)2 {n-CNS}2] {36) 10 1.21
[Cu2(FN}2 {x-Nak] {37) 12 1.23
[Cu2(SB)2] (38) 7 1.30
{Cu(SB){pi}]-H20 (39) 9 1.91

*molar canductivity (in mho cm? mol '} taken in 10°M DMF.
6.3.1 Single Crystal XRD studies

The Single crystal X-ray diffraction analyses of [Cu(BB)phen] (28) and
{Cu(BB)bipy]-C,HsOH (29) were performed with a Bruker SMART APEX CCD
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X~-ray diffractometer at the University of Hyderabad, using graphite
monochromated Mo Ka radiation (A=0.71073 A, ¢ and ® scans. The structure
was solved using SHELXS-97 and full matrix least squares refinement against
F? was carried out using SHELXL~-97 in anisotropic approximation for non-
hydrogen atoms. .~ All hydrogen atoms were assigned on the basis of
geometrical considerations and were allowed to ride upon the respective carbon

atoms.

The Single crystal X-ray diffraction data of [Cu(BB)pi] (30) were
collected on an Oxford Xcalibur Eos (Mova) Diffractometer at 100 K using Mo
Ka radiation (A=0.7107 A) with X-ray generator operating at 50 kV and 1 mA.
The structures were solved and refined using SHELX97 module in the program
suite WinGX. . The geometric calculations were carried out by PARST9S and

PLATON and all the hydrogen atoms were fixed in calculated positions.

The single crystal X-ray diffraction data of [Cu(BN)phen]-H,0(32) and
[Cu(SB)(p)]'H,O (39), were collected using Bruker SMART APEX
diffractometer, equipped with graphite —crystal, incident-beam monochromator,
and a fine focus sealed tube with Mo Ka (A = 0.71073 A ) as the X-ray source
The structure was solved by direct methods and refined by full-matrix least-
squares calculations with the SHELXL-97 software package and all hydrogen
atoms on carbon were placed in calculated positions, guided by difference maps

and refined isotropically.

In all the cases the molecular diagrams were generated using ORTEP-3
and the packing diagrams were generated using Mercury 2.3. and DIAMOND

version 4.2g.
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Table 6.2. Crystal data and structure refinement for [Cu(BB)(phen)].

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(0DD)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices |1 > 2sigmall]]
R indices (all data)

Largest diff. peak and hole

Ca3 Haz Cu Na O3

588.11

298{2) K

0.71073 A

Moneclinic, P2v/c
a=18.0207(11) A o= 90"

b = 10.3748(6) A B=- 101.9450(10)°.
c= 147870 A = 90°
2704.73) A ®

4, 1.444 Mgim®

0.850 mm’'

1212.0

0.36 x 0.22 x 0.03 mm

1.15 to 26.06°

-22<h<22, -12<k<12, -18<1<18
26876 5360 [R(int} = 0.0705]
= 26.06° 99.6%
Semi-empirical from equivalents
0.821 and 0.191

Full-matrix least-squares on F*
533904371

1.028

Ry = 0.0574, wR2 = 0.1284

Ry = 0.0981, wRz = 0.1471
0.650 and -0.243 e.A?

Ri = Z||fd - Fe| | SR who = [P R Z Pl

The bond length of C14-02, 1.305(5) A agrees with the coordinating
pattern of hydrazone viu enolate form. The heterocyclic base phenanthroline which
acts as the co-ligand binds asymmetnically to Cu(ll) as there is a longer Cu-N3 bond
(axial) when compared with strongly bound Cu—N4 bond (equatorial) and forms a
five membered chelate ring. The Cu-N1, Ol and O2 bond lengths are less than 2 A
and that of Cu-N4 is 2.031 A indicating a strong coordination of phenanthroline and
the ligand {30] to the metal centre. The bond distances are in the range of those
reported in the Cambridge Structural Database for amide and carbonyl compounds

[31] and other simitar compounds [12. 22, 28, 29].
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Table 6.3 Selected bond lengths and bond angles for [Cu(BB)(phen)]

Bond length (A) Bond angles (°)

Cu-N4 2.031(3) N3-Cu-01 98.05(11)
Cu-N3 2.344(3) N3-Cu-02  97.73(11)
Cu-01 1.908(3) N3-Cu-N1  116.18(12)
Cu-02 1.939(3) N3-Cu-N4  75.84(12)
Cu-N1 1.839(3) 01-Cu-N1 92.29(12)
Cu-N2 2.817(3) N1-Cu-02  82.74(12)
C14-02 1.305(5) 02-Cu-N4  92.13(12)
C1-01 1.290(5) N4-Cu-01 89.56(12)
C7-N1 1.293(5) 01-Cu-02  164.06(12)
N1-N2 1.411(4) N1-Cu-N4  167.39(13)
N2-C14 1.339(5)

C14-C15 1.463(6)

The five coordinated complex adopts a square pyramidal structure [32]
but deviates from a regular square pyramidal geometry, as evidenced from the
following observations. The apical and the basal coordination positions of the
square pyramid arc occupied by N3, O2, NI, Ol and N4 atoms. The apical Cu-
N3 bond is not exactly perpendicular to the basal square plane as seen from the
bond angles, N3-Cu-NI1 (116.18"), N3-Cu-O1 (98.05°) ctc. The equatorial
bond angles deviate shghtly from the expected value of 90.0° as given in the
Table 6.3. When these bond angles are summed it comes below 360.0° which
illustrates that the basal portion has a Iittle distortion from planarity and copper
atom slightly shifted from the square plane. Also the two trans O atoms are at an
angle of 164.06" and the two trans N atoms are not completely linear N1 Cu-

N4, bond angle being (167.39).

The angular structural parameter T — 0.0555, it = (B ~ a)/60}, shows that

there (s only a small distortion from square pyramidal towards trigonal

Department of Applied Chemistry, Cochin University of Stience ond Technology —m
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H18--n(edge) interactions with interaction geometries 2.866 A, 172.17° as
shown in Fig. 6.2. Strong classical hydrogen bonds are absent in the crystal
structure. C--H--m molecular dimers are interlinked by C-H-m (edge)
interactions, 2.758 A. 147.07° and C29-H29--Ol interactions, 2.541(3) A.
168.2(2)" in a bifurcated manner as seen i Fig. 6.3, phenanthroline rings Cg[9]
and Cg[4] are involved in n—x stacking with a distance of 3.554(2) A, p=14.09"
stacks up the supramolecular chains as given in Fig. 6.4 which is assisted by

weak C24~H24--0O2 interactions 2.7 1(2) A. 131.94(28)°.

Table 6.4 H-bonding and =-nm interaction parameters of the
compound [Cu(BB)(phen)]

H-bonding

D-H--A D-H (A} H-AtA) DA (A) D-H-A (")
C(22)-H(22)--0(3) 0.93 258 3.468 (6) 161
C(29}-H(29)--0(1) 0.93 2.541(3) 3.457 (5) 168.23 (26)
C({24)-H{24})---012) 0.93 2.711(2) 3.658 (6) 131.94 (28)
7T-1 interaction

Cq(l) -~ Cgld) Cg Cg (A} al’) B

Cq(9) -~ Cglar 3.554 (2) 1.07(18) 14.09

Cg(4) -~ Cqi5) 3.746 (2) 19.49(19) 942

Equivalent position codes

a=1x-y1z b=1x-12+y1/22

Cg (4) = N(3), C{22) - C(25), C{33) Cg (5) = Ni{4), C(28} - C(32)
Cq (9) = C{25)- C{28), £132), Ci33)

D, donor; A, acceptor; Cg, centroid; « (°), dihedral angle between planes | and J; 3 (°|, angle between Cgfl)-Cg(J)
vector and normal to plane |;

The interchain stacking interaction between the phenanthroline rings in
the compound 1s remarkably strong and it may be due to larger nt sysltem n
phenanthroline ligand [22]. The crystal packing 1s supported by more Cg(n)-

Cg(n). C-H-r and weak hydrogen bonding interactions. The interaction

——— Daportment of Applied Chemistry, Cochin University of Stience and Tecknology
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Table 6.5. Crystal data and structure refinement for
[Cu(BB) (bipy)]- C;HsOH

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected | unique
Completeness to theta - 72.98
Absorption correction

Max. and min. transmission
Refinement method

Data | restraints | parameters
Goodness-of-fit on F

Final R indices [I > 2sigmall)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

C33 Hao Cu N4 Os

610.16

183(2} K

1.54184 A

Monoclinic, P2:in

a =~ 14097490 A o= 90"

b = 12.1021(9)A B= 100.190(7)°
¢~ 17.3687(14) A y-80°
2916.5(4) &

4, 1.390 Mg/m’

1.421 mm'

1268.0

0.40x0.32 x 0.28 mm
3.731t072.88°.

