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PREFACE

Coordination chemistry has evolved as an important subject area in
current research activities.  Coordination complexes show diversity in
structures depending on the metal ion, its coordination number and the
denticity of the ligands used. This has led to their usage as sensors, medicines
etc. The presence of more electronegative nitrogen and oxygen on the ligand
Is established to enhance the coordinating possibilities of ligands. In this
aspect, a great deal of attention has been focused on the complexes formed by
transition metal ions with hydrazones. Recent years witnessed an intensive
investigation of the coordination chemistry of Schiff bases due to their
interesting coordination properties and diverse applications.

The chemistry of hydrazones has received considerable attention due
to their proliferate applications. The transition metal complexes of them

found applications in biology, medicine and industry.

The present work deals with the complexation of hydrazones with
various transition metal ions. Complexes of vanadium(lV), manganese(ll),
cobalt(ll), copper(ll) and zinc(ll) have been prepared. Various spectral

techniques are employed for characterization.

The work is presented in seven chapters and the last section deals
with summary and conclusion. The studies reveal that the acylhydrazones
coordinate in different modes depending on the reaction conditions,

resulting in complexes with varying geometrical configurations.

The work in this thesis was carried out by the author in the
Department of Applied Chemistry during 2006-2010. The primary aim of
these investigations was to probe the physicochemical studies of

hydrazones and their transition metal complexes.
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A CONCISE OF ACYLHYDRAZONES
AND THEIR METAL COMPLEXES
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1.1. Introduction

Coordination chemistry is a challenging field in inorganic chemistry and has
evolved as an important subject area in current research activities. Coordination
compounds have been known for well over a century and the scientific interest in
these compounds increased dramatically. The field of coordination chemistry has
been widely explored. The recent surge in the popularity of coordination
compounds is their perceived applications in many areas such as catalysis,

analytical chemistry and medicine [1].

Coordination complexes show diversity in structures depending on the metal
ion, its coordination number and the denticity of the ligands used and therefore, the
selection of ligand is crucial in determining the properties and structures of
coordination compounds. The presence of more electronegative nitrogen and oxygen

on the ligand is established to enhance the coordinating possibilities of ligands. Hence
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the coordination chemistry of nitrogen-oxygen donor ligands is an interesting area of
research. In this aspect, a great deal of attention has been focused on the complexes
formed by transition metal ions with acylhydrazones. In view of their applicability in
various fields, acylhydrazones, with triatomic >C=N-N< linkage, take the forefront

position in the development of coordination chemistry [2].
1.2. Acylhydrazones

Hydrazides with general formula, NH,—~NH-R, are derived from hydrazines
(NH,—NH,) by suitable substitution. Hydrazones are compounds obtained by the
reaction of hydrazides with aldehydes or ketones (Scheme I). If the substituent R
is an acyl group, then it is called acylhydrazone. The —C=O group provides the
possibility for the electron delocalization within the hydrazone moiety and also,

increases the denticity of these compounds (Fig. 1.1).

H,N——NH, R

R1
Hydrazine Hydrazide Hydrazone
Scheme I
R, NH Rs
Y\ N pd T
Ro )

Fig. 1.1. General formula of a substituted acylhydrazone.

The amide oxygen and azomethine nitrogen are the available donor sites
present in the acylhydrazone compounds. Further, the number of coordination
sites can be increased by the suitable substitution on the hydrazone framework.
Consequently, the acylhydrazones can chelate to various metal ions, forming
complexes with flexible stercochemistries, applications and with enhanced

bioactivity compared to the parental ligands. The acylhydrazones attribute more

2
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than two coordination sites, the number of which depends on the carbonyl

compound and on their tautomeric equilibrium [3,4].

One important facet of acylhydrazones is their ability to exist in tautomeric
forms (Fig. 1.2). The existence of tautomeric equilibrium in these compounds
makes it possible to obtain coordination compounds containing either neutral keto
form or deprotonated enol form. The tautomerism as well as the renowned
transition metal chelating properties of these compounds allows various structural

possibilities for the corresponding metal complexes [5].

RlY\N/NHTR3 RlY\N/N\(Rs
O R2 OH

Rz
Keto form (I) Enol form (II)

Fig. 1.2. Tautomerism in acylhydrazones.

The synthesis of transition metal complexes with ligands of nitrogen and
oxygen donors has stimulated interest due to their vast variety of biological
activities such as pharmacological, antitumor, fungicide, bactericide, anti-
inflammatory and antiviral. These effects are based on their tendency to form
metal chelates with transition metal ions. The reaction of acylhydrazones with
transition metal ions can proceed according to two pathways attaining the ketonic

or enolic structure of the hydrazide part of the molecule.
1.3. Importance of acylhydrazones

In the last two decades, much interest has been focused on compounds
containing hydrazide and hydrazone moieties and their complexes with first row
transition metal ions. Such interest has been growing due to their use in medicine

(for treatment of tuberculosis), biological systems and analytical chemistry [6-9].

The coordination chemistry of acylhydrazones is an intensive area of study

and numerous transition metal complexes of these ligands have been investigated.
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Many researchers have synthesized a number of new acylhydrazones because of

their ease of synthesis.

Interest in coordination chemistry of acylhydrazones is connected with their
wide using as drugs, photo-thermochromic compounds and precursors for organic
synthesis [10-13]. In the case of acylhydrazones, the presence of the carbonyl
oxygen atom promotes the formation of a chelate binding center [3].
Acylhydrazones and their metal complexes possess pronounced biological and
pharmaceutical activities as antitumor [14-16], antimicrobial [17], antituberculosis
[18] and antimalarial agents [19]. Patole et al. have screened the 2-acetylpyridine
benzoyl hydrazone and its copper complex for their antitubercular activity [18].
The results were found to be comparable with the drug Ciprofloxacin. The
antituberculous activity of hydrazides and hydrazones was ascribed to their ability
to form more or less stable chelates with the transition metal ions. Hydrazones
play an important role in improving the antitumor selectivity and toxicity profile
of antitumor agents by forming drug carrier systems employing suitable carrier

proteins [20].

Furthermore, some hydrazones are used as quantitative analytical reagents,
especially in colorimetric and fluorimetric determinations of metal ions.
Salicylaldehyde formyl hydrazone is one of the most sensitive reagents for the
fluorimetric determination of aluminium. They are also employed as extracting
agents in spectrophotometric determination of some ions [21-23] and
spectrophotometric determination of some species in pharmaceutical formulations
[24], as well as used in catalytic processes [25,26] and waste water treatment [27].
The 2,2’-bipyridyl-2-pyridyl hydrazone (BPPH) can be used as a reagent for the
spectrophotometric determination of cyanocobalamine and of cobalt in sea water

and brine.

Hydrazones, such as pyridoxal isonicotinoyl hydrazone, salicyladehyde
benzoyl hydrazone and 2-pyridyl carboxaldehyde-2-thiophene carboxaldehyde

hydrazone, act as orally effective drugs for the treatment of iron overload diseases or
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genetic diseases such as P-thalassemia [28,29]. Metal complexes of acylhydrazones
have found applications in various chemical processes like nonlinear optics, sensors
etc. [30] and have been used in the separation and concentration of palladium and

platinum in road dust [31].

Hydrazones have found wide applications in synthetic chemistry [32], to be
used as indicators. Hydrazones are now being used extensively in detection and
quantitative determination of several metals, for the preparation of compounds
having diverse structures, analytical chemistry for the identification and isolation

of carbonyl compounds [33].

The hydrazones have been used for different purposes such as herbicides,
insecticides, nematocides, rodenticides and plant growth regulators [34]. The
hydrazones are also important for their use as plasticizers and stabilizers for

polymers [35], polymerization initiators and antioxidants [36].

Quinolines are heterocyclic compounds, which are worth to study for many
reasons, chief among them being their prevalence among biologically active
molecules. Derivatives of quinoline have been widely used in the synthesis of

antibacterial, antihypertensive and antifungal drugs [37].

These molecules possess non-centrosymmetry and hence they are widely
used in the synthesis of molecules having non-linear responses [37,38]. Molecular
based second-order nonlinear optical (NLO) chromophores have recently attracted
much interest because of their potential applications in emerging optoelectronic
technologies. As for molecular design of new non-linear optical materials based
on quinoline, the pyridine ring can be thought of as an acceptor group within the
molecule, with the benzene ring as a donor. Increasing the acceptor character of
the pyridine ring and/or increasing the donor character of the benzene ring would,

therefore, substantially increase the non-linearity of this class of compounds [39].

More recently, 8-hydroxyquinoline aluminum has been widely used as the

emissive and electron transporting material in organic light emitting devices [40,41].
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El-Sonabati et al. [42] reported the supramolecular structures and stereochemical

versatility of azoquinoline containing novel rare earth metal complexes.

Schiff bases containing the RC=N- group constitute an interesting class of
chelating agents capable to coordinate with one or more metal ions giving
mononuclear or polynuclear metal complexes, which serve as models for
metalloproteins [43]. It has been suggested that monoamine oxidase enzyme
inhibition occurs via metal Schiff base complex formation [44]. Copper(Il)
salicylaldehyde benzoyl hydrazone [45] and 2-pyridine carboxaldehyde—2-pyridyl
hydrazone [46] have been reported to produce significant inhibition of tumor

growth [47].

Recently, complexes of zinc(Il) with di-2-pyridyl ketone benzoyl hydrazone
and complexes of nickel(Il) with di-2-pyridyl ketone salicyloyl hydrazone were
used to develop a highly sensitive spectrophotometric method [48,49]. Selective
Zn*" fluorescent sensors, di(2-quinolinecarbaldehyde)-2,2 -bibenzoyl hydrazone
and di(2-quinolinecarbaldehyde)-6,6 -dicarboxylic acid hydrazone-2,2 -bipyridine,
have been designed and prepared. Zinc binding red shifts the emission band and
also enhances the fluorescence intensity by an order of magnitude based on the

deprotonization strategy via self-assembly.

The most widely used fluorescent probes for Zn®" are N-(6-methoxy-8-
quinolyl)-p-toluenesulfonamide and its congeners, which are quinoline derivatives
bearing sulfonamide groups that give substantial fluorescence enhancement upon
Zn(11) bonding [50]. Richardson et al. have designed and patented a novel class of
ligands based on 2-pyridinecarbaldehyde isonicotinoyl hydrazone (HPCIH), that have

shown great promise in vitro, demonstrating a high iron chelation efficacy [51,52].
1.4. Bonding and coordination strategy of acylhydrazones

The mode of bonding depends on the nature of both the ligand and metal
ions, the anion of the metal salt and the solvent used. Based on the previous

studies, the extent of pm-dn interaction between the hydrazone group and the
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central metal ion is determined by the type and position of the different

substituents relative to the parent hydrazine compound.

Also, the stability of the hydrazone chelates is higher than that of the
corresponding hydrazine compounds and depends on the different substituents.
For the same metal ion, the stability of the chelates is highly affected by the nature

of the donor atoms and the medium of the reaction.

Depending on the reaction conditions and the stability of the metal complex
formed, the acylhydrazones show a variety of coordination modes with the metal.

The number and type of the substituents also influence the coordination mode.

If the carbonyl compound contains a pyridine ring or derivatives of pyridine
viz. 2-benzoylpyridine, pyridine-2-carbaldehyde and quinoline-2-carbaldehyde,
then the acylhydrazone can act as a tridentate ligand. The expected coordination
sites are azomethine nitrogen, amide oxygen and the ring nitrogen in the carbonyl

compound.

The amide oxygen can coordinate to the metal either in enolate form
(Structure I) or in keto form (Structure II). If the medium of the reaction is acidic,
then the deprotonation will not be easy and therefore, in such cases, coordination
with neutral keto form is expected. In some cases, along with the principal ligand,

coligands such as anions may be present in order to make the complex neutral.

<

<

/

!

i o

N o
N/

\NR H

Structure I Structure 11
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Sometimes, two ligands may coordinate to the same metal and six

coordinate tetragonal geometry is expected (Structure I1I).

Structure 111

In some other cases, an atom or group may act as a bridging ligand and the

resulting complex will be a dimer (Structure IV).

Structure IV

If the hydrazide part of the ligand contains a heteroatom, it may also involve in
coordination. If it is a nicotinoyl derivative, the presence of nitrogen at the meta
position of the ring will provide an additional coordination site. Usually this donor
atom does not involve in coordination to the metal in the same molecule, but it can

coordinate to the adjacent metal centre giving a polymeric compound (Structure V).
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-~

Z/Z o
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Structure V
1.5. Objectives of the present work

Acylhydrazones and their coordination compounds are well known to be
biologically important and interest in studying this class of compounds lies in their
antibacterial, antitumour and antitubercular activities. Also, they have been used
as analytical reagents and also as polymer-coatings, inks, pigments and fluorescent
materials. So acylhydrazones constitute an important class of nitrogen-oxygen

donor ligands.

The versatile applications of metal complexes of acylhydrazones in
various fields prompted us to synthesize the tridentate NNO-donor hydrazones
and their metal complexes. As part of our studies on transition metal
complexes with these ligands, we undertook the current work with the

following objectives:

The present work is mainly concerned with the studies on metal complexes
of acylhydrazones derived from quinoline-2-carbaldehyde. Here, quinoline-2-
carbaldehyde benzoyl hydrazone (HQb) and quinoline-2-carbaldehyde nicotinic
hydrazone (HQn) were selected as the ligands.

The composition of these hydrazones was determined by the partial

elemental analyses. For the characterization of these compounds, IR, UV and



Chapter -1

NMR spectroscopy were used. The molecular structure of HQb-H,O was obtained
by single crystal XRD studies.

The coordination modes of the ligands with transition metals have been

investigated by using different physicochemical techniques.

In the present study, oxovanadium(IV), manganese(Il), cobalt(Il),
copper(Il) and zinc(Il) complexes of these ligands were prepared. They were
characterized by various spectroscopic techniques, magnetic studies and cyclic
voltammetry. Single crystals of some of the metal complexes were isolated,
but due to the low quality, they did not diffract and the XRD studies were
failed.

This thesis is divided into seven chapters.

Chapter I, entitled ‘a concise of acylhydrazones and their metal complexes’
describes importance of acylhydrazones, their mode of coordination and the
relevance of present investigation. Brief introduction to the different analytical

techniques for the characterization is also presented in this chapter

Chapter II explains the preparation of the acylhydrazones and their

physicochemical investigations.

Chapters III, IV, V, VI and VII discuss the procedure followed for the
preparation of the complexes of oxovanadium(IV), manganese(Il), cobalt(Il),

copper(Il) and zinc(II) and their physicochemical investigations.
1.6. Physical measurements

The physicochemical methods adopted during the present investigation are

discussed below:
1.6.1. Partial elemental analyses

Elemental analyses were carried out using Vario EL III CHNS analyzer at the

Sophisticated Analytical Instruments Facility, Kochi, India.

10
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1.6.2. Conductivity measurements

The molar conductivities of the complexes in dimethylformamide (DMF)
solutions (10” M) at room temperature were measured using a direct reading
conductivity meter at the Department of Applied Chemistry, CUSAT, Kochi,

India.
1.6.3. Magnetic susceptibility measurements

The magnetic susceptibility measurements were done in the
polycrystalline state at room temperature on a PAR model 155 Vibrating Sample
Magnetometer at 5 kOe field strength at the Indian Institute of Technology,

Roorkee, India.
1.6.4. Infrared spectroscopy

IR spectra were recorded on a Thermo Nicolet AVATAR 370 DTGS
model FT-IR Spectrophotometer in the range 4000-400 cm™ with KBr pellets
and ATR technique at the SAIF, Kochi, India. The far IR spectra were
recorded using polyethylene pellets in the 500-100 c¢m™ region on a Nicolet
Magna 550 FTIR instrument at the SAIF, Indian Institute of Technology,
Bombay, India.

1.6.5. Electronic spectroscopy

UVD-3500, UV-vis Double Beam Spectrophotometer was used to record
the electronic spectra from acetonitrile/DMF solutions in the range 50000-11000

cm™ at the Department of Applied Chemistry, CUSAT, Kochi, India.
1.6.6. NMR spectroscopy

'H NMR, "C NMR, 'H-'"H COSY and HSQC spectra were recorded using
Bruker AMX 400 FT-NMR Spectrometer with DMSO-d; as solvent and TMS as
the internal standard at the Sophisticated Instrumentation Facility, Indian Institute

of Science, Bangalore, India.

11
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1.6.7. EPR spectroscopy

The EPR spectra of the polycrystalline samples at 298 K and DMF solution
at 77 K were recorded in the X-band, using 100 kHz modulation; g factors were
quoted relative to the standard marker TCNE (g = 2.00277), at the SAIF, IIT
Bombay, Mumbai, India.

1.6.8. X-ray crystallography

The data were collected using Oxford Diffraction Xcalibur-S diffractometer,
equipped with graphite-monochromated Mo Ka (A = 0.71073 A) radiation at the
National Single Crystal X-ray Facility, IIT Bombay, Mumbai, India. The intensity
data were collected at 120(2) K by the w/g-scan mode. The cell refinement was
done using the CrysAlis RED software [53]. The structure was solved by direct
methods with the program SHELXS-97 and refined by full matrix least squares on
F? using SHELXL-97 [54]. The graphical tool used were Diamond version 3.1f
[55] and Mercury [56].

1.6.9. Cyclic voltammetry

Cyclic voltammograms were recorded on a CHI II20A electrochemical
analyzer with a three electrode compartment consisting of a platinum disc working
electrode, platinum wire counter electrode and Ag/Ag" reference electrode, at the
Department of Chemistry, Bharathiar University, Coimbatore, India. The
solutions of complexes in DMF have been used to study the electrochemical
properties using TBAP (tetrabutylammonium phosphate) as the supporting
electrolyte. The voltammogram is run between the potentials of —200 and +200

mV at a scan speed of 100 mV/s.
1.6.10. Thermogravimetric Analysis

TG-DTA-DTG analyses of the hydrazones and their complexes were carried
out under nitrogen at a heating rate of 10 °C min" using a Perkin Elmer Pyris

Diamond TG/DTA analyzer.

12
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SYNTHESES AND CHARACTERIZATION OF
ACYLHYDRAZONES
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Quinoline-2-carbaldehyde benzoyl hydrazone
sesquihydrate (HQb-1.5H,0)

Quinoline-2-carbaldehyde nicotinic hydrazone
sesquihydrate (HQn-1.5H,0)
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2.1. Introduction

The hydrazones are formed by the condenzation of hydrazides with aldehydes
or ketones. Acylhydrazones of heterocyclic ketones and aldehydes have prospective
importance because they possess a broad spectrum of potentially useful biological
activities. Hydrazide and hydrazone derivatives have interesting ligation properties
with transition metal ions. Acylhydrazones and their metal complexes were widely
studied due to their versatile applications in the field of analytical and medicinal
chemistry [1-6]. The metal complex is found to be more active than the free ligand
and some side effects may decrease upon complexation. The biological activities of

many of these compounds were shown to be related to their metal chelating abilities.

Hydrazones have similarities in their donor properties with unsymmetrical
salen (condensation product of salicylaldehyde and 1,2-diaminoethane) type
ligands. Recently it was reported that such ligands, like non-symmetrical salens,

can act as effective catalysts towards alkene epoxidation [7].

In analytical chemistry, hydrazones find wide applications as transition

metal binders [8,9]. Studies have also shown that the azomethine nitrogen, which
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has a lone pair of electrons in an sp” hybridized orbital, has considerable biological

importance [10].

Acylhydrazone complexes of transition metal ions are known to provide useful
models for the elucidation of the mechanism of enzyme inhibition by hydrazine

derivatives [11,12] and for their possible pharmacological applications [13,14].