-17<h<17, -15<k<15, - 16<9<21
10999 5821 [Rfint} = 0.0295|
91.2%

Semi-empirical frem equivalents
1.00000 and 0.88147
Full-matrix least-squares on F?
5309/0/383

0.956

Ri = 0.0501, wR2 ~ 0.1230

Ri = 0.0832, wR2 = 0.1349
0.00005(9)

0.313 and -0.475 e.A®

The coordination environment around the Cu(ll) centre

15 square

pyramidal in this complex but deviates from a regular square pyramidal

geometry, as evidenced from the following observations. The relevant bond

angles and bond lengths and are presented in Table 6.6. The five and six

membered chelate rings Cg(1}{Cu, N1, N2, Cl14, 02} and Cg(3) {Cu, NI, C7,

C6, C1,01} occupying the basal plane are fused along a common axis Cu-NI

making a dihedral angle of 9.81(12)° between them which indicates deviation

= Department of Applied Chemistiy, Lochin University of Stience and Tectnology ——— B9
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from planarity. The other five membered chelate ring Cg(2) {Cu, N3, C26, C27,
N4} making dihedral angles of 87.86(14)° and 84.92(13)° with the above said
five and six membered chelate rings respectively shows the axial disposition of

the bipyridyl system with the basal plane.

Table 6.6. Selected bond lengths and bond angles for

[Cu(BB)(bipy)]-C,HsOH
~ Bondlength (A)  °  Bondangle (®)

Cu-N4 2225(3)  N3-Cu-01  91.27(10)
Cu-N3 2.026(3)  N3-Cu-02  94.81(10)
Cu-01 1.9182)  N3-Cu-N1  176.51(11)
Cu-02 1.947(2)  N3-Cu-N4  77.37(12)
Cu-N1 1.934(3)  01-Cu-N1  92.22(10)
Cu-N2 2.808(3)  N1-Cu-02  81.84{10)
C14-02 1.291(4)  02-Cu-N4  94.09(11)
C1-01 1.325(4)  N4-Cu-01  103.64(11)
C7-N1 1.302(44)  01-Cu-02  162.13(10)
N1-N2 1.3974)  N1-Cu-N4  101.83(11)
N2-C14 1.319(4)

C14-C15 1.492(5)

The coordination positions of the basal square plane are occupied by N3,
02, N1, and O] atoms and the apex by N4 atom. The equatorial bond lengths
are shorter than the axial Cu-N4 bond lengths. This is a consequence of the
Jahn Teller effect observed in d” electronic ground state of the five coordinate
complex which elongates one coordinate bond while shortening the remaining
four. The apical Cu-N4 bond is not exactly perpendicular to the basal square
plane as seen from the bond angles of N4—Cu-N1, 101.83°(11)°, N4-Cu-Ol,
103.64(11)° etc. There is slight deviation for the equatorial bond angles from the
expected value of 90.0° which indicates a distortion of the basal plane from a

square geometry and is confirmed by the fact that the two trans O atoms are at

of Scienice.and Techaology
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via enolate form. 4-picoline, the heterocyclic base which acts as the co-ligand is

strongly bound to Cu(II) as seen from the bond length of Cu-N7, 1.9912 A.

Table 6.8. Crystal data and structure refinement for [Cu(BB)(pi)] (30)

Empirical formula

Formula weight
Temperature {T] K
Crystal system

Space group

a (A1, b (A), ¢ (A)

ale, i°, yi°

Volume (A%)

Z

Peac (Mg mm”*)

W (mm')

F(000)

Crystal size (mm’)

20 range for data callection
Index ranges

Reflections collected
Independent reflections
Datalrestraints/parameters
Goodness-of-fit on F?
Finat R indexes [ > 26 (I})]
Final R indexes [all data]

Largest diff. peak/hole e (A%

C27H23N3050u

501.03

293{2)

triclinic

P-1

8.757(5), 10.908(6), 12.830(7)
114.388(8), 90.814(9), 110.151(9}
1156.8(11)

2

1.438

0.979

518

0.20 x 0.20 x 0.20

3.52 10 52°
12<h<12,-13<k<13,-15<1<15
11927

4503[R(int}) = 0.0235]
4503/0/308

0.988

Ri = 0.0358, wR2 = 0.0914
R = 0.0494, wR. = 0.0944

0.366/-0.198

R, =Z||F,| - {Fdl/ Z|F,| wR, = [ZW(FOZ'FCZ)Z/ zw(Fuz)Z]m

The Cu-N5, 02 and O3 bond lengths are also less than 2 A indicating a

. ————""Deporiment of Applied Chemistry; Cachin Universily of Sciepce.and Technolagy

strong coordination of 4-picoline and the principal ligand [30] to the metal
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centre. The bond distances are in the range of those reported in the Cambridge

Structural Database for amide and carbonyl compounds [31].

Table 6.9. Selected bond lengths and bond angles for [Cu(BB)(pi)]

Bond length (A} Bond angle (°}. .
Cu-03 1.9208 N7-Cu-03 90.36
Cu-02 1.8703 03-Cu-N5 82.08
Cu-N5 1.9229 N5-Cu-02 94.91
Cu-N7 1.9912 02-Cu-N7 92.80
Cu-N6 2.801 N5-Cu-N7 170.95
10-03 1.296(3) 03-Cu-02 176.46
C10-N6 1.315(3) C14-C10-N6  117.9(2)
NB-N5 1.398(3) N5-C12-C89 119.5(2)
N5-C12 1.308(3) C12-C11-C13  124.4(2)
C12-C11 1.443(3) C13-C11-C8  116.7(2)
C11-C13 1.437(3) 03-C10-C14  117.2(2)
£13-02 1.326(3)
£15-04 1.362(3)

The four coordinate complex adopts a square planar structure but
deviates from its regular geometry, as evidenced from the following
observations. The four equatorial coordination positions of the square plane are
occupied by N5, O2, N7 and O3 atoms around Cu(Il) centre. Relevant values of
bond angles and bond lengths are summarized in Table 6.9. They are
comparable to the corresponding values in similar compounds [12]. The
equatorial bond angles deviate slightly from the expected value of 90.0° the
maximum deviation being 7.92°. The O3—Cu-NS5 chelating angle is more acute
than the remaining bite angles subtending at the metal centre, which is due to the
steric binding constrains imposed by the small bite angles of the ligand. When
these bond angles are summed it comes to 360.15° which illustrates that the
basal portion has a little distortion from planarity and copper atom slightly

shifted from the square plane. Also the two trans O atoms and the two trans N

— Deporfmént of Applied Chemistyy; Cockin University of Science apd Technology “-mii e
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also supported by intermolecular Cu--m interactions of different interaction
distances (3.54 A and 3.84 A, sce Table 6.10) on cither sides of the central Cu
atom in this square planar complex (Fig. 6.1 1b). The molecular conformation 1s
found to be signiticantly deviating from planarity in order to accommodate
various modes of intermolecular interactions. The Cg(m) - Cg(n) stacking
interactions between rings with Cg-Cg distances of 3.6548 A and 3.7022 A can
support the packing stability in the absence of strong classical hydrogen bonds.

Table 6.10. Ring-metal and n-n interaction parameters of the
compound [Cu(BB)(pi1)]

Ring-Metal Interactions

Cgll)-Me(J) Coll-Mel) (&) B()

Cgl4) ~ Cu 3.541 13.33

Cgl6)® - Cu 3.843 32.74

7t-i interaction .