This chapter describes the synthesis and characterization of acylhydrazones.
We synthesized two heteroacylhydrazones, which are derived from quinoline-2-

carbaldehyde.
They are

a) Quinoline-2-carbaldehyde benzoyl hydrazone (HQb)
b) Quinoline-2-carbaldehyde nicotinic hydrazone (HQn)

Both the hydrazones consist of two nitrogen and one oxygen atoms, capable

of coordination with the metal ion.

They were characterized by IR, electronic and NMR spectroscopy. Also,
the crystal structure of quinoline-2-carbaldehyde benzoyl hydrazone monohydrate

is reported.

2.2. Quinoline-2-carbaldehyde benzoyl hydrazone sesquihydrate
(HQb:1.5H,0)

The compound quinoline-2-carbaldehyde benzoyl hydrazone (Fig. 2.1) was
prepared by refluxing equimolar solutions of benzhydrazide and quinoline-2-

carbaldehyde in methanol.

Fig. 2.1. Quinoline-2-carbaldehyde benzoyl hydrazone (HQDb).
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2.2.1. Experimental
2.2.1a. Materials

All the chemicals and solvents used for the syntheses were of analytical
grade. Quinoline-2-carbaldehyde (Sigma Aldrich) and benzhydrazide (Sigma

Aldrich) were used as received.
2.2.1b. Synthesis

Benzhydrazide (0.272 g, 2 mmol) dissolved in methanol (20 ml) was added
to a hot solution of quinoline-2-carbaldehyde (0.314 g, 2 mmol) in the same
solvent (20 ml). Two drops of glacial acetic acid were added to the reaction
mixture. Then the above solution was refluxed for 4 hours and cooled to room
temperature. The pale yellow product formed was filtered off, washed with
methanol and dried over P4Oy in vacuo. Yield — 84%, m.p. 143-145 °C.
Elemental Anal. Found (Calcd) %: C, 67.81 (67.54); H, 4.86 (5.33); N, 14.40
(13.90) for C7H13N;0-1%2H,0. % H,0 8.50 (8.91) from TG data.

Colorless needle-like single crystals suitable for X-ray diffraction studies
were obtained by the slow evaporation of its solution in ethanol.

The reaction scheme is depicted in the Scheme 1.

NH o]
H o H,NT
N o) H' N NH
/Y \): = Reflux, 4 h /Y \’/\N/
| b [ | !
N e KA °
Quinoline-2-carbaldehyde Benzhydrazide Quinoline-2-carbaldehyde benzoyl hydrazone

(HQb)

Scheme 1.
2.2.2. Infrared spectrum

Infrared spectral data give details about the characteristic groups present in
the compound. IR spectral analysis was done using KBr on Thermo Nicolet

AVATAR 370 DTGS FT-IR spectrophotometer.
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The band at 1655 cm™ is attributable to the presence of carbonyl group in
the compound which authenticates the existence of keto form in solid state and the
crystal structure confirms this assignment. The amide-II band which occurs due to
interaction between the N—H bending and the C—N stretching of the C—N—H group
is found at 1542 cm™. The C=N stretching band appears at 1593 cm™. The band
at 3193 cm’' is assigned for the N-H stretching frequency. Aromatic C—H
stretching bands occur around 3055 cm™. Carbon to carbon stretching vibrations
within the ring occur at 1461 cm™. The O-H stretching vibration of the water
molecule is observed as a distinct peak at 3380 cm™ and the decrease in the value
is due to the involvement of the water molecule in intermolecular hydrogen

bonding [15-17]. IR spectrum of HQb-1.5H,0 is shown in Fig. 2.2.

100
80 /

60

40 -

% transmittance

20

o+
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm™)
Fig. 2.2. IR spectrum of HQb-1.5H,0.

2.2.3. Electronic spectrum

The electronic spectrum of the compound was recorded in acetonitrile
solution on a UVD-3500 UV-vis Double Beam Spectrophotometer. The spectrum

is presented in Fig. 2.3.
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The 7—z* transitions are observed in the 32000-44000 cm™ region and the

n—* transitions are observed in the region of 32000-29000 cm™ [17,18].

1.0 1
A (€m?)
43790
0.8 1 41640
35860
o 32580
e 0.6+ 31690
g 30430
o 29130
8 0.4 -
©
0.2
0.0 T T T T T T T I T 1
45000 40000 35000 30000 25000 20000

wavenumber(cm™)

Fig. 2.3. Electronic spectrum of HQb-1.5H,0.

2.2.4. NMR spectral studies

Nuclear magnetic resonance spectroscopy is a helpful tool for the
identification of organic compounds in conjugation with other spectrometric

information.

The '"H NMR, *C NMR, COSY and HSQC spectra were recorded with
DMSO-d¢ as solvent and TMS as the internal standard at the Sophisticated
Instruments Facility, Indian Institute of Science, Bangalore, India. The
numbering scheme adopted for the NMR spectral assignments is shown in

Scheme II.
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[
H 3 2 H
e i
H/5\T¢?\N¢9\1‘04§\N/11\1”2/1?&\\1'6/'_'
1 3
I
Ho
H
Scheme II.

2.2.4a. "H NMR spectrum

A sharp singlet, which integrates as one hydrogen at & = 12.21 ppm is
assigned to the proton attached to the nitrogen atom N(3). From the crystal
structure, it is evident that this proton is involved in hydrogen bonding with
water molecule. The hydrogen bonding decreases the electron density around

the proton and thus moves the proton absorption to a lower field [15].

Upon addition of D,O, the intensity of this signal significantly decreases,
which suggests that this proton is easily exchangeable and confirm the
assignment. Absence of any coupling interactions by N(3)-H due to the
unavailability of protons on neighboring atoms render singlet peak for the
imine proton. The presence of electron withdrawing azomethine group near to

the C(10)—H proton leads to its resonance as a singlet at 8.62 ppm.

Aromatic protons resonate in the range of 8.42-7.55 ppm [15,19]. The
doublet at 6 = 7.95 ppm, which integrates as two hydrogens, is assigned to the
ortho protons C(13)-H and C(17)-H in the phenyl ring. Coupling of these
protons with the neighboring protons, C(14)-H and C(16)-H respectively, splits
their signals into doublets. A triplet at & = 7.55 ppm corresponds to the meta
protons and the para proton C(15)-H resonates as a triplet at d = 7.63 ppm. The
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two triplets at 6 = 7.63 and 7.78 ppm are assigned to the protons C(4)-H and
C(5)—H respectively.

The resonances for C(1)-H and C(2)-H protons, due to coupling with
each other, appear as doublets at & = 8.13 and 8.42 ppm respectively. These
protons are shifted lower field due to the presence of ring nitrogen. Two
doublets at & = 8.00 ppm and 6 = 8.04 ppm are assigned to the C(3)-H and
C(6)-H protons respectively [15,20]. The 'H NMR spectrum of HQb-1.5H,0
in DMSO is given in Fig. 2.4.

87 86 85 84 83 82 81 80 79 78 77 6 15
ppm

. {1
__Ji\ . JIUU‘ J\.. — J';.Jl i

R REAARALY Lt i Wbl W AAAAM) Libbiiddnd :  Ebiadidd thbiit] Backbi L pbbit LA M
15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 ppm

Fig. 2.4. "H NMR spectrum of HQb-1.5H,0.
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2.2.4b. 'H-'H COSY

The COSY spectrum reveals the '"H-'H coupling interactions in a molecule.
It is usually plotted as three-dimensional contours, where the conventional

spectrum is represented along the diagonal.

The cross-peaks along both the sides of the diagonal identify the nuclei that
are coupled to each other, while the protons that are decoupled from the adjacent
ones due to the lack of a-protons will show no correlation in the spectrum. Thus
N(3)-H and C(10)-H protons do not show cross peaks in the COSY spectrum of
HQb-1.5H,0.

The above assignments of proton NMR spectrum are confirmed by 'H-"H
correlation spectroscopy. The absence of any off-diagonal peaks at § = 12.21 and
8.62 ppm confirms their assignments to N(3)-H and C(10)-H protons
respectively. COSY spectrum turns out very helpful in the accurate assignments

of proton resonances in the aromatic region.

The doublet of the protons C(13)-H and C(17)-H (7.95 ppm) show
coupling interactions with the triplet at 6 = 7.55 ppm [C(14)-H and C(16)-H].
Resonances at 8.13 ppm [C(1)-H] and 8.42 ppm [C(2)-H] show some interaction
with each other, which means that they are attached to the neighboring carbon
atoms. However, extending horizontal and vertical straight lines drawn from
6 = 8.00 ppm [C(3)-H] encounter cross-peaks at 6 = 7.63 ppm [C(4)-H]. Also the
triplet at 6 = 7.78 ppm [C(5)-H] show coupling interaction with the doublet at
6 = 8.04 ppm [C(6)-H].

The schematic contour plot of 'H-'H COSY experiment of the hydrazone
along with the observed 'H / 'H couplings is given in Fig. 2.5.
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W ? i - B.8

g.8 8.6 8.4 B.2 8.0 7.8 7.6 7.4 Fpm

Fig. 2.5. '"H-'"H COSY spectrum of HQb-1.5H,0 along with the observed
'H / 'H couplings.
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Based on "H NMR and "H-'H COSY spectra, the different protons of HQb

are assigned as shown in Fig. 2.6.

8.00 8.42
H H
763 | | 813 o
H 3 2 H :
L R VN N M
7.78 s s
1 3
H H | 13 __15 763
H ~L T~
8.04 862 1221 H/ 1|4 H
7.95 H
7.55

Fig. 2.6. '"H NMR spectral assignments of HQb.

2.2.4c. BC NMR

The *C NMR spectrum provides the direct information about the carbon
skeleton of the molecule. The C NMR spectrum was assigned on the basis of
proton decoupled *C spectrum. The *C NMR spectrum of HQb (Fig. 2.7) contains

17 peaks corresponding to the 17 magnetically unique carbon atoms.

Bl i1
, o e SN '-_\).i"u I J e

165 160 155 150 145 140 135 130 125 120 ppm

Fig. 2.7. >C NMR spectrum of HQb-1.5H,0.
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The carbonyl carbon C(11) resonates at 163.50 ppm and the azomethine
carbon C(10) at 147.94 ppm. These two carbons are identified as more
deshielded because of the extensive m electron delocalization along the
conjugated framework of the carbon skeleton, which reduces the electron
density around the carbon atom. Due to the presence of adjacent carbonyl
group, which is a m electron acceptor, the nonprotonated carbon C(12) also

resonates at lower field (153.77 ppm).

In the substituted phenyl ring, three different types of aromatic carbons
are clearly distinguishable in the °C NMR spectrum. The phenyl resonances
are 127.96 [C(13) and C(17)], 128.87 [C(14) and C(16)] and 127.73 ppm

[C(15)].

The nonprotonated carbon C(9) adjacent to the ring nitrogen resonates at
147.34 ppm. The d values assigned for the quinoline carbons are C(1), 117.46;
C(2), 136.70; C(3), 128.52; C(4), 131.98; C(5), 130.03; C(6), 128.87; C(7),
133.18; and C(8), 127.27 ppm. The carbon atom positioned para to the ring
nitrogen [C(2), 136.70 ppm] is found to resonate at lower field value than the
carbon atom at the meta position [C(1), 117.46 ppm].

2.2.4d. 'H-"*C HSQC

Heteronuclear chemical shift correlation experiments correlate the chemical
shift of one nucleus with the chemical shift of another. HSQC can be performed
as either a '"H-""N or 'H-""C correlation experiment. The carbon skeleton of the
molecule was identified by recording *C NMR and HSQC (Heteronuclear Single

Quantum Coherence) 'H-"C correlation spectrum.

The 'H-"C HSQC spectrum provides information regarding the
interactions between the protons and the carbon atoms to which they are
directly attached. Contrary to the COSY spectrum, only the resultant
interactions are plotted as contour peaks in the HSQC spectrum. The vertical

dimensions represent the '*C chemical shifts scale and the horizontal
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correspond to those of the protons. The interpretations made by 'H and "*C
spectroscopy can be confirmed by 'H-">C connectivity made on the basis of

HSQC spectrum.

The absence of any contours at 133.18, 127.27, 147.34, 163.50 and 153.77 ppm
in the HSQC spectrum suggests that these absorptions are due to nonprotonated
carbons. These peaks are assigned to C(7), C(8), C(9), C(11) and C(12)

respectively.

The singlet at & 8.62 ppm shows contour peak at 6 147.94 ppm which
confirms its assignment to C(10). The peaks observed at 6 117.46 and 136.70
ppm are assigned to C(1) and C(2) respectively, due to their interactions with 'H
resonances at d 8.13 and 8.42 ppm. The peak at & 7.63 ppm shows two different
resultant contour peaks at 131.98 and 127.73 ppm, which are assigned to C(4) in
the quinoline ring and C(15) in the phenyl ring.

The doublet at 7.95 ppm and the triplet at 7.55 ppm show contours at
127.96 and 128.87 ppm respectively, which can be assigned respectively to ortho
carbons and meta carbons in the phenyl ring. The remaining "*C peaks & 128.52,
130.03 and 128.87 ppm show interaction with 'H resonances & 8.00, 7.78 and 8.04
ppm respectively in HSQC and these are assigned to C(3), C(5) and C(6). These
assignments are in agreement with one-dimensional spectral assignments. The
HSQC spectrum of the hydrazone and the observed 'H/">C couplings are shown
in Fig. 2.8.
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Fig. 2.8. 'TH-""C HSQC spectrum and observed "H/"*C couplings of HQb-1.5H,0.

Based on the above findings, the assignment of different resonant peaks to

respective carbon atoms are presented in Fig. 2.9.
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Fig. 2.9. °C NMR spectral assignments of HQb.

2.2.5. X-ray crystallography

Colorless block shaped crystals of quinoline-2-carbaldehyde benzoyl
hydrazone monohydrate, suitable for X-ray diffraction studies, were grown from a
solution of the compound in a mixture of DMF and ethanol (1:1 v/v). The lattice
is monoclinic in nature with P2,/n symmetry. The crystal data and structural

refinement parameters are given in Table 2.1.

The data were collected using Oxford Diffraction Xcalibur-S diffractometer,
equipped with graphite-monochromated Mo Ka (A = 0.71073 A) radiation at the
National Single Crystal X-ray Facility, [IT Bombay, Mumbai, India. The intensity
data were collected at 120(2) K by the w/g-scan mode. The cell refinement was
done using the CrysAlis RED software [21]. The structure was solved by direct
methods with the program SHELXS-97 and refined by full matrix least squares on
F? using SHELXL-97 [22]. The graphical tool used were Diamond version 3.1f
[23] and mercury [24]. Full crystallographic data (cif file) relating to the crystal
structure have been deposited with the Cambridge Crystallographic Data Centre as
CCDC 743681.
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Table 2.1. Summary of crystal data and structure refinement for HQb-H,O.

Formula

Formula weight

Color; shape

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

Space group

Lattice constants

a(h)

b (A)

c(A)

(%)

pC)

v (©)

Volume V (A%)

Z

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

Crystal size (mm’)

0 range for data collection
Limiting indices
Measured/Unique Data
Observed Data [I > 20(I)]
Data / restraints / parameters
Final R indices

R indices (all data)

Ci7H15sN;0,
293.32
Colorless, block
150(2)

0.71073
Monoclinic

P21/l’l

6.4221(4)
32.7824(18)

7.0736(4)

90.00

104.047(6)

90.00

1444.69(15)

4

1.349

0.091

616

0.23x0.18x 0.15

3.03 t0 25.0
6<h<7;-38<k<35;-8<1<8
9072/2546 [R(iy) = 0.064]

1416

2540/0/211

R1=0.0475, wR2 = 0.0680
R1=0.1179, wR2 = 0.0806
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The molecule as a whole is roughly planar with a maximum dihedral angle
of 4.82(11)° between the rings formed by the atoms C1, C2, C3, C4, C5, C6 and
C12, C13, C14, C15, Cl16, C17 respectively. The C11-O1 bond length of
1.228(3) A indicates the molecule exists in the keto form in the solid-state. The
C10-N2 bond length of 1.279(2) A confirms its significant double-bond character.
The values of the N2-N3 and N3—-C11 bond distances of 1.379(2) and 1.362(3) A,
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. Due to the short N-N bond length,
the HQD acts mostly as tridentate moieties though they have the potential to act as
bridging tetradentate ligands. The significant bond lengths and bond angles are
given in Table 2.2.

Table 2.2. Selected bond lengths (A) and bond angles (°) of HQb-H,O

Bond lengths (A) Bond angles (°)
C10-N2 1.279(2) C10-N2-N3 115.50(19)
C11-01 1.228(3) N2-N3-C11 118.1(2)
N2-N3 1.379(2) N3-C11-01 121.9(2)
C11-N3 1.362(3) C9—C10-N2 119.9(2)
C9-C10 1.460(3) N3-C11-C12 117.0(2)
C11-C12 1.495(3)

The torsion angle values, —179.54(19)° and 1.9(3)" attained by N3-N2-
C10-C9 and N2-N3-C11-0O1, suggest the existence of the ligand in trans
configuration along the C10-N2 bond and in cis form along the C11-N3 bond
[25-27]. The existence of C10-N2 bond in frans configuration rules out the
possibility of intramolecular N3—H--"N1 hydrogen bonding. The structure of the

compound is given in Fig. 2.10.
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C16

C15

Fig. 2.10. Crystal structure of quinoline-2-carbaldehyde benzoyl hydrazone
monohydrate.

The packing of molecules in the crystal lattice is shown in Fig. 2.11. The
unit cell is viewed down the ‘a’ axis. The molecules are arranged in a zig-zag

manner in the unit cell.

Fig. 2.11. Unit cell packing diagram of quinoline-2-carbaldehyde benzoyl
hydrazone monohydrate viewed along the ‘a’ axis. Hydrogen
atoms are excluded for clarity.

An interesting feature of the crystal packing is the formation of a
supramolecular chain mediated by a network of hydrogen bonds. The residual
water molecule in the crystal lattice interconnects adjacent molecules in the
lattice through intermolecular hydrogen bonds. The two protons in the water

molecule form hydrogen bonds with amide oxygen and quinoline nitrogen of
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different hydrazone moieties and the oxygen in the same water molecule forms
hydrogen bond with N—H proton of the third hydrazone molecule. Finally, these
chains are linked into highly ribbed 3D array by extensive hydrogen bonding
interactions. The supramolecular chain stabilized by hydrogen bonding between
the hydrazone and water molecule is illustrated in Fig. 2.12. The important

interaction parameters are given in Table 2.3.
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b & —e o —g
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Fig. 2.12. Supramolecular chain stabilized by hydrogen bonding between
the hydrazone and water molecule.

The orientation of the molecules in the crystal lattice is in such a manner
that 77 stacking interactions are present between Cg(2) [C1, C2, C3, C4, C5, C6]
and Cg(3) [C12, C13, C14, C15, C16, C17] at an average distance of 3.8931(14)
A. In addition, C11-O1--Cg(2) interaction is also observed with O1---Cg distance
of 3.9025(19) A and C11--Cg distance of 3.481(2) A. The molecules in the
adjacent layers within the unit cell are held together by these interactions, which

reinforce the packing.
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Table 2.3. Interaction parameters of the hydrazone.

Hydrogen bonding
D-H-A D-H(A) H-~A@A) D-AA) sD-H-A(")
N3-H(3N)--0O111* 0.91(3) 2.00(3) 2.879(3) 161.4(18)
O111-H111--01 0.92(3) 1.91(3) 2.796(2) 161(2)
O111-H222--N1° 0.84(3) 2.14(3) 2.948(3) 160(3)
Short ring interaction
Cg(D)-Cg()) Cg-Cg(d)  a() pC) Y (%)
Cg(2)--Cg(3)° 3.8931(14) 4.82 20.70 25.52
Pi-ring interaction
Y-X(D)--Cg(J) X--Cg (A) Y-X-Cg Y-Cg
C(11)-0O(1)-Cg(2)* 3.9025(19) 61.19(12) 3.481(2)

Note:

Equivalent position codes: a = 1+x,y, z; b= 1-x, -y, 2-z; c = 1-x, -y, 1-z
Cg(2) = C1,C2,C3,C4,C5,C6; Cg3)=Cl12,C13,C14,C15,Cl16,C17
o (°) = Dihedral Angle between Planes I and J;

B
v ()

Angle between Cg(I)-Cg(J) vector and normal to plane I;
Angle between Cg(I)-Cg(J) vector and normal to plane J.

2.3. Quinoline-2-carbaldehyde nicotinic hydrazone sesquihydrate

(HQN-1.5H,0)

The compound quinoline-2-carbaldehyde nicotinic hydrazone (Fig. 2.13)

was prepared from quinoline-2-carbaldehyde and nicotinic hydrazide.

N

Fig. 2.13. Quinoline-2-carbaldehyde nicotinic hydrazone (HQn).
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2.3.1. Experimental
2.3.1a. Materials

All the chemicals and solvents used for the syntheses were of analytical
grade. Quinoline-2-carbaldehyde (Sigma Aldrich) and nicotinic hydrazide (Sigma

Aldrich) were used as received.
2.3.1b. Synthesis

The hydrazone HQn-1.5H,0 was synthesized by a procedure similar to
that of HQb-1.5H,O except with the use of nicotinic hydrazide (0.274 g, 2
mmol) instead of benzhydrazide. The colorless product formed was filtered
off, washed with methanol and dried over P,Oy in vacuo. Yield — 89%, m.p.
140-142 °C. Elemental Anal. Found (Calcd) %: C, 63.16 (63.36); H, 4.59
(4.98); N, 18.58 (18.47) for C;sH1,N4O-1%2 H,O. % H,0 9.18 (8.91) from TG
data.

The reaction scheme is depicted in the Scheme III.

H o HNT = |
N o H' N _NH N
= X = Reflux, 4h (& X XN
| + | — I
X | P N\) Methanol \ { / 6
Quinoline-2-carbaldehyde Nicotinichydrazide Quinoline-2-carbaldehyde nicotinic hydrazone

(HQn)
Scheme 111

2.3.2. Infrared spectrum

Infrared spectral analyses were done using KBr on Thermo Nicolet
AVATAR 370 DTGS FT-IR spectrophotometer. The IR spectrum of the

hydrazone is shown in Fig. 2.14.
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Fig. 2.14. IR spectrum of HQn-1.5H,0.

The band at 1656 cm™ is characteristic of stretching frequency of carbonyl
group. This band confirms the existence of hydrazone in keto form in solid state.
The azomethine band, v(C=N), is observed at 1591 cm™ and v(N-N) at 1195 cm.
The peak at 3173 cm™ is assigned to the N-H stretching frequency. The amide-II
band is found at 1558 cm™. Aromatic C—H stretching bands occur nearly at
3074 cm™. Carbon to carbon stretching vibrations within the ring occur at 1473 cm™.
The O—H stretching vibration of the water molecule is observed as a distinct peak

at 3426 cm’.
2.3.3 Electronic spectrum

The electronic spectrum of the compound was recorded in acetonitrile
solution on a UVD-3500 UV-vis Double Beam Spectrophotometer. Electronic
spectrum HQn-1.5H,0 is shown in Fig. 2.15.
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Fig. 2.15. Electronic spectrum of HQn-1.5H,0.

The bands in the region 32000-44000 cm™ are assigned to 7—7* transitions. The
absorption bands in the region 29000-32000 cm™ are attributed to n—* transitions.

2.3.4. NMR spectral studies

The NMR spectral assignments were done on the basis of 'H NMR, °C NMR,
COSY and HSQC. The one dimensional and two dimensional nuclear magnetic
resonance spectra were used in resolving the carbon and hydrogen atoms of HQn and
the assignments are based on the structure shown in Fig. 2.13. The numbering scheme

adopted for the NMR spectral assignments is shown in Scheme IV.

T
H 3 2 H
Il |
5 7 9 N 11 16 H
y- \T{/” NN \1|04sz/ \1“2/ §\1|5/
1 3
H H | 13 14
H H/'\N/’\H
4
Scheme IV.
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The 'H resonances were assigned on the basis of chemical shift values,
multiplicities and connectivity from 'H NMR and 'H-'H correlation experiments
[15,18]. These give insight into the average effective magnetic fields present, interaction

of the nuclear spin with the adjacent atoms and the number of equivalent protons.

The assignment of the -NH proton was made by comparison with the
spectra recorded using deuterium exchange. Assignments of protonated

carbons were made by two dimensional HSQC experiments.
2.3.4a. *H NMR spectrum

In the '"H NMR spectrum of HQn'1.5H,O (Fig. 2.16), the N(3)-H proton
due to hydrogen bonding is shifted downfield to resonate at 12.40 ppm. This
assignment was confirmed by deuterium exchange, in which the intensity of this

band was considerably decreased.

%2 90 88 86 84 82 80 78 6 T4
ppm

Ll
__ #]Ul Al —"JIL—J

T T T T T ' T T T 1
13 12 11 10 9 8 7 6 ]

Fig. 2.16. "H NMR spectrum of HQn-1.5H,0.
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The singlet peak at 9.11 ppm corresponds to C(13)-H proton which is
highly deshielded by the adjacent ring nitrogen and the carbonyl group attached to
C(11). The proton attached to C(10) resonates as a singlet in the 'H NMR
spectrum at 6 = 8.59 ppm. These two singlets are retained in deuterium exchange

NMR spectrum.

Two doublets observed at 6 = 8.13 and 8.44 ppm are assigned to C(1)-H
and C(2)-H protons respectively. The higher o value of C(2)-H proton compared
to C(1)-H proton is explained by its position para to the ring nitrogen. The C(3)-
H and C(6)-H protons resonate as doublets at 6 = 8.00 and 8.03 ppm respectively.

The two triplets observed at 6 = 7.63 and 7.79 ppm correspond to C(4)-H
and C(5)-H protons respectively. The C(14)-H and C(16)-H protons resonate as
doublets at 6 = 8.79 and 8.28 ppm respectively due to coupling with C(15)-H
proton, while C(15)-H proton resonates as a triplet at 6 = 7.6 ppm. The C(14)-H
proton is more deshielded due to the presence of electronic effects exerted by the

adjacent nitrogen atom N(4) directly attached to them.
2.3.4b. '"H-'H COSY

The above assignments of proton NMR spectrum are confirmed by 'H-'H
correlation spectroscopy. In this contour plot, both dimensions represent the 'H
chemical shift scale and the '"H NMR spectrum appears on the diagonal where as the

off diagonal peaks prove the existence of spin-spin couplings.

There is no correlation for the peaks at & 8.59, 12.40 and 9.11 ppm, which
indicate the absence of interaction of these protons with any other protons.

Contours are observed in the aromatic region only.

In the COSY spectrum of HQn, the horizontal and vertical straight lines
drawn from the doublet at & = 8.13 ppm [C(1)-H] encounter off-diagonal peak at
the doublet at 6 = 8.44 ppm [C(2)-H]. The resonance at & 7.60 ppm [C(15)-H]
shows considerable interaction with 8.28 ppm [C(16)-H] and 8.79 ppm [C(14)-H].

This makes sure that these protons belong to the meta substituted pyridine ring and
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the higher value is assigned to the C(14)-H proton due to the presence of nitrogen

atom adjacent to it. Also, the peak at & 8.00 ppm makes a good contour with &

7.63 ppm and the absorption at & 7.79 ppm with & 8.03. The COSY spectrum and

H/'H couplings observed are shown in Fig. 2.17.

1

Fig. 2.17. '"H-"H COSY spectrum of HQn-1.5H,0 along with the observed

"H/'H couplings.
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Based on '"H NMR and '"H-'H COSY spectra, the different protons of HQn

are assigned as shown in Fig. 2.18.

8.00 8.44
H H
763 | | 813 .
H 3 2 H :
N R X o) H
7.79 il 7" §|) N |1|1 1|6 H
1 3
H H H 13 14
S NG
8.03 859 1240 H N H 8.79
on1 *°

Fig. 2.18. "H NMR spectral assignments of HQn.
2.3.4c. ®°C NMR

The carbon skeleton of the molecule was identified by recording proton
decoupled *C NMR (Fig. 2.19). The carbonyl carbon C(11) appears at a & value
of 162.07 ppm, which indicates the downfield shifting due to conjugative effect of
the N(2)-N(3)-C(11)-O1 core in the hydrazone.

‘ | | ‘ iii.'l | ~

i ] i

A i 1 vnnad it e e s M o i ’ JW\J‘W""WRM
R i SHRCMELES L e

165 160 155 150 145 140 135 130 125 120 ppm

Fig. 2.19. *C NMR spectrum of HQn'1.5H,0.
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In the pyridyl ring, the carbon atoms viz. C(13) (148.65 ppm) and C(14)
(152.50 ppm) adjacent to the electronegative nitrogen are found to resonate at
lower field. The lower field value of the carbon atom C(10) (3 = 148. 56 ppm) is

due to the extensive 7 electron delocalization of the C(10)=N(2) bond.

The resonances assigned to quinoline carbons are C(1), 117.49; C(2),
136.79; C(3), 128.90; C(4), 127.98; C(5), 130.09; C(6), 128.96; C(7), 127.94;
C(8), 127.38 and C(9), 147.34 ppm. In the present compound, the carbon
positioned para to the ring nitrogen C(16) is observed at higher & value (135.58
ppm) than the corresponding meta positioned carbon, C(15), 123.64 ppm.

The nonprotonated carbon C(12) is found to be downfield shifted and
resonates at 153.56 ppm. This is due to the electronic effects exerted by the
adjacent carbonyl group directly attached to it.

2.3.4d. '"H-"C HSQC

The 'H-"C correlation spectrum was recorded to confirm the above
assignments. The vertical dimensions in the spectrum represent the °C NMR
chemical shifts scale and horizontal that of the proton NMR. The cross peaks
indicate one-bond correlation, ("H-">C bond) i.e. they correlate proton and
carbon signals of atoms directly attached. 'H-"°C HSQC spectrum of
HQn-1.5H,0 is shown in Fig. 2.20 along with observed 'H/"*C couplings.

The 'H-"C connectivity made on the basis of HSQC spectrum is in
agreement with the 'H and "*C spectral assignments. The "*C peaks at & 162.07,
153.56, 147.34, 127.94 and 127.38 ppm do not make any correlation pattern in
HSQC suggesting that these peaks are made by non-protonated carbons.

Based on the above discussions, the assignment of different resonant peaks

to respective carbon atoms are presented in Fig. 2.21.
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Fig. 2.20. 'H-"*C HSQC spectrum of HQn-1.5H,0 and the observed 'H/"*C

couplings.
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Fig. 2.21. "°C NMR spectral assignments of HQn.
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VANADIUM(IV) COMPLEXES OF

ACYLHYDRAZONES: SYNTHESES AND
SPECTRAL INVESTIGATIONS

3.1 Introduction

3.2 Experimental

Contents

3.3 Results and Discussion

References

3.1. Introduction

Hydrazones constitute an interesting class of chelating agents capable to
coordinate with one or more metal ions giving mononuclear or polynuclear metal
complexes, which serve as models for metalloproteins [1,2]. Hydrazones take the
forefront position in the development of coordination chemistry, owing to their
diverse applications in various fields [3]. The chemistry of transition metal
complexes of hydrazones continues to be of interest on account of the remarkable
structural features presented by this class of compounds and also because of their

biological importance [4-11].

During the last twenty years or so, chemistry has witnessed the tremendous
development of vanadium chemistry because of the discovery of enzymatic and
physiological activities of its compounds. The discovery, in 1985, that a simple
vanadium salt, sodium orthovanadate, added to drinking water, could reverse
most of the diabetic symptomatology of experimentally-diabetic rats, was

exceptionally enticing [12].
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Structural and/or functional models for vanadate-dependent haloperoxidases,
vanadium nitrogenases and other biologically active vanadium compounds have
encouraged further study on vanadium coordination chemistry [13,14]. Moreover, the
acylhydrazone can coordinate the metal through oxygen and nitrogen atoms and are
similar to the coordination environments of the biological system. The study of the
biochemical role of vanadium has received much interest particularly due to the
presence of this element in significant amounts in some organisms and its involvement

in both promotory and inhibitory enzymatic processes in biological systems [15-17].

A number of vanadium complexes have been shown to be insulin mimetic,
that is, they diminish blood glucose levels, when administered as therapeutic
agents. More recent studies have shown that these complexes do not actually
mimic insulin, but merely enhance the effects of the small quantities of insulin
that are present. A variety of coordination complexes containing combinations of
N/S/O donor sets found to be effective in reducing blood glucose levels
regardless of which donor set is employed. Bis (picolinato)oxovanadium(IV)
(VO(pico),) is one of the most effective coordination complexes being

investigated for use in diabetic therapy.

This chapter describes the syntheses and spectral characterization of

oxovanadium(I'V) complexes of acylydrazones.

3.2. Experimental
3.2.1. Materials

All the chemicals and solvents used for the syntheses were of analytical grade.
Quinoline-2-carbaldehyde (Aldrich), Benzhydrazide (Aldrich), nicotinic hydrazide
(Aldrich), vanadyl sulfate (Aldrich) and vanadyl acetylacetonate (E-Merck) were

used as received. Solvents were purified by standard procedures before use.
3.2.2. Syntheses of ligands

Preparation of the acylhydrazones HQb and HQn were done as described
previously in Chapter 2.
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3.2.3. Syntheses of oxovanadium(IV) complexes
3.2.3a. Synthesis of [VO(Qb)(OMe)]-1.5H,0 (1)

To a solution of HQb-1.5H,0O (0.303 g, 1 mmol) in methanol (20 ml), a
DMF—methanol mixture (1:1 v/v, 20 ml) of VO(acac), (0.265 g, 1 mmol) was
added. The resulting solution was refluxed for 6 h. and then kept at room
temperature. The green crystalline precipitate of 1 that separated out was filtered,
washed with ether and dried over P,O,g in vacuo. Yield: 89%, m.p. >300 °C. A,
(DMF): 20 ohm™ ¢cm” mol™. Elemental Anal. Found (Calcd) %: C, 53.73 (54.14);
H, 4.41 (4.54); N, 10.63 (10.52) for [VO(Qb)(OMe)]-1.5H,0. % H,0 6.23 (6.75)
from TG.

3.2.3b. Synthesis of [(VO)2(HQN),(1-SO4)]S044H,0 (2)

Vanadyl sulfate (0.163 g, 1 mmol) in methanol (20 ml) was added to a
solution of HQn-1.5H,0 (0.303 g, 1 mmol) in methanol (20 ml) and refluxed for
5 h. A green crystalline precipitate of 2 obtained was filtered off, washed with
ether and dried over P,O,¢ in vacuo. Yield: 63%, m.p. 225-227 °C. A, (DMF):
62 ohm™ ¢cm” mol”', Elemental Anal. Found (Calcd) %: C, 40.44 (40.43); H, 3.81
(3.39); N, 11.72 (11.79) for [(VO)»(HQn)»(n-SO4)]SO4-4H,0. % H,O 7.02 (7.58)
from TG.

3.3. Results and discussion

Vanadium can exist in different oxidation states; commonly found
oxidation states in naturally occurring vanadium compounds are +3, +4 and +5.
Complexes of vanadium usually adopt five coordinate square pyramidal or six-
coordinate distorted octahedral geometries and the electronic and steric

requirements rule out the possibility of the trigonal bipyramidal stereochemistry.

Here, the reaction of equimolar ratio of the tridentate ligand and the metal
salt yielded corresponding oxovanadium (IV) complex. Based on the elemental
analyses, conductivity measurements and spectral investigations, the complexes

were formulated.
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The hydrazones discussed here are NNO donors and they can coordinate
either in the keto form or in enolate form. Infrared spectral evidence supports the
presence of coordination of the respective hydrazones through the enolate form in

complex 1, while in complex 2; the ligand coordinates in the keto form.

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, which show complex 1 is a non-electrolyte and complex 2 behaves as a

1:1 electrolyte [18].

The magnetic moments of the complexes were calculated from the magnetic
susceptibility measurements and the value for complex 1 at room temperature is 1.64
B.M. and that for 2 is 1.53 B.M. The values are found to be very close to the spin only
value 1.73 B.M. which indicate the presence of one unpaired electron. Both complexes

are EPR active due to the presence of an unpaired electron.
3.3.1. Infrared spectra

The IR spectra were recorded on a Thermo Nicolet AVATAR 370 DTGS
model FT-IR spectrophotometer as KBr pellets at SAIF, Kochi, India. The
comparison of the main vibrational bands of the ligands with those of the
complexes helps to establish their ligating behavior to the metal centre. The

selected IR bands of the hydrazones and complexes are represented in Table 3.1.

Table 3.1. Infrared spectral data of the hydrazones and their oxovanadium

complexes.
Compound v(C=_(1)) v(NI_-II) v(C=_11\I) v§C=1_\II) V(C_.?) v(V =(1))
cm cm cm cm cm cm
HQb-1.5H,0 1655 3193 1593 - - -
Complex 1 - - 1582 1593 1384 940
HQn'1.5H,0 1656 3173 1591 -—-- -—-- -
Complex 2 1655 3186 1560 - - 980

* Newly formed C=N.
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The acylhydrazones contain an amide function, —NH-C(O)-, and
consequently they exhibit keto-enol tautomerism. The IR spectrum of the
HQb-1.5H,0 exhibits two bands at 3193 and 1655 cm™ due to the v(NH) and
v(C=0), respectively, and these bands are absent in complex 1. This indicates
that the ligand coordinates to the metal in enolate form. A new band appearing at
1384 cm™ is assigned to v(C—0) band. In the IR spectrum of the HQn:1.5H,0,
v(NH) appears at 3173 cm™ and v(C=0) at 1656 cm™'. However, in complex 2,
the appearance of v(NH) and v(C=0) bands at 3186 and 1655 cm', respectively,
implies that the ligand coordinates in the keto form. The IR spectrum of complex

1 is shown in Fig. 3.1.
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Fig. 3.1. IR spectrum of [VO(Qb)(OMe)]-1.5H,0 (1).

Each of the acylhydrazones under discussion displays a band in the region
~ 1590 cm™ ascribed to v(C=N) of the azomethine group [19]. These bands
undergo shifts to the lower wavenumbers upon complexation which suggests the
coordination of the azomethine-nitrogen to vanadium [20]. In complex 1, a new

band at 1593 cm™ is observed which may be due to the newly formed v(C=N) band.
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The out-of-plane bending modes of vibrations of the free ligands at 625 cm™ are
found to be shifted to higher energies in the spectra of complexes indicating the

coordination via quinoline nitrogen [21].

Further, the intense bands observed at 940 cm™ for complex 1 and 980 cm’

for complex 2 correspond to the terminal V=0 stretching band.