Cgll) - CglJ) Cg- Cg(A) al’) B )
Cg(2) - Cgl4? 3.6548 1.92(10) 19.59
Cg(1) - Cgl4f 3.7022 2.80(11) 21.33
Cg(2) -~ Cg(6)° 4.2227 26.90(12) 2545

Equivalent position codes

a =1x1y1z b=1xy,z

Cg (1) = Cu, O(3), N{5), N{6), C{10) Cq (4) = C(8), Ci11), C(13), C(15), Ci16)

Cg (2) = Cu, 0(2], N(5), C(11) - C(13)  Cqg (6) = C(14}, C(18), C(23), C{28), C(29),C(32)

D, donor; A, acceptor; Cg, centroid; « (°), dihedral angle between planes | and J; 3 (°}, angle between Cgfl}-CalJ)
vector and normal to plane |;

6.3.1.4. Crystal structure description of [Cu(BN)(phen)] -H,0 (32)

The compound crystallizes in space group (2/¢ with Z = 4, The
molecular structure along with atom labeling scheme 1s shown in Fig. 6.13. A
summary of the crystal data and structure refinement parameters is given in
Table 6.11. Selected bond lengths and angles for 32 are listed in Table 6.12.
Single crystals of [Cu(BN)(phen)] -H-O (32) suitable for X-ray diffraction

Department of Applied Chemistry, Cochin University of Science and Technology —m
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Table 6.11. Crystal data and structure refinement for [Cu(BN)(phen)]-H;O (32)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F{000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta =
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints | parameters
Goodness-of fit on F2

Final R indices [l > 2sigma(l}]
R indices (all data)

Largest diff. peak and hole

Cos Hag Cuz Nvo 07

1197.23

286(2) K

0.71073 A

Monoclinic, £2/¢

a = 14.5423(13)4 o= 90°

b = 18.6908(16)A B= 98.233(3°
¢ = 19.8681(16)A y= 90°
5344.6(8) A*

4, 1.488 Mgim’®

0.864 mm'

2468.0

0.40x 0.20 x 0.20 mm

1.79 to 25.00°

-17<h<17, -18<k<22, -23<1<23
18327 | 4714 [R(int} = 0.0613]
2500 99.9%

Semi-empirical from equivalents
0.841 and 0.813

Full-matrix least-squares on F*
4711131382

1121

Ry = 0.0422, wR2 = 0.1216
R: = 0.0522, wRz = 0.1393
0.621 and -0.786 e.A®

Ri = Z||Fd| - |Fd| | Z|Fd| Rz = [SmFLFA | SmF™

The five coordinate complex exhibits a square pyramidal structure but

deviates from a regular square pyramidal geometry, as evidenced from the

following observations. The index of trigonality, t = 0.1852 for 32, describing

the continuum between square—pyramidal (t = 0) and trigonal-bipyramidal (t =

1), defined by Addison et al. [33], which indicates that the geometry of the

complex is distorted from a regular square—pyramid.

The geometric

requirements of the ligand means that the geometry around the Cu(Il) centre is

—————— Departiment of Applied Chemistcy; Cochin University of Science ond Technology ——-
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not regular. The angle subtended at Cu(Il) in 32 by the two oxygen atoms,
O(1)-Cu(1)Y-0(2), 164.34(9)° is significantly compressed, and the bite angles of
N(1)-Cu(1)-0O(1), 93.11(9)° and (l)(2).—Cu(1)—N(1), 82.02(9)° are distorted from
90°. Most of the angles involving the central copper atom are widely different
from 90° and 180° as given in the Table 6.12 indicating significant distortion

from square pyramidal geometry.

Table 6.12. Selected bond lengths and bond angles of [Cu(BN)(phen)] -

;0 (32)

_Bondlength (A)  °  Bondangle(?) . :.
Cu-N4 2.013(2} N4-Cu-01 80.78(9)
Cu-N5 2.306(3) N4-Cu-02 94.82(8)
Cu-01 1.888{2) N4-Cu~N1 175.45(10)
Cu-02 1.962(2) N5-Cu-N1 100.18(9)
Cu-N1 1.922(1) 01-Cu-N1 93.11(9)
Cu-N2 2.811(1) N1-Cu-02 82.02(9)

C14-02 1.278(3) N5-Cu-N§ 76.9719)
C1-01 1.292{4) N5-Cu-01 97.21(9)
C7-N1 1.280(4) 01-Cu-02 164.34(9)
N1-N2 1.423(3) N5-Cu-02 98.29(9)
N2-C14 1.312(4)

C14-C15 1.488(4)

These distortions arise from the rigidity of the chelate rings [36],
compounded by the Cu(Il) covalent radius. The bite angles are comparable to
those reported for other Cu(ll) complexes containing both five- and six
membered chelate rings with oxygen and nitrogen donor atoms [37]. The five-
membered chelate rings, Cg(1) Cu, O(2), N(1), N(2),C(14) and Cg(2) Cu, N(4),
N(5), C(31), C(32) are practically planar (largest deviation 0.025(2) A for N1
and -0.028(2) A for N5), and the rings are not puckered. But atoms O1 and N(4)
occupying the basal coordination positions deviate significantly by 0.437(2) A
and -0.179(2) A from the plane of Cg(1). The six-membered chelate ring Cg(3)-

()
o
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length of C7-02, 1.302(7) A corresponds to the coordinating mode of hydrazone

via enolate form. 4-Picoline, the heterocyclic base which acts as the co-ligand is

strongly bound to Cu(Il) as seen from the bond length of Cu-N1, 1.989(4) A.

The bond lengths of other equatorial bonds Cu-N2, O! and O2 are also less than

2 A indicating a strong coordination of 4-picoline and the principal ligand [30]

to the metal centre. The bond distances are in the range of those reported in the

Cambridge Structural Database [31] for amide and carbonyl compounds [22].

Table 6.14. Crystal data and structure refinement for [Cu(SB)(p1)]-H,O (39)

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected { unique
Completeness to theta
Absorption correction

Max. and min. transmission
Refinement method

Data | restraints | parameters
Goodness-of-fit on F2

Final R indices [| > 2sigmall})]
R indices (all data)

Largest diff. peak and hole

C21 His Br Cu N3 03

503.83

296(2) K

0.71073 A

Menaclinic, C2/c

a = 25.6018(13) A o= 90°

b = 13.1562(6) A B= 121.279(3°
c = 14.3488(7) A y= 90°.
4130.5(4) A°

8, 1.620 Mgjm’

3.019 mm'

2024.0

0.25x0.25x0.20 mm
1.811t02599°

-31<h<31, -16<k<16, -17<I=17
31398 | 4055 [R(int) = 0.0575]
=2599 100.0%
Semi-empirical from equivalents
0.652 and 0.592

Full-matrix least-squares on F2
405801264

1.084

R: = 0.0548, wR2 = 0.1596
R = 0.0782, wR2 = 0.1868
2.699 and -1.005 e.A®

RI - Z”Fnl . |Fc" J ZiFal, WRZ = (ZMFoz'F:Z]ZI ZMFoz}ZIHZ
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We can assign a square planar structure to this four coordinate complex
but slightly deviates from its regular geometry, as evidenced from the following
observations. Thé entire molecule is nearly planar as seen from the mean plane
deviation calculation of the plane containing all the non hydrogen atoms. It
shows a maximum mean plane deviation of -0.294(8) A for C6. The Cu(ll)
atom is shared by two fused five and six membered chelate rings Cg(1){Cu, N3,
N2, C7, 02} and Cg(2) {Cu, N2, C14, C19, C21,01} with a dihedral angle of
only 1.9(2)° between them. The phenyl ring of hydrazide part is slightly shifted
from the rest of the molecule as it makes dihedral angles of 12.5(3)%,10.5(3)° and
11.8(3)° with the aromatic ring of picoline, five and six membered chelate rings
respectively. The four equatorial coordination positions of the square plane are
occupied by N1, O2, N2 and Ol atoms around Cu(ll) centre and the plane A4
containing these atoms shows a maximum mean plane deviation of 0.042(5) A
for N2 which assigns much planarity to the square plane. From ring puckering

analysis [34] it is clear that rings present in the complex are not puckered.

Table 6.15. Selected bond angles and bond lengths of [Cu(SB)(pi1)]-H,O (39)

... Bondlength (A) -
Cul-N1 1.989(4)  N1-Cul-O1 91.55(16)
Cul-01 1.886(3) 01-Cul-N2  9355(17)
Cul-02 1.925(4) N2-Cul-02  81.18(17)
Cul-N2 1818(4)  02-Cul-N1 93.79(17)
C1-C7 1.496(8) 02-Cul-01 174.52(16)
C7-N3 1.296(7) N1-Cul-N2 173.97(19)
N3-N2 13906)  01-C14-C1§  125.81(5]
N2-C21 1278()  C14-C19-C21  121.93(5)
£21-C19 1.4158) C19-C21-N2  126.2(5)
C14-01 1.298(7)  N2-N3-C7 108.84(4)
£7-02 13027)  N3-C7-02 124.8(5)
C17-Br1 1.8981(5}

£20-03 1.405(9)

Degurhiient of Applied Chemiss
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6.3.2. Electron paramagnetic resonance spectroscopy

EPR spectroscopy is an effective tool that can be used for the study of
structures  of paramagnetic copper(ll) complexes. The effective spin of
copper(ll) ion, with a & configuration. § = % and is associated with a spin
angular momentum, M, = £%, leading to a doubly degenerate spin state in the
absence of a magnetic field. When a magnetic tield is applied. the degeneracy is

removed and the energy difference between them is given by AE — hv = gfiB

where 4 1s Planck’s constant. v is the microwave frequency for transition
between the two levels, g is the Lande splitting factor (equal to 2.0023 for a frec
electron), f§ is the Bohr magneton and B 1s the magnetic field. In the case of a
3d’ copper(11) ion, the appropriate spin Hamiltonian assuming a 8,, ground state

is given by
H = flg H.S+ g (HS+HS)J+ A 1S+ A| (15415

where all the symbols have their usual meaning. The nuclear spin of
“Cu (I = /) interacts with the unpaired electron of copper(1l) ion (d’) with an
effective spin of S = ¥ which give rise to four hyperfine hines (2n/+1 — 4).