The presence of two types of sulfate moieties is evident from the IR spectrum
of complex 2. The strong bands, observed at 1044 and 1170 cm™ and another at 469
cm’ are attributable to a bidentate bridging sulfato group; bands at 1126 and 606 cm™

can be assigned to the presence of an ionic sulfato group [22,23].
3.3.2. Electronic spectra

The spin-orbit coupling for the oxovanadium(IV) complexes is positive and
magnetically dilute oxovanadium(IV) complexes should exhibit magnetic
moments very close to the spin-only value, 1.73 B.M., as expected for an S = 1/2
system. However the value for the complex 2 is 1.53 B.M. and the decrease in the

value may be due to the antiferromagnetic spin exchange [24].

In phenoxo-, alkoxo- or hydroxo-bridged dimeric oxovanadium(IV)
complexes, for which singlet ground states have been reported, direct overlap of
the d,, orbital is considered to be the dominant magnetic exchange pathway
[25,26]. Recently, some sulfato-bridged oxovanadium(IV) complexes have been
reported [24] and it has been mentioned that antiferromagnetic exchanges depend
upon the distance between the two metal centers, polarizability of the donor atom,
electron density modulating behavior of the auxiliary ligands or bridging groups

and geometric distortion of the coordination sphere.

Interpretation of the electronic spectra of oxovanadium(IV) complexes is
the subject of continuing investigation and discussion. Usually, three optical
bands are observed in the visible region, assigned to *E (dy,, dy,) — ’B, (dyy) (V1),
’B) (di*.}) « By (dyy) (v2) and *4; (d,>) < B, (dyy) (v3). The v; band is often

obscured by intense charge-transfer absorptions.
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Electronic spectra of the complexes were recorded in acetonitrile and in
DMF, on a UV—vis Double Beam UVD-3500 spectrophotometer in the range
50000-11100 cm™.

The bands in the range 44000-29000 cm™ are attributed to the n—n* and
n—w* transitions, which suffered some shift upon complexation, as evidenced by

the absorptions observed for the ligand and complexes.

For complex 1, a band at 23450 cm™ is assigned to the ligand to metal
charge transfer (LMCT) transition arising from amide oxygen of the ligand to
an empty d orbital of the vanadium centre. This band is found to be blue-
shifted to 24450 cm™ for the complex 2. The presence of strongly
coordinating sulfate group in complex 2 shifts the LMCT transition to higher

energy.

The two bands at 11680 and 18480 cm™ for 1 are due to the v, and v,
transitions, while in 2 d-d bands are observed at 11740 and 18860 cm™ [27,28].
Electronic absorption spectral data of the hydrazones and their V(IV) complexes
are summarized in Table 3.2. The electronic spectra, in the range 45000-20000
cm™, for both the complexes in acetonitrile are given in Figs. 3.2 and 3.3 along

with the spectra of the corresponding ligands.

Table 3.2. Electronic spectral data for the hydrazones and their V(IV)
complexes.

Compound  Absorbance . (cm™)

HQb-1.5H,O0 43790, 41640, 35860, 32580, 31690, 30430, 29130

Complex 1 43810, 42490, 35770, 32810, 31810, 30330, 29050, 27820,
23450, 18480, 11680

HQn'1.5H,0 43920, 41490, 35840, 32580, 31750, 30440, 29150
Complex2 41180, 35980, 32150, 30460, 29230, 27950, 24450, 18860, 11740
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Fig. 3.2. Electronic spectra of HQb-1.5H,0 and [VO(Qb)(OMe)]-1.5H,0
(1) recorded in acetonitrile.
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Fig.3.3. Electronic spectra of HQn:'1.5H,O and [(VO),(HQn),(u-SOy)]
SO44H,0 (2) recorded in acetonitrile.
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3.3.3. Electron paramagnetic resonance spectra

Electron paramagnetic resonance (EPR) or electron spin resonance
(ESR) spectroscopy is defined as the form of spectroscopy concerned with
microwave-induced transitions between magnetic energy levels of electrons
having a net spin and orbital angular momentum. EPR spectroscopy is a
convenient and effective way to probe the electronic structure of paramagnetic

molecules.

In the EPR spectra of oxovanadium(IV) complexes, the g values are
typically less than the free electron value. For the case of vanadium(IV), the
nuclear spin of °'V is /= 7/2, so the states are split into 2/+1 = 8 different energy

states each, separated by the hyperfine coupling constant, 4.

The oxidation state of the central vanadium atom in the complexes was
confirmed by the measurements of EPR spectroscopy. Complexes 1 and 2 are
paramagnetic samples and EPR spectra were recorded in polycrystalline state at

298 K and in frozen DMF at 77 K.

In polycrystalline state at 298 K, EPR spectrum of compound 1 is axial
with g, = 1.941 and g, = 1.947 (Fig. 3.4). The spectrum shows two sets of
eight-line pattern, characteristic of an unpaired electron being coupled to the
vanadium nuclear spin (°'V, / = 7/2). The anisotropic hyperfine parameters
were calculated (4 = 176.42 x 10" and 4, = 73.51 x 10® cm™). The EPR
spectrum of complex 1 in DMF at 77 K was not of good quality, probably due
to poor glass formation. In frozen DMF, the complex 2 displayed well-
resolved axial anisotropy (Fig. 3.5) with two sets of eight lines (4, = 195.71 x
10* and 4, = 77.14 x 10® ecm™). The EPR spectrum of the complex 2 in

polycrystalline state was difficult to interpret.

The g < g, and A4 > A, relationships are characteristic of an axially
compressed system with unpaired electron in dy, (bs,) orbital [29-32]. The

absence of superhyperfine splitting in the spectra also indicates the unpaired
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electron to be in d,, orbital localized in metal, thus excluding the possibility of its

interaction with ligands [33-37].

1 T T T T T T T
2600 2800 3000 3200 3400 3600 3800 4000
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Fig. 3.4. EPR spectrum of [VO(Qb)(OMe)]-1.5H,0 (1) in polycrystalline
state at 298 K.

The molecular orbital coefficients o’ and B* were calculated for the

complexes using the following equations [38].

o = (2.0023 — g E/8\f

B =7/6 [(-A)/P) + (AL/P) + (g~ 5 g1/14) — 9g./14]

where P =128 x 10 * cm™, 2 = 135 cm™and E is the electronic transition energy.
The lower values for o compared to £ indicate that in-plane 5-bonding is more
covalent than in-plane n-bonding. EPR spectral parameters of oxovanadium(IV)

complexes are collected in Table 3.3.
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Fig. 3.5. EPR spectrum of [(VO),(HQn)(1-SO4)]SO44H,0 (2) in DMF at 77 K.

Table 3.3. EPR spectral parameters of vanadium(IV)complexes in the
polycrystalline state at 298 K and in frozen DMF at 77 K.

Complex 1 Complex 2

Polycrystalline g =1.941
state (298 K) g.1=1.947
A=176.42x10% cm’
A, =73.51x10% cm™
g=1.928
DMF (77 K) o= 1.978
A=195.71x 10% cm
A, =77.14x 10" cm™
o’ =0.756
S =1.0335
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SYNTHESES AND SPECTRAL INVESTIGATIONS

OF MANGANESE(I) COMPLEXES OF
ACYLHYDRAZONES

4.1 Introduction
4.2 Experimental

4.3 Results and Discussion
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4.1. Introduction

Manganese is an essential trace nutrient in all forms of life. Manganese and
its compounds find very historical importance in medicine and also have some
biological importance. The classes of enzymes that have manganese cofactors are
very broad and include such classes as oxidoreductases, transferases, hydrolases,
lyases, isomerases, ligases, lectins and integrins. The reverse transcriptases of
many retroviruses (though not lentiviruses such as HIV) contain manganese. The
best known manganese-containing polypeptides may be arginase, the diphtheria
toxin, and Mn-containing superoxide dismutase (Mn-SOD). There has been a
growing interest in the chemistry and biochemistry of manganese because of its

implication in many biological redox processes [1].

The manganese complexes are used as mimics of Mn-SOD and are more
suitable than Cu,Zn,SOD because manganese has a lower toxicity in mammalian
systems [2]. Recently, various mononuclear manganese complexes have been
selected for pharmaceutical uses [3] such as manganese complexes with Schiff-base

ligands [4].
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Complexes of manganese play important roles ranging from bioinorganic
chemistry to solid state physics [5,6]. They take part in catalytic reactions and also in
many biological redox processes, including photosynthetic oxygen evolution in
chloroplasts in plants. The most important and primordial example, yet recognized, of
manganese involvement in biological milieu is its unique role in the light-induced

oxidation of water to molecular oxygen in photosystem II (PS II) of green plants [7,8].

Manganese(Il) complexes are well known for their excellent catalytic
activity towards the disproportionation of hydrogen peroxide and a number of
them have been shown to catalyze the low temperature peroxide bleaching of
fabrics [9,10]. They are also interesting due to their catalytic antioxidant activity.
Manganese plays a significant role in enzyme activation. Citrate cyclase catalyzes
the cleavage of citrate to oxaloacetate and acetate in the presence of manganese(Il)
or magnesium(Il) [11]. In addition, Mn>" has been often used as a substitute for

Mg**, which does not have a unique spectroscopic signature [12].

Studies of synthetic mono- and oligomeric manganese model complexes
provide important insights into the structure and function of the more complex
biological systems. It is thus not surprising that, in the past few years, there has
been a tremendous surge in research on the synthesis of various manganese
complexes [13-16] and the strategy in the synthesis of the manganese complexes
has been to incorporate the nitrogen and oxygen ligands to mimic the functional
groups characteristic of the biological milieu. In this context, Schiff bases

represent suitable and appropriate biomimetic ligands.

The coordination chemistry of manganese has received a great deal of
attention because of the variable structures of manganese complexes and the
possibility of magnetic coupling interaction [17-21].  The chemistry of
manganese, in various oxidation states of the metal and in various combinations of
nitrogen and oxygen donor environment, is presently witnessing intense activity.
Manganese in biological systems adopts a range of coordination environments and

may have oxidation states of +2, +3, +4 and possibly +5.
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This chapter focuses on the syntheses and spectral characterization of

manganese(Il) complexes of the acylhydrazones.

4.2. Experimental
4.2.1. Materials

All the chemicals and solvents used for the syntheses were of analytical
grade. Quinoline-2-carbaldehyde (Aldrich), benzhydrazide (Aldrich), nicotinic
hydrazide (Aldrich), manganese(Il) acetate tetrahydrate (Merck) and
manganese(Il) chloride tetrahydrate (Merck) were used as received. Solvents

were purified by standard procedures before use.
4.2.2. Syntheses of ligands

Preparation of the ligands HQb and HQn were done as described previously
in Chapter 2.

4.2.3. Syntheses of manganese(Il) complexes
4.2.3a. Synthesis of [Mn(HQb)CL,] (3)

To a solution of HQb-1.5H,O (0.303 g, 1 mmol) in methanol (20 ml),
manganese(Il) chloride tetrahydrate (0.198 g, 1 mmol) in methanol (20 ml) was
added. The resulting solution was refluxed for 4 h. and then kept at room
temperature. The pale yellow precipitate of 3 that separated out was filtered,
washed with ether and then dried over P,Oyg in vacuo. Yield: 52%. A, (DMF): 15
ohm™ ¢cm® mol™. u (B.M.): 6.13. Elemental Anal. Found (Calcd) %: C, 50.24
(50.90); H, 3.41 (3.27); N, 10.53 (10.47) for [Mn(HQb)Cl,].

4.2.3b. Synthesis of [Mn(Qb);] (4)

Manganese (II) acetate tetrahydrate (0.245 g, 1 mmol) in methanol (20 ml)
was added to a solution of HQb-1.5H,0 (0.606 g, 2 mmol) in methanol (20 ml).
The reaction mixture was refluxed for 3 h, cooled and filtered. The dark blue
precipitate obtained was washed with methanol followed by ether and then dried

over P,Oyg in vacuo. Yield: 58%. A, (DMF): 8 ohm™ cm? mol™. u(B.M.): 5.70.
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Elemental Anal. Found (Caled) %: C, 67.60 (67.66); H, 4.41 (4.01); N, 13.78
(13.92) for [Mn(Qb),].

4.2.3c. Synthesis of [Mn(HQn)Cl,]-2H,0 (5)

HQn-1.5H,0 (0.303 g, 1 mmol) in methanol (20 ml) and manganese(Il)
chloride tetrahydrate (0.198 g, 1 mmol) in methanol (20 ml) were mixed and
refluxed for 4 h. Pale yellow precipitate was obtained. The reaction mixture was
cooled and filtered. Then the precipitate was washed with methanol followed by
ether and then dried over P4Oy in vacuo. Yield: 49%. A, (DMF): 20 ohm™ cm?
mol™. u (B.M.): 5.67. Elemental Anal. Found (Calcd) %: C, 44.27 (43.86); H, 3.59
(3.68); N, 12.93 (12.79) for [Mn(HQn)Cl,]-2H,0.

4.2.3d. Synthesis of [Mn(Qn),] (6)

Manganese acetate tetrahydrate (0.245 g, 1 mmol) in methanol was added to
the methanolic solution of HQn-1.5H,0 (0.606 g, 2 mmol). The reaction mixture
was refluxed for 2 hours, cooled and filtered. The dark blue precipitate obtained
was washed with methanol followed by ether and then dried over P,O1¢ in vacuo.
Yield: 54%. Ay (DMF): 10 ohm™ ¢cm® mol”. u (B.M.): 5.91. Elemental Anal.
Found (Calcd.) (%): C, 63.57 (63.47); H, 3.26 (3.66); N, 18.30 (18.51) for

[Mn(Qn),].
4.3. Results and discussion

The common oxidation states of manganese are +2, +3, +4, +6 and +7, though
oxidation states from -3 to +7 are observed. It is reported that manganese (11) is the
most common among these different oxidation states, which is the state used in living
organisms for essential functions. Mn’" often competes with Mg®* in biological
systems. Exchange energy favors the high spin configuration. Due to the absence of
LFSE of d& configuration, the formation constants of manganese(II) complexes are

smaller than those of other first row transition metals.

Here, the reaction of equimolar ratio of the tridentate ligand and the metal

salt yielded complexes 3 and 5, whereas reaction of the ligand and metal salt in
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ratio 2:1 resulted in metal complexes 4 and 6. Based on the elemental analyses,
conductivity measurements and spectral investigations, the complexes were

formulated.

The manganese(Il) complexes were found to be pale yellow or dark blue in
color. Here, the acylhydrazones act as NNO - donor ligands and they can
coordinate to the metal in neutral keto form or in anionic enolate form. Analytical
data show that in complexes 3 and 5, ligand moiety is in keto form whereas in

complexes 4 and 6, enolization of the ligand has taken place.

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,
which show the non-electrolytic nature of the complexes in solution [22]. The
magnetic moments of the complexes were calculated from the magnetic
susceptibility measurements and the values are found to be in the range 5.6 — 6.2
B.M., which are indicative of a high spin &° system. The complexes are found to

be EPR active.
4.3.1. Infrared spectra

The IR spectra of the manganese complexes were analyzed in comparison

with that of their respective free ligands in the region 4000-100 cm™.

A comparison of the IR spectra of the ligands and the complexes revealed
significant variations in the characteristic bands due to coordination with the
central metal ion. It was found that the absorption bands attributed to v(C=0) and
v(N-H) in the free ligands, disappeared in the complexes 4 and 6, due to
coordination through enolate oxygen. But the presence of these bands in the other
two complexes revealed the existence of the ligand in keto form in these

complexes [23].

In the IR spectrum of complex 3, the bands due to v(C=0) and v(N-H) are
observed at 1630 and 3176 cm™. The azomethine band is shifted to 1546 cm™ due
to binding with the metal ion. The shifting of the azomethine (C=N) band to a
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lower frequency is attributed to the conjugation of the p-orbital on the double bond
with the d-orbital on the metal ion with reduction of the force constant. The sharp

bands at 1492 and 1438 cm™ are due to the aromatic ring vibrations (Fig. 4.1).
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wavenumber (cm™)

Fig. 4.1. IR spectrum of [Mn(HQb)Cl,] (3).

The ligand coordination to the metal centre is substantiated by the bands
appearing at 485, 403 and 323 cm™ which are respectively attributed to v(Mn—N)
for azomethine nitrogen, v(Mn—0O) for amide oxygen and v(Mn—N) for quinoline
nitrogen. In the far IR spectrum of the complex [Mn(HQb)CI,] (3), a peak is

observed at 303 cm™, indicating the terminal nature of chlorine atom [24,25].

The band, observed at 1590 cm™ in the IR spectrum of [Mn(Qb),], is
assigned to the new —C=N- moiety, formed as a result of enolization of the ligand
on coordination. The azomethine band experienced a negative shift and is
observed at 1547 cm™. The new band at 1368 cm™ is assigned to the v(C—O)
stretch (Fig. 4.2).
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Fig. 4.2. IR spectrum of [Mn(Qb),] (4).

The broad band observed at 3462 cm™ evidences the presence of lattice water
in compound [Mn(HQn)Cl,]-2H,0. The bands observed at 1665 and 3203 cm™ are
attributed to v(C=0) and v(N-H) modes. The v(C=N) band is observed at 1562 cm
and the aromatic ring vibrations at 1492 and 1438 cm™ (Fig. 4.3).

In the far IR spectrum of the complex, the bands due to v(Mn—N) for
azomethine nitrogen, v(Mn—O) for amide oxygen and v(Mn-N) for quinoline
nitrogen appear at 489, 410 and 321 cm’, respectively. The band observed at

305 cm™ indicates the presence of terminal Mn—Cl stretching frequency.

In the IR spectrum of [Mn(Qn),], the bands due to v(C=0) and v(N-H) are
absent and the azomethine band due to coordination with Mn(Il) is shifted to
1548 cm™. The v(C—O) band is observed at 1352 cm™ and the band due to the
newly formed —C=N-group is found at 1585 cm™. The characteristic ring
vibrations were seen in the usual region (Fig. 4.4). The selected IR bands of the

hydrazones and complexes are represented in Table 4.1.
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Fig. 4.3. IR spectrum of [Mn(HQn)Cl,]-2H,0 (5).
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Fig. 4.4. IR spectrum of [Mn(Qn),] (6).
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Table 4.1. Infrared spectral data of the hydrazones and their manganese(Il)

complexes.

Compound  VCO) YD CN) wWCN' MC-0)
HQb-1.5H,0 1655 3193 1593 ---- -—--
[Mn(HQb)CL] (3) 1630 3176 1546
[Mn(Qb),] (4) -—-- -—-- 1547 1590 1347
HQn-1.5H,0 1656 3173 1591 ---- -—--

[Mn(HQn)C1,]-2H,0 (5) 1665 3203 1562

[Mn(Qn),] (6) 1548 1585 1352
* Newly formed C=N.

4.3.2. Electronic spectra

The Mn(Il) complexes belong to the @ system. The Tanabe-Sugano
diagram shows that the Russell-Saunders term for such a system in high spin state
is ®S and the ground state of high-spin octahedral Mn(II) complex is °4 1g- The &

configuration gives rise to the *G, *D and *P excited states.

As there are no excited terms of sextet spin multiplicity, spin allowed d-d
transitions are not expected. Also for octahedral complexes, these transitions are
Laporte forbidden. So the d-d transitions in a high spin octahedral Mn(II)
complexes are doubly forbidden; Laporte forbidden and spin forbidden [26-28].
However, some forbidden transitions occur and consequently, these transitions

have an extremely low molar extinction coefficient value.