EPR spectra of the copper(ll) complexes were recorded in
pol);crystallinc state at 298 K and in DMF as a frozen sample at liquid nitrogen
temperature (77 K) in the X-band, using 100 kHz modulation, modulation

amplitude 2G and 9.1 GHz microwave frequency: g factors were quoted relative

to the standard marker TCNE (g = 2.00277), at SAIF, lIT, Bombay. India. The

spectra typically indicate a d‘._._l._. ground state (g > ¢_> 2.0023). Some of the

EPR spectra were simulated and the experimental (red) and simulated (blue) best

fits are presented.

——————Deparimant of Applied Chemistry, Cochin University of Stience and Technology
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The EPR spectrum of the complex [Cu;(BB),] (27) in the polycrystalline
state at 298 K exhibits weak signals due to strong antiferromagnetic interaction
between the Cu(ll) centers. The nature ¢f the EPR spectra is consistent with
strong coupling interactions between Cu(ll) electrons through their connecting

moiety which suggests a dimeric structure.

However in frozen DMF at 77 K the EPR spectra exhibit signals
characteristic of uncoupled Cu(il) species at ~ 330 mT. They do not show half
field signals and hyperfine features typical for coupled binuclear complexes are
absent. The spectral features in frozen DMF are in contradiction with that in
solid state, which is attributed to the possible fragmentation in DMF at low
concentrations. The binuclear complex is connected with the antiferromagnetic
coupling of two Cu(ll) ions, leading to a singlet ground state and an excited spin
triplet state. For a coupled system of two Cu(ll) species equally distributed
seven hyperfine features [2nl+1; n=2 and I=3/2] are expected.

The spectrum shows a well-resolved axial spectrum with four hyperfine
lines with weak superhyperfine splittings in the parallel region due to coupling

of the electron spin with nuclear spin (**Cu, 7 = 3/2) with gy > g,> 2.0023

relationship consistent with a dxz_y2 ground state in a square planar geometry

[38]. 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. In the present system g < 2.3 showing significant
covalent character to M-L bond. The perpendicular region exhibits
superhyperfine splittings in addition to hyperfine signals with an average
spacing 66 x 10™* which arise from the coupling of the electron spin with nuclear
spin of the coordinating nitrogen atom which is an indication of the participation

of azomethine nitrogen in bonding.
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site away from planarity [42] The value of 4, less than 0.0140 cm™ rules out the
possibility of square planar nature for such copper(Il) centers as such values are
not reported for any complexes even with four sulfur ligands. The square planar
complexes undergo tetragonal distortion and that depends on the nature of the
coordinated atoms [43]. The value may vary from 105 to 135 for small to
extreme distortion in square planar complexes. The estimated value of f for the

complex [CuxBB);] is 100 indicating negligible distortion from planarity [44].

The spectral parameter o is a covalency factor which describes the in-
plane sigma bonding arises from the dipole-dipole interaction between magnetic
moments associated with the spin motion of the electron and the nucleus and its
value decreases with increasing covalency [45]. The expected value of a’is
equal to 1 for 100% ionic character of the bonds and less than 1 for covalent
character and becomes smaller with increasing covalent bonding. The value of
in plane sigma bonding parameter o’ is estimated using the expression given

below.

g, —2.0023)
= A +(g —2.0023)+J'— +0.04
0.036 Il 7

The EPR parameters g;, g1, 4, and the energies of d-d transitions are
used to evaluate the bonding parameters o, > and y* which may be regarded as
measures of covalency in the in-plane o-bonds, in-plane n-bonds and out-of-
plane n-bonds respectively. The orbital reduction factors K, and K, calculated

using the following expressions [46].

E(d,y - dﬁ-,.l )

. A
K, =(g-2.0023)

81,
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AEd.d, —d. .)
24,

K =(g-2.0023)

]ﬁ:azﬂz
K =ady

/?0 is the spin-orbit coupling constant and has a value —828 cm’

for Cu(Il) & system.

where

Hathaway suggested that [47], for pure c-bonding K, = K,= 0.77 and for
in-plane n-bonding K< K, while for out-of-plane n-bonding K, < K. Herein
the compound [Cuy(BB),] (27), K| < K| indicates the presence of out-of-plane n-
bonding. The value of bonding parameters o, > and y* <1 confirms the covalent
nature of the complex. EPR spectral data and the bonding parameters are

summarized in Table 5.5.

The EPR spectra of the complexes [Cuy(BN),] (31) and [Cuy(BF),] (33)
in the polycrystalline state at 298 K suggest a dimeric structure as they are EPR
silent and exhibit no characteristic signal due to strong antiferromagnetic

interaction between the Cu(ll) centers.

However in frozen DMF at 77 K the EPR spectrum of [CuxBN),] (31) is
axial even though the hyperfine splittings are not very clear. The spectra typically
indicate a d_‘z_yr ground state in a square planar geometry (gy > g,> 2.0023). The f

value calculated for the complex [Cuy(BN)] (31) is 101 indicating negligible
distortion from planarity. They do not show half field signals and hyperfine features
typical for coupled binuclear complexes are absent which may be due to the possible

fragmentation in DMF at low concentrations or due to slight loss of magnetic coupling

of Applied Chemistry, (ochin University of Science
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The EPR spectrum of [Cu(BB)(phen)] (28) in DMF at 77 K. (Fig. 6.27) is
axial with four well-resolved hyperfine lines [***Cu, 7 = 3/2] corresponding to -3/2,
-1/2, 172 and 372 transitions in thc parallel region with the hyperfine splitting
constant 4. = 180 x 10 em'. The spectrum shows five nitrogen superhyperfine
lines in the perpendicular region which arise from the coupling of the electron spin

with the nuclear spin of the coordinating nitrogen atoms (equatorial) with the
superhypertine sphtting constant Al =17 x 10" em'. The spectra typically
indicate a d\-—‘-_r: ground state (g > g > 2.0023). The g > g_ values suggest a

distorted square pyramidal structure and rules out the possibility of a trigonal
bipyramidal structure tor which ¢ > g.is expected. Half field_signals are absent in
the spectra which shows that there is no significant amount of copper- copper
interaction and suggests monomeric structure. G > 4.4 also support the absence of
extensive metal - metal interaction. Thus the coordination polyhedron comprises of
onc phenanthroline nitrogen, an azomethine mtrogen, an enolate oxygen and a
phenolate oxygen of the hydrazone which form the base of the pyramid and the
remaining phenanthroline nitrogen occupies the axial position. as the results

obtained from the single crystal XRD results.

The EPR spectrum of the complex [Cu(BB)(Bipy)]-C-H:OH (29) in the
polycrystalline state at 298 K 1s 1sotropic in nature, consisting of a broad signal,
at g, —2.0913. The peak to peak line width AB,1s 6 mT. Such isotropic broad
spectra consisting of only onc signal arise from extensive exchange coupling
through misalignment of the local molecular axes between different molecules
(dipolar broadening) and enhanced spin lattice relaxation. These types of
spectra unfortunately give no information on the electronic ground state of the

metal ion present in the complexes.
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of copper - copper interaction and suggests monomeric structure. The
geometric parameter, G = 4.4 also support the absence of extensive metal -
metal interaction. Thus the complex has a distorted square pyramidal
structure similar to compound 28 with its axial position occupied by
bipyridyl nitrogen, and is confirmed by the results obtained from the single

crystal XRD data.

The EPR spectrum of the complex [Cu(BB)(pi)] (30) in the

polycrystalline state at 298 K is axial with weak hyperfine lines though the

splittings are not clear. The spectra typically indicate a d.rl—y‘ ground state

(gy > g.> 2.0023). Additional transitions occurs associated with AM, = + 2
values in the X-band spectra which generate an absorption at the half field
value of ca. 150 mT. The presence half field signal with g vatlue 4.030 is a
useful criterion for dipolar interaction arises from the coupling of the two
Cu(Il) centers which suggest a dimeric structure. Here G value = 3.25,
which also indicates Cu-Cu interaction. But from X-ray structural analysis it
is found that the compound has a monomeric structure. [t has been known
that if the separation between the two metal centers is less than 3.5 A an
interaction is expected. From the single crystal XRD results of crystal
packing the distance between two copper ions is less than 5 A. Here the
seven line hyperfine splitting is not observed. In addition the dihedral angle
between the two copper atoms and the connecting ligand atoms also play an
important role in deciding the extent of interaction. The observation g, > g,
values accounts to the distorted square planar structure and rules out the
possibility of a trigonal pyramidal structure. The estimated value of fis less
than 100 which also shows planarity of the molecule. These observations are

confirmed by single crystal XRD studies .
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Table 6.17. EPR spectral assignments and bonding parameters of
copper(1[) complexes in polycrystalline state at 298 K,
in DMF solution at 298 K and in DMF solution at 77 K.

e g 3% 3. 3 33 38

" Polycrystaline (298 K} T RE ML L TG e LRERITT i o R Do
a 2.166 2.209 2.160 2.221
a 2.057 2.066 2.060 2,071
Gool g 2.093 2.113 2,093 2.121
G 2.993 3.245 2733 3.183

OMF (77 K)
a 2187 2235 2240 2181 2158 2240 2179 2201
9 2027 2055 2057 2037 2046 2055 2022  2.043
g 2080 215 2118 2085 2083 2116 2074  2.068
A 2183 1800 1800 2333 2100 1780 2142 2150
f 1001 1241 1244 9348 1027 1250 1017 1023
e 0.8538 08164 08234 08928 0.8015 0.8167 0.8298  0.8692
i 08888 - 07289 07616 0922 0.7761
e 0.846 06425 08069 0.8683 0.7025
1 0.7257 06508 06104 0.753 0.6746
X, 0.6907 05736 06427 07091 - 0.6106

* Expressed in units of cm’ multiplied by a factor of 10,

6.3.3. Infrared spectra

Vibrational spectra of newly synthesized complexes have been recorded
in the region 4000-400 cm™ and a comparison of selected vibrational bands with
that of their respective free hydrazones gives an idea about the coordination
pattern of the ligands in the complexes. The selected IR bands of the hydrazones
and complexes and their tentative assignments are presented in Table 6.18 and

selected spectra in Figs. 6.38-6.42.

A careful analysis of the IR spectra of the hydrazone compounds H,BB,
H,BN, H,BF, H,SB and the metal complexes showed that upon complexation

significant variations have occurred in the characteristic frequencies.
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Table 6.18 IR data of the hydrazones and their copper(I1) complexes
with tentative assignments.

~ Compound . | VE=0)  WC-M VGNP v(Cu-B) N “::Z:‘:;f:;" vE-0)
H:BB 1680 1626 -~ 128 1365
[Cu{BBY] (27] 1601 1526 419 1130 - 1360
(CulBBIphen] (28] 1602 1507 410 1135  1420,725 1362
CulBBIbipy)-CzHsOH (28) 1604 1503 409 1155 1435735 1364
(Cu(BB)pil(30) 1609 1518 407 1145  1450,758 1357
HoBN 1687 1628 1125 1342
|CuzfBN)] (31) 1607 1518 414 1162 1335
(CuBNiphen}H:032) -~ 1608 1516 412 1145 1425720 1340
HaBF 1690 1625 1122 1345
(CuzlBFld (33) 1606 1538 407 1138 1342
HEN 1678 1622 - 1126 1334
[CulFN)2 (38) 1617 1533 420 1143 1330
[CulFNICI(H:0)]-2H-0(35) 1609 1526 418 1135 1328
(CualFN)lp-NCS! (36) 1618 1536 422 1124 1326
CusfNR (Nl (37)  — 1603 1522 413 1130 1320
H2SB 1650 1627 18 1348
(Cuz{SBY) (38) 1606 1530 408 1123 1332
(Cu(SB)ipill-H20 (39) 1608 1528 422 1132 1452736 1341

The medium bands due to v(O-H) observed at 3370, 3365, 3375, 3574
and v(N-H) at 3050, 3049, 3054, 3059 cm™ and a sharp band due to W(C=0)
seen around 1680 cm™, 1687 cm™, 1690 cm™, 1650 cm™ respectively in the
infrared spectra of the free hydrazones are absent or much shifted in all these
copper complexes. This is a clear evidence for the coordination through
deprotonated phenolate and enolate oxygens of the ligand and supports the fact
that imino] form predominates amido form during tautomerization of the ligand

and coordinates to the metal centre.
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6.3.4 Electronic spectra

Efectronic spectra of Cu(ll) complexes comprise bands due to
intraligand. charge transfer and d-d transitions. The significant electronic
absorption spectral data of the complexes in DMF or acetonitrile with their
possible assignments arc summarized in Table 6.19 and the spectra in (Figs.

6.43-6.46).

Table.6.19. Electronic spectrat assignments (cm") of Cu(Il) complexes

Compound Intraligand transitions LMCY d-d
[Cux(BB)2] (27 29899, 36149 25662
[CulBB)phen] (28) 30639, 31847, 37087 24515 14990
[Cu(BB)bipy]-CzHsOH (29) 30525, 31311, 37032 24573
[Cu(BB)pil {30} 30234, 31577, 36213 24878 15700
[Cu2(BN)21(31) 30162, 356213 25210 15850
{Cu{BNIphen}-H20(32} 30112, 31582, 36773 25436 15800
[Cu2{BF)2} {33) 30217, 31659, 36687 25476
[CulFNL2] (34) 29901, 39525 26525 14430
[CulFN)CI{H20}]-2H20 (35) 31055, 38314 24691 14531
[Cuz(FN)2{pi-NCS)2) (36) 31354, 38031 25545
[Cu2{FN}2 (1-N3)2] (37) 32467, 38022 25763
(Cu2ASB)2] (38)

[Cu(SB){pill-H0 {39) 30534, 32045, 39363 26023 15172

It is rather difficult to interpret electronic spectra of Cu(ll) complexes as
they possess flexible stereochemistry. The outer electronic configuration for
copper(ll) ion is 34" with *D as ground state term which will be split by an
octahedral field in to two levels "7, and "E,. So the expected excitation in an
octahedral ' system is from £, to T, results in a single absorption band.
However the geometry around copper(ll) ion lacks cubic symmetry and the
tetragonal distortion yields other distorted forms of basic stereochemistries.

Jahn-Teller distortions cause further splitting of the 3T31_. and 3Eg, So the possible

Department of Applied Chemistry, Cochin University of Stisnce and Tochnology
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Table 6.20. Electrochemical data of Cu(ll) complexes in DMF

. Compound: U EelVAX10% 7 UERlV(EAX 109
[Cu2(BB)2] {27} -0.15(2.52), 0.24 {2.02) 0.89{-4.17), -56.565 (-1.61)
[Cu{BB)phen] (28) 0.44 (2.39), -0.23 (3.86) 1.04 {-7.18), 0.31 (-3.26)
[Cu2(BN)21(31) -0.27 (26.01), -0.93 (23.52) -0.04 {-6.86), -0.67 (-2.45)
[Cuz(BF)] {33) 0.158 (2.51), -0.23 {2.980) 0.70(-4.37),-0.18 (-1.94)

[Cu{FN)CI{H:0}]-2H-0 {35} -0.13 (8.78}, -0.43 {8.67) -0.56 {-0.79}, 0.45 [-4.65)
[Cu2(FN)z (U-N3)] (37) 0.20{5.71), -1.17{1.54) 0.63 {-6.37), -0.27 (-3.36)