The electronic spectra of the Mn(II) complexes were recorded both in
acetonitrile and DMF, in the region 50000-11000 cm™. The spectra, within the
range 45000-20000 cm™ recorded in acetonitrile, are shown in Figs. 4.5 and 4.6.
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Fig. 4.5. Electronic spectra of manganese(Il) complexes of HQb-1.5H,0.
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Fig. 4.6. Electronic spectra of manganese(Il) complexes of HQn-1.5H,0.
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The high intense intraligand transitions and charge transfer transitions,
tailing into the visible region, obscure the very weak d-d transitions of the
manganese(Il) complexes. In all the complexes, a high intense transition is
observed at ca. 24000 cm” which is assumed to be due to the ligand to metal

charge transfer (LMCT) transition.

For octahedral Mn(II) complexes, electronic spectra show two bands at ca.

18000 and 20000 cm’, which are assigned to 4Tlg(G)<— 6Alg and

‘T 50 (G) « 6A1 . Trespectively. These assignments are obtained by fitting the

observed spectrum to the Tanabe Sugano diagram and for @ octahedral complex,

D D E
?q = 1.1. At this ?q, the ratio of the first transition energy and B (ie, E) is

found to be 24.0. The electronic repulsion parameter (Racah parameter), B, is a
function of the ligand and the metal ion and is a built in feature of these Tanabe

Sugano diagrams [29].
The extent of covalence in metal-ligand bond may be evaluated from the

electronic spectrum by estimating the nephelauxetic ratio (B) = B_ The free ion

value of B, for octahedral Mn®" is 860 cm™. The value of B decreases with increase in

delocalization [26].
The electronic spectra of the manganese(Il) complexes [Mn(HQb)Cl,] (3) and
[Mn(HQn)Cl,]-2H,0 (5) exhibit weak-intensity absorption bands at ca. 18000, 22000

and 27000 cm”, which may be assigned to the transitions: ‘7, L (G) « °A, o

'4,,(G),"E,(G) « °4,, (10B+5C), *E, (D) < °4,, (17B+5C).

The ligand field parameter B and C values have been calculated by using the
second and third transition energies. This is due to the fact that the energies of

these two transitions are independent from the crystal field splitting energy and
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depends only on the parameters B and C [30,31]. Electronic spectral data for the

hydrazones and their manganese(Il) complexes are given in Table 4.2.

Table 4.2. Electronic spectral data for the hydrazones and their
manganese(Il) complexes, recorded in acetonitrile and in DMF.

Compound Absorbance Ayax (cm'l)
HQb-1.5H,0 43790, 41640, 35860, 32580, 31690, 30430, 29130
[Mn(HQb)C1,] (3) 35660, 34770, 31540, 30150, 28960, 26750, 24580,

21550, 17360.

[Mn(Qb)] (4) 42250, 40600, 37310, 33510, 31080, 29800, 24530,
20170, 17100,

HQn-1.5H,0 43920, 41490, 35840, 32580, 31750, 30440, 29150

[Mn(HQn)CL]-2H,O (5) 43860, 42700, 36520, 32900, 32240, 30960, 29680,
27190, 25230, 22410, 18990

[Mn(Qn),] (6) 42410, 41630, 40640, 39530, 37510, 33350, 31000,
29720, 25600, 20500, 19100.

The Dq value has been evaluated with the help of curve, transition energies vs.
Dq, by Orgel [32] using the energy due to the transition ‘T, L (G) « °4, o
Parameters B and C are linear combination of certain Coulomb and exchange integrals
and are generally treated as empirical parameters obtained from the spectra of the free
ions. Slater Condon—Shortly parameters F, and F} are related to the Racah inter-

electronic repulsion parameters B and C, as follows: B = F, —5F, and C =35F, [33].

The ligand field parameters of the complexes are given in Table 4.3.

Table 4.3. Ligand field parameters of manganese(Il) complexes.

Compound B c F; F, 10Dg(A) p
[Mn(HQb)Cl,] (3) 742.8 28244 11463 807 - 0.95
[Mn(Qb),] (4) 712.5  coem e e 7837.5  0.83
[Mn(HQn)CL]2H,0 (5)  682.9 31162 11279 89.0 - 0.87
[Mn(Qn),] (6) 795.8  comm e e 8754.2  0.92
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4.3.3. Electron paramagnetic resonance spectroscopy

The electron spin properties of manganese have long been of interest as a
spectroscopic probe of manganese centers in manganese proteins. The Mn(Il)
system possesses Kramer’s ground-state doublets and exhibits characteristic spin

transitions in the normal mode X-band regime.

The spin Hamiltonian,

a ) 22
H = gBBS+D|S2-S(S+1) |+ E(S~ =S ) . @.1)
X y

3

may be used to describe the EPR spectra of Mn(II) complexes. In the expression,
B is the magnetic field vector, g is the spectroscopic splitting factor, f is the Bohr
magneton, D is the axial zero field splitting parameter, E is thombic zero field

splitting parameter and S is the electron spin vector [34].

If D and FE are both zero, then the only contributor to the spectrum is the first-
order Zeeman term and the result for Mn®" is an isotropic spectrum, with a single six-
line signal with g.r near 2.0. In weak ligand fields, Mn(Il) centers give a single
transition at g = 2, which splits into six hyperfine lines by the >>Mn nucleus ( = 5/2).
However, simple spectra of this type are indicative of a cubic ligand field where the
zero-field splitting parameter D is negligible and all of the AM, = +£1 transitions are
degenerate, as a result. For a small but finite value for D and E, the degeneracy is

removed and the spectrum exhibits 5-fold fine structure with a g value of 2.0.

If D is very large, only one transition is expected. However, for the case
where D or E is very large, the lowest doublet has effective g values of gy =2 and
g1 =6for D #0and E =0 but for D=0 and £ # 0, the middle Kramer’s doublet

has an isotropic g value of 4.29.

In more strongly axial systems where D is comparable to 4v, high-spin &° ions
such as Mn*" often exhibit tetragonal spectra with g, ~ 6 and g = 2, a situation

observed for many porphyrin, phthalocyanin and related complexes of Mn®".
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Depending on the values of D and 4, the number of lines observable in the
spectra will be 30, 24 or 6. As delocalization increases, 4 value decreases. When
2D > 5A, 30 lines will be obtained; when 2D = 54, overlapping occurs and we get
only 24 lines. When 2D < 54, the number of lines still decreases and when D = 0,

we will see only six lines [35,36].

Ligand fields of lower symmetry are often characterized by a rhombic

signal at g = 4.3, but this is typically observed for relatively strong field ligands.

The X-band EPR spectra of the manganese complexes were recorded in
polycrystalline state at 298 K and in frozen DMF at 77 K. The EPR spectrum of the
compound [Mn(HQb)CL,] (3) at 298 K in polycrystalline state exhibited two g values

at g; = 1.984 and g, = 3.120, with no hyperfine splitting (Fig. 4.7). The spectrum is

very broad due to dipolar interactions and enhanced spin lattice relaxation.

T T T T T

180 220 260 300 340 380
Field strength (mT)

Fig. 4.7. EPR spectrum of [Mn(HQD)CIl,] (3) in polycrystalline state at 298 K.
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The solution spectrum (Fig. 4.8) of the compound in DMF at 77 K
displayed a hyperfine sextet with g = 2.018 and hyperfine coupling constant 69.0

x 10* cm™. The hyperfine structure results from a transition from the |-, M> to
the [+, My> level, where the -4 and +'%2 denote the electron spin magnetic
quantum numbers and M), the nuclear spin quantum number. The hyperfine
spectrum of the compound consists of six allowed lines corresponding to
M, = +5/2, +3/2, +1/2, —1/2, -3/2, —5/2 with AM; = 0 in the transition. The
observed g value is very close to the free electron spin value of 2.0023, which is
consistent with the typical manganese(Il) system and also suggestive of the
absence of spin orbit coupling in the ground state °4 1¢ Without another sextet term

of higher energy.

60 T T T I

Expetimental
Simulated

0r B

dP/dB a.u

a0k _

A0k _

E0 | | | |
290 300 310 320 330 340 350 360

B (mT)

Fig. 4.8. Simulated and experimental best fits of the EPR spectrum of
[Mn(HQb)CL,] (3) in DMF at 77 K.
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EPR spectrum of [Mn(Qb),] (4) in polycrystalline state at 298 K exhibits
three g values; g, = 1.802, g, = 2.386, g; = 3.565 (Fig. 4.9). The three g values
imply that the molecule is rhombically distorted. The signals are comparatively
broad with no hyperfine splitting. The broadness of the peaks is a characteristic
feature of Mn(Il) complex in the polycrystalline state, which arises due to dipolar

interactions and enhanced spin lattice relaxation [36].

The compound [Mn(Qb),] in DMF at 77 K displays three g values at
g1=1.803, g, =2.368 and g; = 3.310.

A broad isotropic signal with g, = 2.053 was found for the compound
[Mn(HQn)Cl1,]-:2H,O (5) in polycrystalline state at 298 K and the hyperfine

structure is not observed in the spectrum (Fig. 4.10).

T T T T T

120 160 200 240 280 320 360 400
Field strength (mT)

Fig. 4.9. EPR spectrum of [Mn(Qb),] (4) in polycrystalline state at 298 K.
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T T

200 240 280 320 360
Field strength (mT)

Fig. 4.10. EPR spectrum of [Mn(HQn)Cl,]-2H,0 (5) in polycrystalline state
at 298 K.

In DMF at 77 K, the EPR spectrum of [Mn(HQn)Cl,]-2H,O (5) is isotropic
with g, = 1.996. The spectrum exhibits sixfold well-resolved hyperfine splitting
pattern with the coupling constant A5, = 96 x 10* cm™! (Fig. 4.11).

Due to the interaction of the unpaired electron with the Mn(Il) nucleus
(I = 5/2), a hyperfine sextet (2n/+1 lines) observed corresponds to AM, = +1 and
AM; = 0. But due to the nuclear quadrupole effect, the forbidden lines
corresponding to AM; = *1 transitions may arise. This is observed in the EPR
spectrum of [Mn(HQn)CL]-2H,O (5) in DMF at 77 K as a pair of low intensity
lines in between each of the two main hyperfine lines. According to Bleaney and

Low, such forbidden transitions are brought about by the mixing of the nuclear

hyperfine levels by the zero field splitting parameter D [37-40].
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« T T T T T T T T
— Exparmenia

dP/dB au

Fig. 4.11. Simulated and experimental best fits of the EPR spectrum of
[Mn(HQn)Cl,]-2H,0 (5) in DMF at 77 K.

The EPR spectrum of [Mn(Qn),] (6) in polycrystalline state at 298 K gave
two g values; gy = 1.991 and g, = 2.773. The spectrum is broad with no hyperfine
splitting (Fig. 4.12).

I [ I |
200 240 280 320
Field strength (mT)

Fig. 4.12. EPR spectrum of [Mn(Qn),] (6) in polycrystalline state at 298 K.
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The compound [Mn(Qn),] (6) displayed four g values viz. 2.034, 2.421,
3.181 and 4.920 for the frozen solution spectrum in DMF at 77 K. The hyperfine
splitting constant, 4, calculated for the hyperfine sextet in the high field region is
117.7x 10% cm™.

4.3.4. Cyclic voltammetry

Cyclic voltammograms were recorded on a CHI II20A electrochemical
analyzer with a three electrode compartment consisting of a platinum disc working
electrode, platinum wire counter electrode and Ag/Ag" reference electrode. The
solutions of complexes in DMF have been used to study the electrochemical
properties using TBAP (tetrabutylammonium phosphate) as the supporting
electrolyte. The voltammogram is run between the potentials of +2000 and —2000
mV at a scan speed of 100 mV/s. Cyclic voltammetric data for the hydrazones

and their Mn(II) complexes are tabulated in Table 4.4.

Table 4.4. Cyclic voltammetric data for the hydrazones and their Mn(II)

complexes.
E,./ mV E,,/ mV
Compound e/ 1) (Tpe ! 1A)
HQb-1.5H,0 -220 (0.91) 520 (3.48)
[Mn(HQb)C1,] (3) 147 (3.32), 539 (4.46)
-499 (5.60)
Mn@QbYl(4) e e
HQn1.5H,0 -280 (1.83) 830 (13.8)
[Mn(HQn)C1,]-2H,0 (5) -134 (0.7, -
-761 (0.94)
[Mn(Qn),] (6) -98 (0.47) 790 (1.71),
-60 (1.20)

The complex [Mn(HQb)Cl,]-2H,O (3) displays two reductive responses, viz
147 mV (3.32 pA), -499 mV (5.60 pA). The oxidative peak at 539 mV (4.46 pA),
which is very close to the oxidative response of the corresponding ligand, is
attributed to the ligand based oxidation reaction. The absence of the metal

centered oxidative peak in the complex may be due to the presence of more
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electronegative chlorine atoms attached to the metal ion. Generally, the presence
of an electron withdrawing group stabilizes the lower oxidation state and electron
donating group favors the higher oxidation state of the metal centre.
Electronegative chlorine lowers the electron density on the manganese ion and

oxidation of the Mn(II)-Mn(III) becomes more difficult [41].

The cyclic voltammogram of complex [Mn(Qn),] (4) was of poor quality

and cannot be interpreted.

In the cyclic voltammogram of complex [Mn(HQn)CL]-2H,O (5), two
reductive responses were observed at -134 mV (0.75 pA) and -761 mV (0.94 pA)

and oxidative response was absent.

In the cyclic voltammogram of complex [Mn(Qn),] (6), one reductive
response was observed at -98 mV (0.47 pA) and two oxidative responses at 790
mV (1.71 pA) and -60 mV (1.20 pA). The oxidative peak at 790 mV may be due

to the ligand based reaction.

Figs. 4.13 - 4.15 illustrate cyclic voltammograms of manganese complexes,

[Mn(HQb)CL], [Mn(HQn)C1,]-2H,O (5) and [Mn(Qn),] (6).

0.02
0.00
<
2
Z  -0.02-
c
g
5
O
-0.04 4
-0.06

T T T T T T T T T T T
1500 1000 500 0 -500 -1000
Potential (mV)

Fig. 4.13. Cyclic voltammogram of [Mn(HQb)CL,] (3) in DMF at 100 mV s .
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Current (uA)
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Fig. 4.14. Cyclic voltammogram of [Mn(HQn)CL,]-2H,0 (5) in DMF at 100 mV s .
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Fig. 4.15. Cyclic voltammogram of [Mn(Qn),] (6) in DMF at 100 mV s~
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SYNTHESES AND CHARACTERIZATION OF
COBALT(ll) COMPLEXES OF ACYLHYDRAZONES

5.1 Introduction
5.2 Experimental

5.3 Results and Discussion

Cantents

References

5.1. Introduction

Cobalt exhibits two important oxidation states as +2 and +3 and salts of
Co(Il) are more stable, as they are not easily oxidised to Co(Ill) state. However,
in basic solutions, oxidation of Co®" to Co’" takes place relatively easily. It is
usually found that when both oxidation states of an element are subjected to
complex formation, the overall formation constant is greater for the higher
oxidation state and thus complexation makes it difficult to be reduced. Thus,
Co(III) is stabilised by complexation and Co(II) forms relatively few complexes,
which are not as stable as the corresponding complexes of Co(IlI). However, high
spin six coordinate, high/low spin five coordinate and four coordinate complexes

of Co(Il) are widely reported [1-3].

Schiff base metal complexes have been widely studied because they have
industrial, antifungal, antibacterial, anticancer and herbicidal applications [4-7].
They serve as models for biologically important species and find applications in
biomimetic catalytic reactions. It is known that the existence of metal ions bonded

to biologically active compounds may enhance their activities. There has been a
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growing interest in the chemistry and biochemistry of cobalt because of its

implication in many biological redox processes [8,9].

We now report the synthesis and characterization of Co(Il) complexes of

tridentate acylhydrazones.

5.2. Experimental
5.2.1. Materials

All the chemicals and solvents used for the syntheses were of analytical
grade. Quinoline-2-carbaldehyde (Aldrich), benzhydrazide (Aldrich), nicotinic
hydrazide (Aldrich), cobalt(Il) acetate tetrahydrate (BDH), cobalt(Il) bromide,
potassium thiocyanate (Merck) and sodium azide (Reidel-De Haen) were used as

received.
5.2.2. Syntheses of ligands
Preparation of the ligands was done as described previously in Chapter 2.

5.2.3. Syntheses of cobalt(Il) complexes
5.2.3a. Synthesis of [Co(Qb).] (7)

HQb-1.5H,0 (0.606 g, 2 mmol) was dissolved in methanol (20 ml) by
stirring and to this solution, cobalt(Il) acetate tetrahydrate (0.249 g, 1 mmol) in
methanol (20 ml) was added and refluxed the solution for 2 hours. Then the
solution was cooled at room temperature. The dark brown crystalline precipitate
of 7 obtained was washed with methanol followed by ether and then dried over
P40y in vacuo. Yield: 78.9%. Ay (DMF): 7 ohm™ cm® mol™. u (B.M.): 4.84.
Elemental Anal. Found (calcd.) (%): C, 67.14 (67.22); H, 4.08 (3.98); N, 13.50
(13.83) for [Co(Qb),].

5.2.3b. Synthesis of [Co(Qn).] (8)

HQn'1.5H,0 (0.606 g, 2 mmol) was dissolved in methanol (20 ml) by
stirring and to this solution, cobalt(Il) acetate tetrahydrate (0.249 g, 1 mmol) in
methanol (20 ml) was added and refluxed the solution for 4 hours. The dark

brown precipitate of 8 obtained was washed with methanol followed by ether and
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then dried over P,Oyy in vacuo. Yield: 74.5%. A, (DMF): 9 ohm™ ¢m? mol™. U
(B.M.): 4.89. Elemental Anal. Found (calcd.) (%): C, 63.49 (63.06); H, 3.99
(3.64); N, 18.36 (18.38) for [Co(Qn),].

5.2.3c¢. Synthesis of [Co(Qn)Br]-H,O (9)

HQn 1.5H,0 (0.303 g, 1 mmol) was dissolved in methanol (20 ml) by
stirring and to this solution, cobalt(II) bromide (0.218 g, 1 mmol) in methanol (20
ml) was added and refluxed the solution for 4 hours. The brown precipitate of 9
obtained was washed with methanol followed by ether and then dried over P,O
in vacuo. Yield: 34.9%. A, (DMF): 13 ohm™ cm® mol™. u (B.M.): 4.92. Elemental
Anal. Found (calcd.) (%): C, 44.59 (44.47); H, 2.85 (3.03); N, 12.50 (12.97) for
[Co(Qn)Br]-H,0.

5.2.3d. Synthesis of [Co(Qn)SCN] (10)

HQn-1.5H,0 (0.303 g, 1 mmol) was dissolved in methanol (20 ml) by
stirring. To this solution, KSCN (0.097 g, 1 mmol) in methanol (10 ml) was
added followed by cobalt(Il) acetate tetrahydrate (0.249 g, 1 mmol) in methanol
(20 ml) and refluxed the mixture for 4 hours. The compound 10 was obtained as
brown precipitate. It was then washed with methanol followed by ether and then
dried over P,Oy in vacuo. Yield: 68.2%. A, (DMF): 25 ohm™ c¢m® mol™. U
(B.M.): 4.76. Elemental Anal. Found (Calcd) %: C, 52.18 (52.05); H, 3.11 (2.83);
N, 17.68 (17.85) for [Cu(Qn)SCN].