A comparative study of the cyclic voltammetric behavior of the
hydrazones with their metal complexes gives the information that redox
reactions of the metal complexes are metal centered and the potentials of the
metal centered oxidation and reduction reflect the influence of the electronic
nature of the ligand. The cyclic voltammograms of six Cu(Il) complexes were
studied and all of them consist of two reduction peaks and two oxidation peaks
corresponding to redox processes involved in the formation of Cu(II)/Cu(I) and
Cu(l)/Cu couple [1,58]. The electrochemical data of the hydrazone complexes
of Cu(ll) are given in Table 6.20 and the cyclic voltammograms for the
behaviors of the complexes 27, 28, 31, 33, 35 and 37 are shown in Figs. 6.49-
6.51. The cyclic voltammograms for the complexes show reversible reduction
waves in the range -1.17 to 0.44 V and reversible oxidation peaks in the range -
0.67 to 1.04 V and additional peaks observed are assigned to the ligand or
coligand based redox processes. For some complexes certain peaks are not well
resolved or even absent which may result from kinetic complications during

electron transfer, uncompensated solution resistance, etc.
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SYNTHESES AND SPECTRAL CHARACTERIZATION OF
In/Cd(ll) COMPLEXES OF SOME AROYLHYDRAZONES

7.1Introduction
7.2Experimental
7.3Results and discussion
Referentces

7.1 Introduction

Zinc plays either a structural or analytical role in several proteins.
Zinc(Il) ion provides a number of coordination compounds because of its
affinity towards different types of ligands and flexible coordination number
ranging from two to eight. It has been accepted 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-, S-, or 6- coordination [1]. Zinc is
able to play a catalytic role in the activation of thiols as nucleophiles at
physiological pH. Mononuclear zinc complexes may serve as model compounds
for zinc enzymes such as phospholipase C, bovine lens leucine aminopeptidase,
ATPases, carbonic anhydrases and peptide deformylase. Binuclear cores are
versatile active sites of many metalloenzymes and play essential role in
biological systems. Dowling and Perkin investigated Zn(Il) complexes with N,
O and S coordination to understand the reactivity of the pseudotetrahedral zinc
center in proteins [2]. Parrilha et al. reported an evaluvation of the analgesic and
anti-nociceptive activities of salicylaldehyde 2-chlorobenzoylhydrazone, its

regioisomer  salicylaldehyde  4-chlorobenzoylhydrazone, salicylaldehyde
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semicarbazone and their zinc(II) complexes [3]. Zn(II) complexes of furan-2-
aldehyde thiosemicarbazone (HL) have been synthesized and characterized [4].
Epstein ef al. reported chloroform-soluble Schiff-base Zn(II) or Cd(II)

complexes from a dynamic combinatorial library [5].

Cadmium is an extremely toxic element that is naturally present in the
environment and it is also formed as a result of human activities. This metal
competes with Zn and blocks active sites of metal-enzymes and as a relatively
soft acid it can dislodge Zn(Il) in cysteine-coordinated zinc compounds or Ca(Il)
ions in bone cells [6]. The development of chelating agents is essential for the
treatment of cadmium intoxication. /n vivo cadmium mobilization and an
assessment of cadmium chelating drugs have drawn the interest of many
biochemists [7]. Cadmium is well known to form complexes with acetates and
carboxy-ligands to yield both charged and neutral compounds [8]. The
possibility of forming structures with higher coordination numbers has resulted
in the observation of unusual coordination geometries about the metal atom and

formation of polymeric species [9].

Sen ef al. have reported the synthesis, spectral characterization and
crystal structures of two new octahedral cadmium complexes which are
synthesized using a tridentate hydrazone ligand and they are characterized by
elemental analysis, IR spectra, NMR spectra, thermal studies and finally the
structures have been determined by single crystal X-ray diffraction [10]. Reena
et al. reported synthesis, spectral and structural studies of cadmium(ll)
complexes derived from di-2-pyridyl ketone and N4-phenylsemicarbazide.
Some of them have dimeric structure and the coordination geometry around

cadmium(ll) is distorted octahedral, as obtained by X-ray diffraction studies

[11].

H
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There are several reports of the transition metal complexes including
some cadmium complexes containing different types of hydrazone ligands in the
literature [12,13]. Though cadmium has been known as a toxic metal and is
often associated with mercury and lead as one of the biologically harmful metal
ions, the cadmium(II) ion has recently been found to serve as the catalytic center

in a newly discovered carbonic anhydrase [10,14].

The filled d shell does not offer crystal field stabilization for Zn?' and
Cd*" ions and therefore coordination number and stereochemistry are determined
by the size of the Zn(Il) and Cd(11) cation and the steric requirements of the
ligands. In zinc and cadmium complexes, commonly found geometries are
tetrahedral and octahedral. Six coordinate complexes may be octahedral or

trigonal prismatic.

Complexes of group 12 metals, mainly zinc and cadmium can provide an
interesting range of stoichiometries depending on the preparative salt. Here we
report the synthesis and characterization of three each of Zn(If) and Cd(ll)

complexes of aroylhydrazones.
7.2 Experimental
7.2.1 Materials

All chemicals and reagents are of reagent grade quality.
2-Hydroxy-4-methoxybenzophenone (Aldrich), furan-2-carboxaldehyde
(Aldrich), nicotinic hydrazide (Aldrich), benzhydrazide (Aldrich), zinc(il)
acetate dihydrate (S.D. Fine) and cadmium(Il) acetate dihydrate (E-Merck) were
used without further purification. Methanol, ethanol and DMF were used as

solvents.
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7.2.2 Syntheses of aroylhydrazones
The syntheses of aroylhydrazones were done as described in Chapter 2.
7.2.3 Syntheses of Zn(I1)/Cd(II) complexes

[Zn(BB)], (40): To a solution of H,BB (0.346 g, | mmol) in methanol,
Zn(CH;CO0O),2H,0 (0.219 g, | mmol) in methanol was added. Yellow
amorphous product formed immediately which was filtered, washed with
methanol, followed by ether and dried over P4O\o in vacuo. Elemental Anal.

Found (Calcd.) (%): C, 49.05 (48.93), H, 3.01 (3.52), N, 12.50 (12.23).

[Zn(BN)], (41): Zn(CH;COO),2H,O (0.219 g, 1 mmol) in methanol
was added to the H,BN solution in methanot (0.347 g, | mmol) and stirred for
about one hour. The yellow product formed was filtered, washed with methanol,

followed by ether and dried over P4Oy in vacuo. Elemental Anal. Found

(Caled.) (%): C, 50.90 (50.37), H, 3.58 (3.94), N, 11.75 (11.75).

[Zn(FN),(H,O),] (42): To a hot ethanolic solution of HFN (0.215 g, 1
mmol), Zn(CH;COO0),-2H,O (0.219 g, 1 mmol) in ethanol was added and
refluxed for 4-5 h. The clear solution was kept at room temperature overnight.
Pale yellow crystalline product was filtered off and washed with ethanol,

followed by ether and dried over P,O, in vacuo. Elemental Anal. Found

(Caled.) (%): C, 52.04 (51.86), H, 3.83 (4.10), N, 7.18 (7.11).

[Cd(BB)], (43): The complex 43 was obtained by refluxing methanolic
solutions of H,BB (0.346 g, 1 mmol) and Cd(CH;COQ),-2H,O (0.266 g, 1
mmol) containing 2-3 mL of DMF for about 4 hours. The pale yellow colored
crystalline product separated was filtered, washed with methanol, followed by
ether and dried over P4Oq in vacuo. Elemental Anal. Found (Caled.) (%): C,
54.89 (55.27), H, 3.59 (4.06), N, 7.99 (8.06).
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[Cd(BN)]; (44): Methanolic solutions of H,BN (0.347 ¢, | mmol) and
Cd(CH;C0O0);2H,0 (0.266 g, 1 mmol) containing 2-3 mL of DMF was
refluxed for about half an hour. The bright yellow colored amorphous product
separated was filtered, washed with methanol, followed by ether and dried over
PO in vacuo. Elemental Anal. Found (Calcd.) (%): C, 54.89 (55.27), H, 3.59
(4.06), N, 7.99 (8.06).

[CA(FN);] (45): The aroylhydrazone, HFN (0.215 g, 1 mmol) was
dissolved in ethanol and DMF (10:1, v/v) and ethanolic solution of
Cd(CH;C0O0)y2H,0 (0.266 g, 1 mmol) was added to it and refluxed for 3-4
hours. Pale yellow product separated was filtered, washed with ethanol,

followed by ether and dried over P4O; in vacuo. Elemental Anal. Found
(Caled.) (%): C, 54.89 (55.27), H, 3.59 (4.06), N, 7.99 (8.06).