5.2.3e. Synthesis of [Co(Qn)N3] (11)

HQn-1.5H,0 (0.303 g, 1 mmol) was dissolved in methanol (20 ml) by
stirring. To this solution, NaN; (0.065 g, 1 mmol) in methanol (10 ml) and
cobalt(Il) acetate tetrahydrate (0.249 g, 1 mmol) in methanol (20 ml) were added
and stirred the mixture for 2 hours. The brown precipitate of 11 was washed with
methanol followed by ether and then dried over P4O in vacuo. Yield: 58.4%. A,
(DMF): 13 ohm™ cm?® mol™. x (B.M.): 4.85 Elemental Anal. Found (Calcd) %: C,
51.01 (51.08); H, 3.04 (2.95); N, 26.41 (26.06) for [Co(Qn)N3].
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Caution: Although not encountered in our experiments, 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

The reaction of quinoline-2-carbaldehyde with hydrazide in 1:1 ratio in
methanol gives the corresponding hydrazone. The complexes were prepared by
the reaction of the ligand with the metal salts in methanol. Based on the elemental
analyses, conductivity measurements and spectral investigations, the complexes

were formulated.

Five cobalt(Il) complexes of hydrazones were prepared and they are found
to be brown in color. The molar conductivities of the complexes in DMF (10~ M)
solutions were measured at 298 K with a Systronic model 303 direct-reading
conductivity bridge, which show that all the complexes are non-conducting in
nature [10]. The magnetic moments of the complexes were calculated from the
magnetic susceptibility measurements at room temperature. The effective
magnetic moments for the complexes are found to be in the range 4.70-5.00 B.M.,

which are typical for a high spin cobalt(Il) system [11].
5.3.1. Infrared spectra

The IR spectra of the hydrazones and their Co(Il) complexes were recorded
in the solid state as KBr discs. The bands of diagnostic importance are listed in

Table 5.1.

The spectra of hydrazones exhibit a peak at 3193 and 3173 cm™ for
HQb-1.5H,0 and HQn-1.5H,0, respectively and this band is assigned to the
stretching frequency of the N—H group. Also, they exhibit a sharp band at ca.
1655 cm™, which is attributable to the stretching mode of the C=0 group. It is
worthy mentioning that both of these bands are absent in the spectra of the
complexes. This is due to the ability of hydrazones to exhibit keto-enol

tautomerism. From the IR spectra of complexes, it is confirmed that the
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hydrazones coordinate to the metal centre in the enolate form. In the complexes,
a new band is observed at ca. 1330 cm™ which is due to the v(C—O) band formed

due to the enolization of the hydrazone moiety [12,13].

Table 5.1. IR spectral data of hydrazones and their Co(I) complexes.

Compound o et e e T
HQb-1.5H,0 1655 3193 1593 1184
[Co(Qb),] (7) —— 1544 1580 1330 1209
HQn'1.5H,0 1656 3173 1591 1195
[Co(Qn),] (8) — 1546 1583 1331 1201
[Co(Qn)Br]H,0 (9) - — 1554 1590 1339 1199
[Co(Qn)SCN] (10) — 1551 1589 1337 1198
[Co(Qn)N;] (11) — 1552 1589 1330 1199

* Newly formed C=N bond.

The azomethine band, v(C=N), is observed at around 1590 cm™ in the
spectra of the hydrazones, but this band is shifted to lower wavenumber in the case
of the complexes. This red shift indicates the participation of azomethine nitrogen
in coordination. The v(N-N) band is observed at 1184 cm™ for HQb-1.5H,0 and
1195 cm™ for HQn'1.5H,0. The increase in frequency of this band in the spectra
of the complexes again confirms the coordination of hydrazone through
azomethine nitrogen. The increase in v(N-N) value in the spectra of complexes is
due to the increase in its double bond character, off-setting the loss of electron

density via donation to the metal.

In the spectra of complexes, a new band is observed at ca. 1580 cm™ which
is due to the stretching frequency of the newly formed C=N group on enolization.
The sharp medium intensity band at 985-954 cm™ is assigned to the pyridine ring
breath mode of vibration [13,14]. The sharp medium bands within the 920-620
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cm’ range can be assigned to the various out-of-plane deformations of the

aromatic C—H groups. IR spectrum of [Co(Qb),] (7) is shown in Fig. 5.1.
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Fig. 5.1. IR spectrum of [Co(QDb),] (7).

A thiocyanate ion is a typical ambidentate ligand involving two different
terminal donor atoms; the sulfur atom and the nitrogen atom. The SCN group may
coordinate to a metal through the nitrogen or sulfur or both sulfur and nitrogen.
Thiocyanate coordination is known to occur in thiocyanate M-SCN,
isothiocyanate M-NCS and binuclear M-SCN-M (bridging) forms. The mode of
coordination can be determined from the vibrational modes. The CN stretching
frequencies are generally lower in N-bonded complexes (near and below 2050 cm™)
than in S-bonded complexes (near 2100 cm™) and the bridging [M-NCS-M’]
complexes exhibits W(CN) well above 2100 cm'. The w(CS) band for S-bonded

complexes are found in the 720-690 cm™ region. The N-bonded complexes exhibit a
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single sharp S(NCS) band near 480 cm', where as the S-bonded complexes show

several weak bands near 421 cm™ [15].

The complex [Co(Qn)SCN] (10) (Fig. 5.2) exhibits strong and sharp bands
at 2091, 723 cm™ and several bands of low intensity near 421 cm™ which can be
attributed to v(CN), v(CS) and d(NCS) respectively. These values are typical for

S-bonded thiocyanato complexes.
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Fig. 5.2. IR spectrum of [Co(Qn)SCN] (10).

The azido compound, [Co(Qn)N;] (11), exhibited the antisymmetric
UNNN) vibration as a sharp band observed at 2058 cm™. Another band at 1319
cm™ is assigned to 1,(NNN) of the coordinated azido group [16]. The broad bands
observed at 636 and 432 cm™ in the spectrum of the complex are assigned to

O(NNN) and v(Co—N,,i4o) bands (Fig. 5.3).
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Fig. 5.3. IR spectrum of [Co(Qn)N3] (11).

5.3.2. Electronic spectra

The observed values of magnetic moments for cobalt(Il) complexes are
generally diagnostic of the coordination geometry about the metal ion. The low-
spin square-planar cobalt(Il) complexes may be 2.9 B.M., arising from one

unpaired electron plus an apparently large orbital contribution [17].

Both tetrahedral and high-spin octahedral cobalt(Il) complexes possess
three unpaired electrons but may be distinguished by the magnitude of the
deviation of u.g from the spin-only value. The magnetic moment of tetrahedral
cobalt(Il) complexes with an orbitally non-degenerate ground term is increased
above the spin only value via contribution from higher orbitally degenerate terms
and occurs in the range 4.2-4.7 B.M.; octahedral cobalt(Il) complexes, however,
maintain a large contribution due to *7, ¢ ground term and exhibit s in the range

4.8-5.6 B.M. [18].
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The magnetic moments of the complexes reported herein are in the range
4.70-5.00 B.M. showing the presence of three unpaired electrons with a high-spin
octahedral configuration. These values are larger than the spin only value of high-
spin cobalt(IT) (3.87 B.M.; uso = [4S(S+/1)]"?; S = 3/2). The values are close to the
value expected when the spin and orbital angular momenta exist independently
[5.20 BM.; s = [L(LH1) + 4S(S+1)]"*; L = 3, S = 3/2]. This indicates a

contribution of the orbital angular momentum [1,11].

The d’ system, with the ground state term *F, is split into three states in an
octahedral crystal field. So, in an octahedral geometry, Co*'complexes usually
show three bands corresponding to the spin allowed transitions *T 20(F) ‘T 1o(F)
(), *(F) < *Tio(F) (v2) and *Tio(P) < *Ti(F) (v3) transitions. Electronic
spectra of all the cobalt(Il) complexes in DMF showed three bands in the region
11510-12730, 14940-16230 and 17820-18970 cm™', which may be assigned to the
v1, v, and v; of octahedral Co(Il) system [19-21].

The electronic absorption spectra of the hydrazones and their cobalt(Il)
complexes were recorded both in acetonitrile and DMF within the region

45000-11000 cm™.

The intense broad band observed for the complexes in the region
24530-26100 cm™ is assigned to the intramolecular charge transfer transitions
involving the whole molecule [19-23]. Electronic spectra of the hydrazones and
their metal complexes, within the region 45000-20000 cm™, are shown in Figs. 5.4
and 5.5. The d-d bands observed for [Co(Qn),] (8) and [Co(Qb)SCN] (10) are
shown in Fig. 5.6.

The bands in the region 32000-44000 cm™ are assigned to m-n" transitions
within the ligand moiety. The spectra show bands in the range 27000-32000 cm™,
assignable to n-m  transitions of the azomethine and amide functions. These
intraligand bands are slightly shifted on complexation. Electronic spectral data of

the hydrazones and their cobalt(Il) complexes are given in Table 5.2.
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Fig. 5.4. Electronic spectra of HQb-1.5H,0 and [Co(Qb),] (7), recorded in

acetonitrile.
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Fig. 5.5. Electronic spectra of HQn'1.5H,O and its Co(Il) complexes,
recorded in acetonitrile.
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Fig. 5.6. d-d bands observed for (a) [Co(Qn),] (8) and (b) [Co(Qb)SCN]
(10), recorded in DMF

Table 5.2. Electronic spectral data of the hydrazones and their cobalt(Il)

complexes.

Compound Absorbance Apax (cm'l)

HQb-1.5H,0 43790, 41640, 35860, 32580, 31690, 30430, 29130
[Co(Qb),] (7) 36530, 33360, 31050, 24760, 17890, 15650, 12730
HQn-1.5H,0 43920, 41490, 35840, 32580, 31750, 30440, 29150
[Co(Qn),] (8) 37060, 32900, 24530, 17860, 15170, 12130
[Co(Qb)Br]'H,O (9) 37430, 32640, 24740, 18840, 16170, 11630
[Co(Qb)SCN] (10) 37390, 32850, 24880, 17820, 16230, 11510
[Co(Qb)N3] (11) 40560, 33800, 26030, 18970, 14940, 11790

5.3.3. Cyclic voltammetry

Cyclic voltammograms of the hydrazones and their Co(Il) complexes were
recorded on a CHI 608D electrochemical analyzer with a three electrode compartment
consisting of a platinum disc working electrode, platinum wire counter electrode and
Ag/Ag" reference electrode. The solutions of complexes in DMF have been used to
study the electrochemical properties using TBAP (tetrabutylammonium phosphate) as
the supporting electrolyte. The voltammogram is run between the potentials of +2000
and —2000 mV at a scan speed of 100 mV/s.

The electrochemical behavior of metal complexes with N, O - donor ligands
has been studied in order to monitor spectral and structural changes accompanying

electron transfer [24].
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A comparative study of the cyclic voltammetric behavior of the hydrazones
with their metal complexes could provide information on whether the redox
reaction of the metal complexes is metal centered or ligand centered. The
potentials of both the metal centered oxidation and reduction reflect the influence

of the electronic nature of the ligand.

The cobalt(Il)/cobalt(I) redox process is influenced by coordination number,
stereochemistry and the hard/soft character of the ligand donor atoms [25,26]. The
cyclic voltammetric data for the hydrazones and their Co(II) complexes are listed in

Table 5.3. Representative cyclic voltammograms are shown in Figs. 5.7 and 5.8.

Patterson and Holm have shown that softer ligands tend to produce more
positive E° values, while hard acids give rise to negative E° value. The observed
values for the complexes of hydrazone indicate considerable “hard acid” character
comparable to ligand like ethylene diamine, (E, - 350 mV) which is likely to be

due to the pyridyl and azomethine nitrogen donors and solvent coordination [27].

Table 5.3. Cyclic voltammetric data for the hydrazones and their Co(Il)

complexes
E,./ mV E,./ mV
Compound (Ipe/ pA) (Iuu / BA)
HQb-1.5H,0 -220(0.91) 520 (3.48)
[Co(Qb),] (7) -430 (0.41) 800 (0.84)
280 (0.22) -70(0.12)
-380 (0.34)
HQn-1.5H,0 -280 (1.83) 830 (13.8)
[Co(Qn),] (8) -330(0.55) 810 (0.66)
260 (0.43) -100 (0.05)
-530 (0.26)
[Co(Qb)Br]-H,O (9) -280 (1.48)
300 (1.3 e
[Co(Qb)SCN] (10) -790 (0.42) 490 (0.11)
240 (0.31) -670 (0.65)
690 (0.21)
[Co(Qb)N;] (11) -300 (1.72) 940 (5.66)
380 (1.06) 670 (0.73)
970 (5.07) -60 (1.23)
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(¢10)

Absence of peaks for some complexes may result from kinetic

mplications during electron transfer, uncompensated solution resistance etc.

The drop of the voltammetric currents in the case of complexes compared to

the corresponding ligand can be attributed to diffusion of the metal complex

bound to the large ligand moiety. Additional peaks are observed for the

Cco

mplexes 9, 10 and 11, which may be due to the presence of coligands, which are

also susceptible to redox processes.
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Fig. 5.7. Cyclic voltammograms of (a) HQb-1.5 H,O and (b) [Co(QDb),] (7).
60 -
54
40
< 20 — 01
ot &)
3 o
O .20 510
®)
40 15
115 le Oj5 OjO —OI.5 —lI.O —1I.5
-20

Potential (x10° mV) 15 1.0 05 00 05
Potential (x10™ mV)
© (@

Fig. 5.8. Cyclic voltammograms of (¢) HQn-1.5 H,O and (d) [Co(Qb)N;] (11).
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6.1. Introduction

Copper (II) is a biologically active essential ion and it forms the active
centers in several metalloenzymes and proteins. Its chelating ability and positive
redox potential allow participation in biological transport reactions. The copper
atom transforms between the Cu(l) and Cu(Il) oxidation states in redox reactions
involving copper containing enzymes. This is an essential factor for many of the

properties of these enzymes [1-9].

Like all transition metal ions, the copper(Il) ion is characterized by its ability
to form coordination complexes with a wide range of ligands and illustrating a
variety of stereochemistries. Further, copper(Il) complexes possess a wide range of
biological activity and are among the most potent antiviral, antitumor and anti-
inflammatory agents. Copper(Il) complex of salicylaldehyde benzoyl hydrazone
was shown to be a potent inhibitor of DNA synthesis and cell growth. This
hydrazone also has mild bacteriostatic activity and a range of analogues has been
investigated as potential oral iron chelating drugs for genetic disorders such as

thalassemia [10-13].
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Common oxidation states of copper include the less stable copper(l) state
(d") and the more stable copper(Il) state (¢°). Under unusual conditions, a +3 state
(d%) and even an extremely rare +4 state (d') also can be obtained. The most
common oxidation state of copper is +2 and Cu(Il) complexes have been

extensively studied.

Cu(II) cations may be stabilized by complex formation with various ligands
and the ligand field splits the d-orbitals. They readily form coordination complexes
involving coordination numbers 4, 5 & 6 with tetrahedral, square planar, trigonal

bipyramidal, square pyramidal, octahedral and distorted octahedral geometries [1].

It is less typical that these stereochemistries are dominated by the formation
of nonregular structures, involving significant bond length and bond angle
distortions from the regular geometries. The major responsibility for this unusual
behavior must arise from the @’ electron configuration. As a consequence of the
non-spherical symmetry of the copper(Il) ion with &’ configuration, its complexes
exhibit distorted forms of the basic stereochemistries and Jahn-Teller effect plays a
major role in deciding the distortion effect of stereochemistries of Cu(Il)

complexes.

Hydrazones and their copper(Il) complexes have been studied in recent years
owing to their pharmacological interest. This chapter deals with the synthesis and
characterization of Cu(II) complexes with acylhydrazones, derived from quinoline-
2-carbaldehyde. The hydrazones coordinate to the metal as chelating ligands and
the expected coordination is most often via the quinoline nitrogen, azomethine
nitrogen and amide oxygen. We used different spectral techniques such as IR,

electronic and EPR to explore the geometry and stereochemistry of the complexes.

6.2. Experimental
6.2.1. Materials

All the chemicals and solvents used for the syntheses were of analytical

grade. Quinoline-2-carbaldehyde (Sigma Aldrich), benzhydrazide (Sigma Aldrich),
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nicotinic hydrazide (Sigma Aldrich), copper(Il) chloride dihydrate (Merck),
copper(Il) acetate monohydrate (Qualigens), copper(ll) nitrate trihydrate (S.D.fine-
chemicals Ltd), copper(Il) perchlorate hexahydrate (Sigma Aldrich), copper(Il)
bromide (Sigma Aldrich), potassium thiocyanate (Merck) and sodium azide

(Reidel-De Haen) were used without further purification.
6.2.2. Syntheses of ligands
Preparation of the ligands was done as described previously in Chapter 2.

6.2.3. Syntheses of copper (II) complexes of quinoline-2-carbaldehyde
benzoyl hydrazone

6.2.3a. Synthesis of [Cu(HQb)CL,] (12)

CuCl,'2H,O (0.170 g, 1 mmol) in methanol (20 ml) was added to
HQb-1.5H,0 (0.303 g, 1 mmol), dissolved in methanol (20 ml) by stirring. The
mixture was refluxed for 2 hours. Then, it was cooled and filtered. The dark green
precipitate of 12 was washed with methanol followed by ether and then dried over
P40y in vacuo. Yield: 48.9%. A, (DMF): 15 ohm™ c¢m® mol™. i (B.M.): 1.96. m.p.:
230-232 °C. Elemental Anal. Found (Calcd) %: C, 49.41 (49.83); H, 3.18 (3.20); N,
10.34 (10.25) for [Cu(HQD)Cl,].

6.2.3b. Synthesis of [Cu(Qb),] (13)

HQb-1.5H,O (0.606 g, 2 mmol) was dissolved in methanol (20 ml) by
stirring and to this solution, Cu(OAc),'H,O (0.199 g, 1 mmol) in hot methanol (20
ml) was added and refluxed the solution for 3 hours. The brown crystalline
precipitate of 13 obtained was washed with methanol followed by ether and then
dried over P40y in vacuo. Yield: 54.5%. Ay (DMF): 6 ohm™ cm® mol”. u (B.M.):
1.83. m.p.: 265-267 °C. Elemental Anal. Found (calcd.) (%): C, 66.74 (66.71); H,
3.62 (3.95); N, 13.57 (13.73) for [Cu(Qb),].

6.2.3¢. Synthesis of [Cu(Qb)NCS]-H,O (14)

HQb-1.5H,O (0.303 g, 1 mmol) was dissolved in methanol (20 ml) by
stirring. To this solution, KSCN (0.097 g, 1 mmol) in methanol (10 ml) was added
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followed by Cu(OAc),'H,O (0.199 g, 1 mmol) in hot methanol (20 ml) and refluxed
the mixture for 4 hours. The compound 14 was obtained as dark green precipitate.
It was then washed with methanol followed by ether and then dried over P,O, in
vacuo. Yield: 75.2%. A, (DMF): 25 ohm™ cm? mol™. u(B.M.): 1.62. m.p.: 220-222
°C. Elemental Anal. Found (Calcd) %: C, 52.47 (52.23); H, 3.11 (3.41); N, 13.35
(13.53); S, 7.63 (7.75) for [Cu(Qb)NCS]-H,0.

6.2.3d. Synthesis of [Cu(Qb)N;]»-H,O (15)

HQb-1.5H,O (0.303 g, 1 mmol) was dissolved in methanol (20 ml) by
stirring. To this solution, NaN; (0.065 g, 1 mmol) in methanol (10 ml) and
Cu(OAc),'H,0 (0.199 g, 1 mmol) in hot methanol (20 ml) were added and stirred
the mixture for 2 hours. The dark green precipitate of 15 was washed with
methanol followed by ether and then dried over P40y in vacuo. Yield: 68.5%. Ay
(DMF): 7 ohm™ e¢m” mol™. u (B.M.): 1.15. Elemental Anal. Found (Calcd) %: C,
52.96 (52.51); H, 3.33 (3.37); N, 21.54 (21.61) for [Cu(Qb)N;],-H,O.

6.2.3e. Synthesis of [Cu(HQb)Br|,Br; (16)

CuBr; (0.223 g, 1 mmol) in methanol (20 ml) was added to HQb-1.5H,0
(0.303 g, 1 mmol), dissolved in methanol (20 ml) by stirring. The mixture was then
refluxed for half an hour. Then, it was cooled and filtered. The dark green
precipitate was washed with methanol followed by ether and then dried over P,O,q
in vacuo. Yield: 43.1%. Ay (DMF): 124 ohm™ ecm® mol™. x (B.M.): 1.18. m.p.: 218-
220 °C. Elemental Anal. Found (Calcd) %: C, 40.94 (40.95); H, 2.84 (2.63); N,
7.93 (8.43) for [Cu(HQb)Br],Br,.

6.2.4. Syntheses of copper(II) complexes of quinoline-2-carbaldehyde
nicotinic hydrazone

6.2.4a. Synthesis of [Cu(HQn)Cl,] (17)

CuCL,-2H,O0 (0.170 g, 1 mmol) in methanol (20 ml) was added to
HQn-1.5H,0 (0.303 g, 1 mmol), dissolved in methanol (20 ml) by stirring. The
mixture was refluxed for 2 hours. Then, it was cooled and filtered. The dark green

precipitate of 17 was washed with methanol followed by ether and then dried over
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P40y in vacuo. Yield: 52.8%. Ay (DMF): 32 ohm™ cm? mol™. 4 (B.M.): 1.79. m.p.:
238-240 °C. Elemental Anal. Found (Calcd) %: C, 46.85 (46.79); H, 3.34 (2.94); N,
13.73 (13.64) for [Cu(HQn)Cl,].

6.2.4b. Synthesis of [Cu(Qn),] (18)

HQn-1.5H,0 (0.606 g, 2 mmol) was dissolved in methanol (20 ml) by
stirring. To this solution, Cu(OAc),-H,O (0.199 g, 1 mmol) in hot methanol (20 ml)
was added and refluxed the mixture for 3 hours. The brown crystalline precipitate
of 18 obtained was washed with methanol followed by ether and then dried over
P40y in vacuo. Yield: 63.5%. A (DMF): 20 ohm™ c¢m” mol™. i (B.M.): 1.79. m.p.:
257-258 °C. Elemental Anal. Found (caled.) (%) : C, 61.56 (61.68); H, 3.77 (3.72);
N, 18.15 (17.98) for [Cu(Qn),].

6.2.4c. Synthesis of [Cu(Qn)NO;|-H,0 (19)

HQn-1.5H,O (0.303 g, 1 mmol) was dissolved in methanol (20 ml) by
stirring. To this solution, Cu(NO3),-3H,0 (0.241 g, 1 mmol) in methanol (20 ml)
was added and refluxed the solution for 4 hours. Dark green crystalline precipitate
was formed. The mixture was cooled and filtered. The dark green crystalline
precipitate of 19 was then washed with methanol followed by ether and then dried
over P40y in vacuo. Yield: 53.2%. Ay (DMF): 14 ohm™ ecm® mol™. 1 (B.M.): 1.93.
m.p.: 250-252 °C. Elemental Anal. Found (calcd.) (%) : C, 45.54 (45.88); H, 2.79
(3.13); N, 16.76 (16.72) for [Cu(Qn)NO;]-H,0.

6.2.4d. Synthesis of [Cu(Qn)CIO,J-H,0 (20)

Copper perchlorate hexahydrate (0.370 g, 1 mmol) in methanol (20 ml) was
added to HQn-1.5H,0 (0.303 g, 1 mmol), dissolved in methanol (20 ml) by stirring.
The mixture was refluxed for 4 hours. Then, it was cooled and filtered. The dark
green crystalline precipitate of 20 was washed with methanol followed by ether and
then dried over P4Og in vacuo. Yield: 83.9%. A, (DMF): 34 ohm™ cm? mol™. u
(B.M.): 1.69. Elemental Anal. Found (calcd.) (%) : C, 42.23 (42.12); H, 2.53 (2.87);
N, 12.23 (12.28) for [Cu(Qn)ClO,4]-H,0.
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6.2.4e. Synthesis of [Cu(Qn)NCS|-H,0 (21)

HQn'1.5H,O (0.303 g, 1 mmol) was dissolved in methanol (20 ml) by
stirring. To this solution, Cu (CH;COO),'H,0 (0.199 g, 1 mmol) and KSCN (0.097
g, 1 mmol) in methanol (20 ml) were added and refluxed the solution for 4 hours.
The dark green precipitate of 21 was washed with methanol followed by ether and
then dried over P4Oyg in vacuo. Yield: 84.5%. A, (DMF): 30 ohm™ cm? mol™.
i (B.M.): 1.97. m.p.: 180-182 °C. Elemental Anal. Found (calcd.) (%) : C, 49.45
(49.21); H, 2.70 (3.16); N, 16.99 (16.88); S, 7.85 (7.73) for [Cu(Qn)NCS]-H,0.

6.2.41. Synthesis of [Cu(Qn)N;]-H,0 (22)

HQn:1.5H,O (0.303 g, 1 mmol) was dissolved in methanol (20 ml) by
stirring. To this solution, Cu(CH;COO),-H,O (0.199 g, 1 mmol) and NaNj; (0.065
g, 1 mmol) in methanol (20 ml) were added and stirred the mixture for 2 hours.
The dark green precipitate of 22 was washed with methanol followed by ether and
then dried over P4Oyy in vacuo. Yield: 89.5%. A, (DMF): 5 ohm™ cm? mol™. u
(B.M.): 1.85. Elemental Anal. Found (calcd.) (%): C, 48.54 (48.18); H, 2.87 (3.29);
N, 24.15 (24.58) for [Cu(Qn)N3]-H,0.

6.2.4g. Synthesis of [Cu(HQn)Br,] (23)

CuBr; (0.223 g, 1 mmol) in methanol (20 ml) was added to HQn-1.5H,0
(0.303 g, 1 mmol), dissolved in methanol (20 ml) by stirring. The mixture was then
refluxed for half an hour. Then, it was cooled and filtered. The dark green
precipitate of 23 was washed with methanol followed by ether and then dried over
P40y in vacuo. Yield: 62.8%. Ay (DMF): 34 ohm™ c¢m” mol™. i (B.M.): 1.63. m.p.:
214-216 °C. Elemental Anal. Found (Calcd) %: C, 38.84 (38.46); H, 2.87 (2.42); N,
10.95 (11.21) for [Cu(HQn)Br,].

Caution: Although not encountered in our experiments, azido and perchlorate
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

carce.

106



Syntheses of Copper(11) Complexes of Acylfydrazones and their characterization

6.3. Results and discussion

The reaction of quinoline-2-carbaldehyde with hydrazide in 1:1 ratio in
methanol gives the corresponding hydrazone. The complexes were prepared by the
reaction of the ligand with the copper(Il) salts in methanol. Based on the elemental
analyses, conductivity measurements and spectral investigations, the complexes

were formulated.

Twelve copper (II) complexes of acylhydrazones were prepared and they
are found to be dark green or brown in color. 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, which showed that compound 16

is a 2:1 electrolyte while all other complexes are non-conducting in nature [14].

The magnetic moments of the complexes were calculated from the
magnetic susceptibility measurements at room temperature. The effective
magnetic moments for the complexes 15 and 16 are found to be 1.15 and 1.18
B.M. respectively, which suggest some interaction between metal centers.
However, for all other complexes, the values are found to be in the range 1.62-
2.00 B.M., which are very close to the spin-only value of 1.73 B.M. for a typical
copper(Il) system.

6.3.1. Infrared spectra

IR spectra in the range 4000-50 cm' were recorded for complexes and
assignments were done in comparison with that of their respective free ligands.
The selected IR bands of the hydrazones and complexes are represented in

Table 6.1.

A comparison of the IR spectra of ligands and the metal complexes
showed that significant wvariations have occurred in the characteristic
frequencies upon complexation. The IR spectra of compounds [Cu(HQb)CI,]
(12), [Cu(HQb)Br],Br; (16), [Cu(HQn)Cl;] (17) and [Cu(HQn)Br,] (23) showed

a sharp band around 1680 and a medium band at 3180 cm’', which correspond to
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v(C=0) and v(N-H) respectively. This explains that the ligand is not
deprotonated for coordination and the Cu(Il) valency is satisfied by the two

halide anions [15].

Table 6.1. Infrared spectral data of the hydrazones and their copper(Il) complexes.

Compound v(cCI:?) v(i‘lnjl) v(chT_IIV) v(f;}j)“ v(ch:_g)) v(an;llV)
HQb:1.5H,0 1655 3193 1593 1184
[Cu(HQb)Cl,] (12) 1663 3176 1548 1205
[Cu(Qb).] (13) 1546 1581 1328 1202
[Cu(Qb)NCS]-H,O (14) - 1556 1585 1332 1208
[Cu(Qb)N;],-H,0 (15) 1552 1582 1332 1208
[Cu(HQb)Br],Br; (16) 1681 3179 1536 1202
HQn'1.5H,0 1656 3173 1591 1195
[Cu(HQn)Cl,] (17) 1698 3182 1560 1199
[Cu(Qn),] (18) 1547 1576 1331 1206
[Cu(Qn)NO;]-H,0 (19) 1558 1581 1334 1201
[Cu(Qn)CIO,'H,0 (20) - 1556 1591 1340 1213
[Cu(QnNCS]H,0 (21) - 1588 1554 1335 1208
[Cu(Qn)N3]-H,0 (22) 1586 1552 1337 1210
[Cu(HQn)Br,] (23) 1666 3180 1539 1210

* Newly formed C=N bond

IR spectrum of the complex [Cu(HQb)Cl,] (12) is shown in Fig. 6.1. The
chloro complexes 12 and 17 showed peaks at 306 and 303 cm™ respectively, which
are assigned to terminal v(Cu—Cl) band. The medium band at 256 cm™, together
with a band at 153 cm™ in the far IR spectrum of the complex 16 has been assigned
to the v(Cu—Br) in a bridging mode. The complex 23 shows v(Cu—Br) band at 250
cm™ which indicates the presence of coordinated bromine and the absence of bands

near 150 cm™ is consistent with the terminal (Cu—Br) bond [16].

108



Syntheses of Copper(11) Complexes of Acylfydrazones and their characterization

100 -

80

60 +

40

% transmittance

20

0 T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm™)

Fig. 6.1. IR spectrum of [Cu(HQDb)Cl,] (12).

For all other complexes, v(C=0) and v(N-H) are absent which indicate that
the ligand is coordinated to the metal in the deprotonated form and due to the
enolization, a new band appears at ca. 1330 cm™ due to v(C—O) band. The
azomethine band (v(C=N)) showed a shift to lower wavenumbers by 30-60 cm™ in
the spectra of the complexes indicating the coordination via the azomethine
nitrogen. The occurrence of v(N-N) at higher wavenumbers in the spectra of the
complexes compared to that of the ligand confirms the participation of azomethine
nitrogen in coordination. The increase in the frequency of this band in the spectra

of complexes is due to the increase in the bond strength.

The sharp bands observed at 1500-1450 cm™ are assigned to the ring
vibrations. The Cu—Ng,, vibrational frequency was observed at 280 cm’. Some
new bands with medium to weak intensities appear in the region 450-550 cm™ in
the complexes under study which are tentatively assigned to v(Cu—N) and v(Cu—O)
modes. Weak bands observed at around 2000 cm™ are assigned to C—H mode
vibrations. Also, an intense band located at 750 cm™ is typical of aromatic rings

vibrations. As expected, these bands are not affected by chelation [17,18].
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The bands observed in 3400-3460 cm™ region in the spectra of complexes 14, 15,
19, 20, 21 and 22 are assigned to lattice water molecules. The IR spectra of complexes
[Cu(Qb),] (13) and [Cu(Qn),] (18) are shown in Figs. 6.2 and 6.3 respectively.
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Fig. 6.2. IR spectrum of [Cu(Qb),] (13).
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Fig. 6.3. IR spectrum of [Cu(Qn);] (18).
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The SCN group may coordinate to a metal through the nitrogen or sulfur
or both sulfur and nitrogen. The CN stretching frequencies are generally lower
in N-bonded complexes (near and below 2050 cm™) than in S-bonded
complexes (near 2100 cm™) and the bridging [M-NCS-M’] complexes exhibits
v(CN) well above 2100 cm'. The v(CS) band for S-bonded complexes are found
in the 720-690 cm™ region. The N-bonded complexes exhibit a single sharp
S(NCS) band near 480 cm', where as the S-bonded complexes show several

weak bands near 421 cm™ [19,20].

Compound [Cu(Qb)NCS]-H,O (14) has a very strong band at 2079 cm™, a
medium band at 914 cm™ and a weak band at 513 cm™ corresponding to v(CN),

v(CS) and o(NCS) modes of the NCS group, respectively (Fig. 6.4).
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Fig. 6.4. IR spectrum of [Cu(Qb)NCS]-H,O (14).

In the IR spectrum of the compound [Cu(Qn)NCS]-H,O (21), v(CN), v(CS)
and S(NCS) modes, respectively, appear at 2076, 914 and 503 cm™” [21]. The
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intensity and position of these bands indicate the unidentate coordination of the

thiocyanate group through the nitrogen (Fig. 6.5).
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Fig. 6.5. IR spectrum of [Cu(Qn)NCS]-H,O (21).

The azido complex [Cu(Qb)N;],-H,O (15) shows a sharp band at 2054 cm™
and another one at 1291 cm™ (Fig. 6.6). These are assigned to v, and v, of the
coordinated azido group. The broad bands observed at 637 and 449 cm™ for the

complex are assigned to 3(N-N—N) and v(Cu—N,;i4,) bands.

Similarly compound [Cu(Qn)N;]-H,O (22) exhibits two bands at 2045 and
1295 cm™ corresponding to v, and vs of the coordinated azido group and also two

broad bands at 633 and 490 cm’ which are attributable to S(N-N-N) and
v(Cu—N,,i4) bands (Fig. 6.7).
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Fig. 6.6. IR spectrum of [Cu(Qb)N;],-H,O (15).
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Fig. 6.7. IR spectrum of [Cu(Qn)N;]-H,O (22).
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According to Gatehouse et al., for nitrato complexes, the unidentate and
bidentate NO; groups exhibit three NO stretching bands. The separation of the two
highest-frequency bands is 115 cm™ for the unidentate complex, whereas it is 186
cm’ for the bidentate complex. We found that the compound 19 exhibits three
strong bands at 1500, 1370 and 1094 cm™ corresponding to stretching bands of the
nitrato group indicating the presence of a terminal monodentate coordination of the
nitrato group [17]. The fact that the nitrato group is terminally bonded is
understood from the separation of 130 cm™ between two highest-frequency bands

just mentioned above.

The IR spectrum of the compound [Cu(Qn)C104]-H,O (20) displays two
bands at 1169 and 1100 cm™ and a strong band at 621 cm™ and a weak band at
916 cm™ indicating the presence of coordinated perchlorate (Fig. 6.8). The

band at 1169 cm™' is assignable to v3(C10,) and the band at 621 cm™ assignable
to v4(Cl0y) [17,22].
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Fig. 6.8. IR spectrum of [Cu(Qn)ClO4]-H,O (20).
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6.3.2. Electronic spectra

The electronic absorption spectra are often very helpful in the evaluation of
results furnished by other methods of structural investigation. The electronic
spectra of copper(Il) complexes is the most difficult from which to obtain useful

structural information, due to flexible stereochemistry of the copper(Il) ions.

The Cu(Il) ion, with 34’ outer electronic configuration, is typical due to its
stereochemical flexiblity. While strong field ligands generally yield square planar
or six coordinate tetragonal complexes, weak fields give rise to almost any
stereochemistry. The presence of nine electrons ensures that some electrons are o-
antibonding and it is perhaps this feature together with the Jahn-Teller effect in
appropriate cases which give rise to a range of distorted structures to copper(Il)

complexes. So the electronic spectra of the species will be uncertain.

Copper(II) has the spectroscopic ground state term 2D which will be split by

an octahedral field into two levels, *T. 5o and °E - However, if the geometry around

copper(Il) complex is of lower symmetry, the energy levels again split resulting in

more transitions and its electronic spectrum is somewhat more complicated. In a

tetragonal field, with d , , (b),) ground state, three spin allowed transitions are
r -y

possible viz. zAlg — zBlg, szg — zBlg and 2Eg — zBlg and they occur in the ranges

12000 - 17000, 15500 - 18000 and 17000 - 20000 cm™, respectively [23].

The low energy region in the absorption spectrum is dominated by transitions
from the filled d-orbitals to the half-occupied higher energy orbital. Since these d-
orbitals are split in energy by ligand field at the metal centre, the associated d-d

transitions are sensitive probes of the ligand geometry.

The high intense ligand-to-metal charge transfer (LMCT) transitions are
observed at the higher energy region. The intensity of these transitions reflects the
overlap of the ligand and metal orbitals involved in the charge transfer. Their

energy splitting reflects differences in 7 and ¢ ligand-metal bonding interactions.
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UVD-3500, UV-vis Double Beam Spectrophotometer was used to record the
electronic spectra of the hydrazones and their complexes. The spectra of all the

compounds were recorded in acetonitrile solutions in the range 45000-20000 cm

and in DMF in the range 20000-10000 cm™ (Figs. 6.9 and 6.10).
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Fig. 6.9. Electronic spectra of HQb-1.5H,O and its copper(Il) complexes
(a) in acetonitrile and (b) in DMF.
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Fig. 6.10. Electronic spectra of HQn-1.5H,O and its copper(Il) complexes
(a) in acetonitrile and (b) in DMF.
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In the electronic spectra of the hydrazones and their copper(ll) complexes, the
bands centered in the 45000-27000 cm™ region are assigned to the intraligand transitions.
In all the complexes, an intense band was observed near 24000 cm™ which is absent in the

ligand and is attributed to the ligand-to-metal charge transfer (LMCT) transition.

The low intensity bands in the visible region are due to the d-d transitions.
Due to the broadness of the bands, all the expected bands cannot be distinguished.
This is because of the fact that the low-lying four d orbitals lie very close together
and so each transition cannot be distinguished by their energy. Hence it is very
difficult to resolve the bands into separate components. The electronic spectral data

obtained are tabulated in Table 6.2.

Table 6.2. Electronic spectral data of the hydrazones and their copper(Il)

complexes.