7.3 Results and discussion

Three each of Zn(II) and Cd(Il) complexes were synthesized using
different aroylhydrazones. They are quiet stable, yellow in color and soluble in
organic solvents like methanol, acetonitrile, DMF and DMSO. Based on the
elemental analyses, conductivity, magnetic susceptibility measurements and
spectral investigations, the complexes were formulated. Experimental and
calculated C, H, N values of the complexes are in close agreement in the case of
all the six complexes. The analytical data match with the stoichiometry
containing two molecules of coordinated water in compound [Zn(FN),(H,0);]
(42), which is further supported by thermal analysis. The molar conductivities
of the complexes in DMF (10‘3 M) solution were measured at 298 K with a
Systronic model 303 direct-reading conductivity bridge. The molar conductivity
values lie in the range 4-12 ohm™ cm” mol™ for complexes 40-45 which is much

less than the value of 65-90 ohm™ cm’ mol™ obtained for a 1:1 electrolyte in the
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same solvent [lS5] and so they are non-conducting in nature [16]. The

conductivity values are tabulated in Table 7.1.

Magnetic susceptibility studies indicate diamagnetic nature for all the
complexes which can be attributed to d'® outer electronic configuration of
Zn(I1)/Cd(IL).

Table 7.1 Molar conductivity measurements

Compound A
[Zn(BB)): {40) "
(Zn(BN))2{(41) 10
[Zn(FN)(H20):} (42) 12
[Cd(BB)]2(43) 9
[Cd(BN)). (44} 1
[CdiFN)2] (45) 10

"molar conductivity lin chm” cm? mol ") taken in 10° M DMF.

7.3.1 Infrared spectra

Vibrational spectra of newly synthesized complexes have been recorded
in the region 4000-400 cm™ and significant IR spectral bands of the complexes
are listed in Table 7.2. The significant bands in the IR spectra of the complexes
can be compared with those of the free ligands. They display certain changes,
from which we can derive some information about the nature of coordination
and their structure. Free hydrazones H,BB, H,BN and HFN showed strong
absorptions in the 1678-1690 cm™ region which are assigned to carbony! group.
The bands due to azomethine group are resotved around 1625 cm™ and medium
bands due to v(N-H) are seen in the range 3050-3440 cm™. These bands are
found to be absent or much shifted in the corresponding Zn(IF)/Cd(Il)
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complexes. Prominent bands occur at ca. 3370 and 3365 cm™ in the IR spectra
of the hydrazones H,BB and H,BN respectively due to v(O—H), which are absent

in their complexes.

Table 7.2 Selected [R bands (cm™) with tentative assignments of
Zn(IT) complexes

Compound viC=N}  v({C=N} v(C-0) v{Zn-0) v(Zn-N)
[Zn(BB}]2(40) 1602 1534 1239 519 467
[Zn(BN)2(41) 1602 1518 1239 512 451
[Zn(FN)2(H20)] {42} 1602 1518 1238 535 451
(Cd(BB)]2(43) 1602 1518 1238 512 467
(Cd{BN})2 {44) 1602 1518 1246 512 467
[Cd{FN)] {45} 1602 1518 1258 505 444

*newly formed

These are clear evidences for the coordination through deprotonated
phenolate and enolate oxygens of the ligand. This supports the fact that iminol
form predominates amido form during tautomerization of the ligand and
coordinates to the metal centre. Coordination of hydrazones to the zinc and
cadmium 1on through the azomethine nitrogen atom is expected to reduce the
electron density in the azomethine link and thus lower the v(C=N) absorption
frequency by 15-25 cm. Here this band undergoes a shift to a lower
wavenumber ca 1602 cm™ [17,18]. In the compound [Zn(FN),(H,0),] (42) a
broad band is seen at about 3439 cm™ due to coordinated water and is supported
by the data obtained from TG analyses. The above observations explain the
tridentate ligating nature of the hydrazone systems H,BB and H,BN with ONO
donor sites in complexes 40, 41, 43 and 44 and the bidenticity of the ligand HFN

with NO donor sites in complexes 42 and 45.
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Fig.7.1. IR spectrum of [Zn(BB)], (40).

In all complexes the newly formed -C=N-N=C— moiety gave bands at 1518
and 1534 cm” suggesting the change of bond order and strong electron
delocalization upon chelation [19,20]. A characteristic band of the free hydrazone
due to (N-N) at 1190 cm™ undergoes a shift to lower wavenumbers in the range
1160-1170 cm™ in complexes which indicates coordination through azomethine

nitrogen.
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Fig. 7.2. IR spectrum of [Zn(BN)]; (41).
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For all the complexes, phenolic C-O stretching occurs at lower wavenumber
when compared to that of the ligands thereby indicating the deprotonation and
coordination of phenolic OH. Appearance of new bands in the regions of 505-535
and 444-467 cm™ are assignable to v(Zn/Cd-0) and W(Zn/Cd-N) respectively. The
IR spectra of the complexes are shown in the Figs. 7.1-7.6.
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Fig. 7.3. IR spectrum of [Zn(FN),(H,0),] (42).
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Fig. 7.4. IR spectrum of [Cd(BB)], (43).
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Fig. 7.5. IR spectrum of [Cd(BN)], (44).
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Fig. 7.6. IR spectrum of [Cd(FN),] (45).
7.3.2 Electronic spectra

The electronic spectra of the ligands and complexes were recorded in
DMF solutions on a UVD-3500, UV-vis Double Beam Spectrophotometer. The
significant electronic absorption spectral data of the complexes in DMF or
acetonitrile with their possible assignments are summarized in Table 7.3 and the

spectra are shown in Figs. 7.7-7.9.
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Table 7.3 Electronic spectral assignments (cm™) of Zn(IT)/Cd(IT) complexes

Compound Intraligand transitions Charge transfer transition
[Zn(BB)]2 (40) 30915, 32115sh, 37727 26063, 27003
[Zn(BN)]z (41) 30855, 31735sh, 37533 24363sh, 25749, 26822
[Zn(FN)2(H:0)] (42) 33248, 37473 24616, 26822
[Cd(BB)]2(43) 31041, 32000sh,36087,37727  24550sh, 26256
[Cd(BN)|2 (44) 30602, 32181, 37800 25689, 27009
[Cd(FN)2] {45) 32501, 37680 24711, 26913

Zn(11) and Cd(II) ions have 4" configuration. Due to filled d orbitals, d-
d transitions are not expected in the case of Zn(I1)/Cd(Il) complexes. Mainly
these complexes are yellow colored and the colors of the complexes are
attributed to metal to ligand charge transfer transitions. MLCT bands which are
highly intense were observed in the range of 24360-27000 cm™ [21] and the
transitions occur between molecular orbitals which are essentially centered on
different atoms. Free hydrazones show electronic absorption spectral bands in

the region 29700-37100 cm™ which are due to n-n* transitions.

1.0
08 j —— [=(EB):
[Zs(BN)k
— s

0.6 4 -
. -

0.2

0.0 T ——

40000 30000 20000 10000

wave numbaer (em ')

Fig. 7.7. Electronic spectra of Zn complexes 40-43.
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The azomethine chromophore which is in conjugation with olefinic or
aryl groups change the spectrum significantly. Relatively weak bands due to n-
n* transitions are submerged by strong absorptions associated with m-n*
transitions [22].  These intraligand transitions are slightly shifted on
complexation [23] as shown in the Table 7.3. It is observed that the spectra of

the complexes are dominated by intense intraligand and charge transfer bands.

0.6

absorbance

0.4+

0.2

0‘0 T T T T 1
40000 35000 30000 25000 20000 15000

wavenumber (cm")

Fig. 7.8. Electronic spectrum of [Cd(BB)]; (43).
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Fig. 7.9. Electronic spectrum of [Cd(BN)]. (44).
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7.3.3 Thermal analyses

During the past few years, the thermal properties of metal complexes
have been investigated extensively as vne of the most interesting topics in the
field of coordination chemistry [24-26]. We have studied the thermal
decomposition of complexes to detect the presence of water and analyse its

mode of coordination to the central metal ion.
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Fig. 7.10. TG-DTG plots of [Zn(FN),(H.0),] (42).

Thermogravimetric analyses were carried out from 50 to 1000 °C under
nitrogen atmosphere. TG analyses of the complexes show that the compound
[Zn(FN),(H,0),] (42) contain water molecules in the inner coordination sphere of
the central metal ion [27] and first decomposition starts at 135 °C and a weight loss
is observed (weight% observed =6.1, calculated = 6.8). The anhydrous compound is
thermally stable only up to 400 °C. Above 400 °C the complexes begin to
decompose and the decomposition was not seen to be completed even at 1000 °C.
The residue after the decomposition is found to be the corresponding metal. The
observed value for the mass loss of the complex during decomposition agrees with
the theoretical value. TG-DTG plot of complex [Zn(FN),(H,0),] (42) is shown in
Fig. 7.10.
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SUMMARY AND CONCLUSION

Aroylhydrazones are known to be a class of versatile ligands, capable of
generating varied molecular architectures and coordination polyhedra.
Hydrazones are a class of azomethines having the group —C=N-NH-, are
interesting ligands in coordination chemistry. They are synthezised by the
condenzation reaction between a hydrazide and a carbonyl compound and are
distinguished by other members of this family by the presence of two
interlinking nitrogen atoms. When a ~C=0 group is incorporated in the
hydrazide part increases the electron delocalization and denticity of the
hydrazone and the resulting compound is known as an aroylhydrazone. Over the
past few decades, aroylhydrazones having general formula R-CO-NH-N=CH-R’
have been an important ligand construction unit in both the neutral and anionic
forms. These organic molecules with potential donor atoms in their structural
skeleton fascinate coordination chemists with their versatile chelating behavior.
The ligands are readily prepared from inexpensive starting materials, and their
electronic and steric properties can easily be modified and tuned by varying the
substituents in the acylhydrazine and acylhydrazone units. The substituents have
a clear effect on the catalytic activity as in the case of the copper-catalyzed
Ullmann reaction. Metal complexes of hydrazones have been used as
luminescent probes as well as molecular sensors. Amido-iminol tautomerism is
shown by aroylhydrazones and when aroylhydrazones coordinate to the metal in

the imino! form, the conjugation is improved thereby enhancing the nonlinearity.



Summary and Conclusion

Second-order nonlinear optical properties of copper and palladium complexes of
N-salicylidene-N-aroylhydrazines were studied by Cariati e al. and the results

showed that the complexes have considerable nonlinearity.

The thesis contains seven chapters and deals with the crystal structures,
spectroscopic and other physicochemical investigations of aroylhydrazones and
their mixed ligand metal chelates. We have synthezised five aroylhydrazones
and fortunately we could grow X-ray quality single crystals of all the five
compounds and analyzed the crystal structures of all of them. Metal complexes,
including mixed ligand metal chelates, of vanadium, manganese, cobalt, copper,
zinc and cadmium were synthezised and characterized. Crystal structures of five

copper, two vanadium and one cobalt complexes were resolved and analyzed.

Chapter 1 deals with an introduction to aroylhydrazones mentioning
amido-iminol tautomerism, geometrical isomerism, their mode of coordination
in complexes and applications in different areas. The objectives of the present
work and the details of various physicochemical techniques carried out for the
present investigation including X-ray crystallography are also presented in this
chapter.

Chapter 2 deals with the syntheses of five different aroylhydrazones and
their characterization by elemental analyses, FTIR, 'H NMR and UV-Vis
spectral studies. X-ray quality single crystals of all the five compounds were
grown and their crystal structures were analyzed using single crystal X-ray
diffraction studies. An interesting feature in the crystal packing of one of the
ligands is the interlinking between the molecular stacks via C-H---H-C dipolar

interaction.




Summary and Conclusion

The aroylhydrazones synthesized and their abbreviations follow

—

. 2-Hydroxy-4-methoxybenzophenone benzoylhydrazone (H.BB)

xS

. 2-Hydroxy-4-methoxybenzophenone nicotinoylhydrazone (H,BN)

3. N-2-Hydroxy-4-methoxybenzophenone-N’-4-nitrobenzoylhydrazone (H,BF)
4. Furan-2-carboxaldehyde nicotinoylhydrazone (HFN)

5. 5-Bromo-3-methoxysalicylaldehyde benzoylhydrazone (H,S)

Chapter 3 describes the syntheses and characterization of eight
vanadium complexes. X-ray quality single crystals of two compounds [one
oxidovanadium (V) and a second one dioxido vanadium (V)] were grown and
analyzed by single crystal XRD studies. The coordination geometry of the
complexes is found to be distorted square pyramidal. Three compounds are
vanadium(V) and are diamagnetic and the remaining five compounds are
paramagnetic in nature with vanadium in +4 oxidation state as seen from the
magnetic susceptibility measurements. All the complexes are characterized by
various physicochemical techniques such as elemental analyses, FTIR, EPR,
electronic spectral studies, thermogravimetric analyses, cyclic voltammetric
studies, conductance and magnetic susceptibility measurements. The molar
conductivity measurements in 10° M DMF solution reveal that all the
complexes are non-electrolytic in nature. The hydrazones are found to
coordinate in the amido form in one complex and in iminol form in all other
complexes. EPR spectra of the compounds in DMF at 77 K displayed axial
features with eight hyperfine splitting and in all complexes the gy < g; and A >
A, relationship, show an axially compressed d',, configuration. For dimeric
spectes EPR spectrum in polycrystalline state exhibits half field signal due to

spin-spin interaction.
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Summary and Conclusion

Chapter 4 deals with the syntheses and characterization of seven
manganese(1l/IV) complexes including mixed ligand complexes. The
complexes were characterized by elemental analyses, IR, UV-Vis, E'PR.spectraI
studies, thermogravimetric analyses, cyclic voltammetric studies, conductance
and magnetic susceptibility measurements. The molar conductivity
measurements in DMF (10 M) solution indicate that all the complexes except
one are non-electrolytes and the electrolyte is probably a 1:1 electrolyte.
Magnetic susceptibility measurements suggest that all the compounds are
paramagnetic with central metal atom having &*/d’ high spin configuration. The
EPR spectrum of most of the complexes in the polycrystalline state were very
broad and it is a characteristic feature of Mn(1I) complexes in the polycrystalline
state, which arises due to dipolar interactions and enhanced spin lattice
relaxation. The spectra in DMF revealed six line hyperfine splittings for two
complexes. In addition to the hyperfine pattern, a pair of low intensity lines is
found in between each of the two main hyperfine lines. These are the forbidden
lines corresponding to the mixing of the nuclear hyperfine levels with the zero
field splitting factor. The g value is very close to the free electron spin value of

2.0023 which is consistent with the typical Mn(Il).

Chapter 5 describes the syntheses and characterization of eleven
Co(II/I11) complexes. Heterocyclic bases and anions (azido and thiocyanato) are
also incorporated. All the compounds were characterized by various
spectrochemical studies as in the previous cases. Magnetic susceptibility
measurements revealed that Co(IIl) complexes to be diamagnetic and octahedral
and Co(Il) complexes are paramagnetic. The molar conductivity measurements
in DMF (10~ M) solution indicate that all the complexes are non-electrolytes.
The hydrazones are found to coordinate in anionic form in all the complexes as

evidenced by the IR spectral data.
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Summory and Conclusion

Chapter 6 deals with the syntheses and characterization of 13 Cu(Il)
complexes. Heterocyclic bases and anions {azido and thiocyanato) are also
incorporated. Among the neutral ligands, 4-pycoline, 1,10-phenanthroline and
2,2’-bipyridine have been used. In the case of monoanionic bidentate hydrazone
we incorporate different anions and pseudohalogens in to copper precursor
complexes. We could isolate single crystals of five of the copper complexes,
suitable for X-ray diffraction studies and crystal structures were solved by
direct method of SHELXS-97. The coordination geometries of the complexes
are found to be distorted square pyramidal and square planar. Packing in some
of the compounds is stabilized by strong © — x stacking interactions. In addition
to the & —  stacking interactions significant C—H---x interactions and hydrogen
bonding are also present. A very interesting feature in the crystal packing of one
of the compounds is C—H---H—C dihydrogen interaction which contributes to the

stability of crystal packing.

The effective magnetic moment {u.;) values for the mononuclear
copper(1l) complexes (& system) were found to be close to the spin only value,
which corresponds to a single unpaired electron. The jow magnetic moment
values for some complexes may be due to some interaction between metal
centers. IR spectroscopy could be used as a very valuable tool to get
information regarding the coordination mode of the anionic coligands. In the
electronic spectral studies, the broadness of the d-d transitions restricted the
assignment of the three d-d transitions. EPR spectra of the complexes were
taken in polycrystalline state at 298 K and in DMF at 77 K. The g/ > gl >
2.0023 indicate that in most of the complexes the unpaired electron in Cu(ll)

resides in the ground state d , ,orbital. Half field signals due to the spin-spin
X-y
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Summary and Conclusion

interaction of two copper centers are obtained for some of the complexes. This
is a good evidence for the dinuclear species.

Chapter 7 describes the syntheses and characterization of three Zn(lI)
complexes and three Cd([1) complexes. The characterization techniques include

elemental analyses, FTIR, electronic spectral studies, thermogravimetric

analyses and conductance measurements. All the complexes are non-electrolytic

in DMF.
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