Compound

Absorbance Ay (cm™)

HQb-1.5H,0
[Cu(HQDb)CL,] (12)
[Cu(Qb),] (13)

[Cu(Qb)NCS]-H,0 (14)
[Cu(Qb)N;]-H,0 (15)
[Cu(HQDb)Br],Br; (16)
HQn-1.5H,0
[Cu(HQn)CL] (17)

[Cu(Qn),] (18)
[Cu(Qn)NOs]-H,0 (19)

[Cu(Qn)Cl0,]-H,0 (20)
[Cu(Qn)NCS]-H,0 (21)
[Cu(Qn)N3]-H,0 (22)
[Cu(HQN)Br,] (23)

43790, 41640, 35860, 32580, 31690, 30430, 29130
43940, 41760, 35990, 32940 (sh), 29470, 23790, 12140

40310, 35980, 32600, 30380 (sh), 29180, 23910,
17370, 11550

44520, 35860, 32890 (sh), 23920, 13840,

44470, 40150, 35980, 33140 (sh), 24080, 13620
44470, 35700, 33100, 29310, 23870, 11940
43920, 41490, 35840, 32580, 31750, 30440, 29150

36270, 33060, 31860 (sh), 30380 (sh), 29140 (sh),
24280, 15060, 12130

35950, 33020, 30480 (sh), 29100, 24480, 23560, 12010

42500, 37510, 35860 (sh), 32980, 30180 (sh),
28770, 24200, 13640, 11550 (sh)

36380, 33250, 24280, 13840
36250, 33350, 29030, 24280, 14930, 13560
36970, 33020, 24160, 15060, 11760

36100, 32790, 30410 (sh), 29160 (sh), 27910,
24450, 12120
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6.3.3. Electron paramagnetic resonance spectroscopy

EPR spectroscopy has been widely used in the study of paramagnetic
complexes. The copper(Il) ion, with a & configuration, has an effective spin
of § = 5 and is associated with a spin angular momentum, M, = £%, leading to
a doubly degenerate spin state in the absence of a magnetic field. In a
magnetic field, the degeneracy is lifted between these states and the energy

difference between them is given by
AE = hv = gfB

where h is Planck’s constant, v is the microwave frequency for transition from
M, = +% to My = -', g is the Lande splitting factor (equal to 2.0023 for a free

electron), f is the Bohr magneton and B is the magnetic field.

For the case of a 3d° copper(Il) ion, the appropriate spin Hamiltonian

assuming a B, ground state is given by:

H = B[gHS+ g1 (HS+H,S,)]+ A LS.+ A, (IS,+1,S,)

where all the symbols have their usual meaning.

The factors that determine the type of EPR spectrum observed are the nature
of the electronic ground state, the symmetry of the effective ligand field about the
Cu(Il) ion and the mutual orientations of the local molecular axes of the separate

Cu(Il) chromophores in the unit cell [24,25].

The EPR spectra of the copper(Il) complexes were recorded in
polycrystalline state at 298 K and in DMF at 77 K in the X-band, using 100-kHz
modulation; g factors were quoted relative to the standard marker TCNE

(g =2.00277), at the SAIF, IIT, Bombay, India.

The EPR spectrum of the complex [Cu(HQb)Cl,] (12) is isotropic in the
polycrystalline state at 298 K and is shown in Fig. 6.11.
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Field strength (nT)
Fig. 6.11. The EPR spectrum of [Cu(HQb)Cl,] (12) in the polycrystalline
state at 298 K.

Such isotropic spectra, consisting of a broad signal and hence only one g
value, 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.

In DMF at 77 K, the complex [Cu(HQb)Cl,] (12) displays an anisotropic
spectrum with an axial g tensor and well-resolved parallel hyperfine splitting due to
the interaction of the unpaired electron with ***Cu (I = 3/2). The spectrum (Fig.
6.12) shows eight lines in the parallel region, which may be due to the presence of
two copper sites (indicated as Cu-I and Cu-II) due to the coordination of solvent,

DMF, to the metal centre.
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l A4 (Cu-D l /\

[m[ /’/

T T T
260 280 300 320 340

Field strength (mT)

Fig. 6.12. The EPR spectrum of [Cu(HQb)Cl,] (12) in DMF at 77 K.

The complex [Cu(Qb),] (13) shows an isotropic spectrum in the polycrystalline
state at 298 K with g, =2.177. The spectrum is presented in Fig. 6.13.

The frozen solution EPR spectrum of 13 in DMF (Fig. 6.14) is reverse
axial in nature with gy = 2.163 and g, = 2.220. The hyperfine structure is not
observed in the spectrum. The anisotropy of the g-tensor indicates that
tetragonal distortion is present in the compound due to Jahn Teller effect. As
the coordinated groups are not equivalent, only static distortion can occur. As
the g wvalues are less than 2.3, considerable covalent character is expected to
the metal-ligand bonds. The absence of hyperfine structure restricts the

calculation of the bonding parameters [23,24].
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1 T T
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Field strength (mT)

Fig. 6.13.The EPR spectrum of [Cu(Qb),] (13) in the polycrystalline state
at 298 K.

T T T

280 300 320

Field strength (mT)

Fig. 6.14. The EPR spectrum of [Cu(Qb),] (13) in DMF at 77 K.
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The thiocyanato complex [Cu(Qb)NCS]-H,O (14) gives an isotropic
spectrum in the polycrystalline state at 298 K (Fig. 6.15).

! ! ! ! !
280 300 320 340 360

Field strength (mT)

Fig. 6.15. The EPR spectrum of [Cu(Qb)NCS]-H,O (14) in polycrystalline
state at 298 K.

In DMF at 77 K, the complex 14 gives axial spectrum with four well-
resolved hyperfine lines in the parallel region (Fig.6.16) with the hyperfine splitting
constant 4, = 182.44 x 10™ cm™.
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T T T

260 280 300 320 340

Field strength (mT)
Fig. 6.16. The EPR spectrum of [Cu(Qb)NCS]-H,0 (14) in DMF at 77 K.

An axial spectrum was obtained for the complex [Cu(Qb)N;],'H,O (15) in the
solid state at room temperature with gy = 2.214 and g, = 2.071 (Fig. 6.17). Proctor and
co-workers have postulated that the geometric parameter G = (g;-2.0023)/(g,-2.0023)
indicates the possibility of exchange interaction in the copper(Il) complexes. If
G > 4.4, exchange interaction is negligible and if it is less than 4.4, considerable

exchange interaction is present in the solid complex [25-27].

In the present case, the value is 3.082, which indicates considerable exchange
interaction exists in the complex in the solid state. The spectra are often broad

because of the fast spin-lattice relaxation and exchange coupling
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Fig. 6.17. The EPR spectrum of [Cu(Qb)N;3],'H,O (15) in polycrystalline
state at 298 K.

In addition to the allowed (AM; = 1) transitions, forbidden (AM; = + 2)
transitions are also present in the spectrum of 15 in polycrystalline state at 298 K.
In polynuclear copper(Il) complexes, due to Cu—Cu dipolar interaction, the zero
field splitting parameter, D gives rise to transitions corresponding to AM; =+ 2. In
the X-band spectra, AM; = + 1 transitions are associated with fields of ca. 3000
Gauss, while the AM; = £ 2 transitions generate an absorption at the half field value
of ca. 1500 Gauss and the presence of this half field band is a useful criterion for
dipolar interaction from the presence of some dinuclear (or polynuclear) complex

formation.

The solid state EPR spectrum of the complex 15 at 298 K exhibited a half
field signal at g = 4.120. The half-field transition is a fingerprint for the dimers and
appears at a magnetic field position where the isolated cations are not expected to

contribute.

125



Chapter -6

The EPR spectrum of compound 15 in the frozen state exhibits an axial
spectrum (Fig. 6.18) with four well-resolved hyperfine lines in the parallel region.

We got a half field signal at g = 4.186.

_//vﬂ/

120 140 160 180 200

I I I I I
260 280 300 320 340

Field strength (mT)
Fig. 6.18. The EPR spectrum of [Cu(Qb)N;],-H,O (15) in DMF at 77 K.

In polycrystalline state at 298 K, the EPR spectrum of [Cu(HQb)Br],Br; (16)
is isotropic (Fig. 6.19). The solution EPR spectrum of the compound 16 in DMF at
77 K (Fig. 6.20) displayed rhombic features with three g wvalues (g; = 2.056,
2, =2.108 and g3 = 2.265). Only the signal in the low field region (g3) exhibited
hyperfine splittings due to Cu(Il) nucleus. However, the spectrum has the general
appearance of one derived from monomeric species and we observed no AM; =+ 2

transition, characteristic of exchange-coupled dimers.
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T T T T T
260 280 300 320 340

Field strength (mT)

Fig. 6.19. The EPR spectrum of [Cu(HQb)Br][,Br, (16) in polycrystalline
state at 298 K.

Absence of half field signals for the compound reinforces the assumption of very
weak super exchange interactions. It may be due to the fact that the Cu®” ions may be far
enough removed from one another (> 6 A), since the bridging units are large bromide
ions. So direct dipolar interactions are very small and therefore, there is no substantial

change in the spectrum from one characteristic of essentially isolated Cu®"units.

I [ I I |
260 280 300 320 340

Field strength (mT)

Fig. 6.20. The EPR spectrum of [Cu(HQb)Br],Br, (16) in DMF at 77 K.

127



Chapter -6

The g; value of the complex 16 is less than 2.3 and they assign considerable
covalent character to the metal-ligand bonds. Also the lowest g value (g;) is less than
2.04 indicating a compressed rhombic symmetry with all axes aligned parallel and is
consistent with distorted trigonal bipyramidal stereochemistry or a compressed axial

symmetry or thombic symmetry with slight misalignment of the axes.

In the spectra with g3 > g, > gy, thombic spectral parameter R = (g»—21)/(g—
g,) may be significant. If R > 1, a predominant d,” ground state is present. IfR <1,
a predominant dxz_y2 ground state is present and when R = 1, then the ground state is
approximately an equal mixture of d,” and dxz_yz, the structure is intermediate
between square planar and trigonal bipyramidal geometries. Here, R = 0.33, which

suggests a a’xz_y2 ground state is present in the compound 16.

The spectrum of [Cu(HQn)Cl,] (17) in polycrystalline state at 298 K gives three
g values viz. g1, g, and g3, indicating rhombic distortion in their geometry (Fig. 6.21).

/\

260 280 300 320 340 360
Field strength (mT)

Fig. 6.21. The EPR spectrum of [Cu(HQn)Cl,] (17) in polycrystalline state at
298 K.
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The lowest g value (g;) is > 2.04 indicating a rhombic, distorted square based

pyramidal geometry. For rhombic spectra,
G = g5-2.0023/g,—2.0023; where g, = (g, + g2)/2.
The parameter R for thombic systems can be calculated as
R =(g2-81)/(g3-&2)

The value obtained for the compound 17 is 0.86 and since R < 1, a’xz_y2 ground

state of the copper(Il) ion is expected [28,29].

In DMF at 77 K, the compound 17 displays an axial spectrum with g, = 2.219

and g ; = 2.093 with a partial resolution of hyperfine structure (Fig.6.22).

T T T T T T

260 280 300 320 340
Field strength (mT)
Fig. 6.22. The EPR spectrum of [Cu(HQn)Cl,] (17) in DMF at 77 K.

The solution spectrum of complex 17 was recorded in DMF at 298 K (Fig. 6.23).

The spectrum is isotropic in nature with four hyperfine lines.
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| | |
300 320 340
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Fig. 6.23. The EPR spectrum of [Cu(HQn)Cl,] (17) in DMF at 298 K.

The hyperfine splitting is due to the interaction of the electron spin with the
copper nuclear spin (*Cu, I = 3/2). The isotropic nature of the spectra is due to the

tumbling motion of the molecules in DMF.

The EPR spectrum of [Cu(Qn),] (18) is isotropic both in polycrystalline state
at 298 K (Fig. 6.24) and in DMF at 77 K (Fig. 6.25).

S

4

280 300 320

Field strength (mT)

Fig. 6.24. The EPR spectrum of [Cu(Qn);] (18) in polycrystalline state at 298 K.
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280 300 320
Field strength (mT)

Fig. 6.25. The EPR spectrum of [Cu(Qn),] (18) in DMF at 77 K.

EPR spectrum of 18 was also recorded in DMF at 298 K and we got an

isotropic one and the hyperfine structure of the spectrum is of poor resolution.

The solid state EPR spectrum of compound [Cu(Qn)NOs]-H,O (19) at 298 K
shows rhombic features with g, = 2.057, g, = 2.114 and g; = 2.207 (Fig. 6.26). As
mentioned earlier, since the lowest g value (g;) is >2.04 a rhombic, distorted square
based pyramidal geometry is expected for this compound. The parameters G and R
were calculated and found to be 2.460 and 0.61, respectively. In view of the fact
that the geometric parameter G <4.4 and R < 1, dxz_y2 ground state of the copper(Il)

ion is assigned to the compound 19.
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260 280 300 320 340
Field strength (mT)

Fig. 6.26. The EPR spectrum of [Cu(Qn)NO;]-H,O (19) in polycrystalline
state at 298 K.

An axial spectrum is observed for the compound 19 in DMF at 77 K (Fig. 6.27).
But the hyperfine structure is not well-resolved and this may be due to the poor glass
formation. The spectrum gives g;=2.241, g, =2.121 and 4, = 177.86x 10™ cm.

T T T T
260 280 300 320 340
Field strength (mT)

Fig. 6.27. The EPR spectrum of [Cu(Qn)NOs]-H,O (19) in DMF at 77 K.
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The EPR spectrum of [Cu(Qn)NOs]-H,O (19) in DMF at 298 K was recorded
and is shown in Fig. 6.28. As in the previous case, we got an isotropic spectrum. The

well resolved four hyperfine lines was obtained with A;, = 130.32 x 10* cm™.

280 300 320 340 360
Field strength (mT)

Fig. 6.28. The EPR spectrum of [Cu(Qn)NO3]-H,O (19) in DMF at 298 K.

In polycrystalline state at 298 K, the compound [Cu(Qn)CIO4]-H,O (20)
gives thombic spectrum (Fig. 6.29) with g, = 2.047, g, = 2.103 and g3 = 2.228. The
parameters, G = 3.105 and R = 0.45, are consistent with the existence of afxz_y2

ground state in the complex.

In DMF solution at 77 K, an isotropic spectrum was obtained (Fig. 6.30) for
the complex 20. The isotropic spectrum will not give any information about the
geometry of the compound. In the frozen solution, the intermolecular interactions
are reduced and we expect a well resolved EPR spectrum. The reason for the less
informative spectrum may be due to the poor glass formation of the solution and

consequent misalignment of tetragonal axes.
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280 320 340 360
Field strength (mT)

Fig. 6.29. The EPR spectrum of [Cu(Qn)ClO4]-H,O (20) in polycrystalline
state at 298 K.

Y

T T T T T
260 280 300 320 340
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Fig. 6.30. The EPR spectrum of [Cu(Qn)ClO4]-H,O (20) in DMF at 77 K.
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The EPR spectrum of [Cu(Qn)ClO4]-H,O (20) in DMF at 298 K is an
isotropic one with gi,, = 2.134 and 4;5, = 59.78 x 10* cm™. The four hyperfine lines

can be clearly resolved from the spectrum and the spectrum is shown in Fig. 6.31.

T T T

300 320 340

Field strength (mT)

Fig. 6.31. The EPR spectrum of [Cu(Qn)C104]-H,O (20) in DMF at 298 K.

The complexes [Cu(Qn)NCS]-H,O (21) and [Cu(Qn)N3;]-H,O (22) in
polycrystalline state at 298 K display exchange coupled EPR spectra with two g
values (Figs. 6.32 and 6.33). One important factor which affects the line shape of
EPR spectra in magnetically non-dilute systems is exchange coupling interaction.
If this interaction is greater than thermal energy, partial spin-pairing may occur. As
the observed magnetic moments for 21 and 22 are greater than the spin-only value,
exchange coupling, if it does occur, must be less than thermal energy. In this case it
primarily influences the line shape and does not reduce the magnetic moment below

the spin-only value [27].
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260 280 300 320 340
Field strength (mT)

Fig. 6.32. The EPR spectrum of [Cu(Qn)NCS]-H,O (21) in polycrystalline
state at 298 K.

260 280 300 320 340

Field strength (mT)

Fig. 6.33. The EPR spectrum of [Cu(Qn)N;3]-H,O (22) in polycrystalline
state at 298 K.
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The compounds 21 and 22 exhibit axial spectra in DMF at 77 K. The EPR
spectrum of [Cu(Qn)NCS]-H,O (21) in DMF at 77 K is shown in Fig. 6.34.

260 280 300 320 340
Field strength (mT)

Fig. 6.34. The EPR spectrum of [Cu(Qn)NCS]-H,O (21) in DMF at 77 K.

The EPR spectra of complexes 21 and 22 were also recorded in DMF at 298

K. Both spectra are isotropic and hyperfine structure cannot be resolved.

The EPR spectrum of [Cu(HQn)Br,] (23) is isotropic in the
polycrystalline state at 298 K with gi,, = 2.142. At 77 K in DMF, it gives an
axial spectrum (Fig. 6.35).

The g-value of a free electron is a scalar, g, = 2.00232. In a radical
species, g becomes a matrix because of the admixture of orbital angular
momentum into spin angular momentum through spin-orbit coupling. The

components of the g-matrix thus differ from g, to the extent that p-, d- or f-
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orbital character has been incorporated and differ from one another, depending
on which p-, d- or f-orbitals are involved. The higher g value obtained in the
present study, when compared to the g value of a free electron, indicates an
increase of the covalent nature of the bonding between the metal ion and the

ligand molecule [30].

260 280 300 320 340
Field strength (mT)

Fig. 6.35. The EPR spectrum of [Cu(HQn)Br;] (23) in DMF at 77 K.

The g values of all the compounds are found to be almost the same,
which indicates that the bonding is dominated by the hydrazone moiety.
Kivelson and Nieman [31] have reported that g values less than 2.3 indicate
considerable covalent character to metal-ligand bonds, while a value greater
than 2.3 indicate ionic character. Here gj values are found to be less than 2.3 for

all complexes and hence considerable covalent character is expected to the M—L
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bond. All the data measured from the EPR spectra of the copper(Il) complexes
in polycrystalline state at 298 K, in DMF at 298 K and in DMF at 77 K are
consolidated in Tables 6.3 and 6.4.

Table 6.3. EPR spectral data of the complexes in polycrystalline state at 298 K.

Compound g Zav G R

[Cu(HQb)CL] (12) 2.139 (gis0)
[Cu(Qb),] (13) 2.177 (g is0)
[Cu(Qb)NCS]-H,0 (14) 2.110 (g i)
[Cu(Qb)N;],'H,0 (15) 2.214/2.071 (g;,g.) 2.119  3.082 -
[Cu(HQb)Br],Br; (16) 2.142 (gis0)
[Cu(HQn)CL,] (17) 2.214/2.131/2.060 (g3/22/g1) 2.135 2272 0.86
[Cu(Qn),] (18) 2.185 (gis0)
[Cu(Qn)NO5]-H,0 (19) 2.207/2.114/2.057 (g3/22/21) 2.126 2460 0.6l
[Cu(Qn)C104]'H,0 (20) 2.228/2.103/2.047 (g5/g2/21) 2,126 3.105 0.45

[Cu(Qn)NCS]-H,0 (21)
[Cu(Qn)N;]-H,O (22)

[Cu(HQn)Br,] (23)

2.196/2.067 (g2/g1)
2.174/2.050 (g2/g1)

2.142

The empirical factor, /= g / 4, is an index of tetragonal distortion and the
value depends on the nature of the coordinated atom. The distortion from the plane
increases with increasing g values and decreasing 4 values. So, the value of g / 4
ratio is a good criterion to determine the distortion level [32]. In all the compounds,
except 15, 16 and 21, f falls in the range 105—130 c¢cm which shows small to
medium distortion. High distortion occurs for the complexes 15, 16 and 21, which

is evidenced from their f value (Table 6.5).
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Table 6.4. EPR spectral data of the copper(Il) complexes in DMF at 298

and 77 K.
DM(g;;ll‘(‘;"’“ DMF solution (77 K)
Compound . A, x 10" Ax 107
8iso em’! 8 8av em™!
[Cu(HQb)CL] (12) Cu-l  —oe weee 2257 2134 4, 21425
2, 2.073
Cu-II g 2222 2123 4, 179.81
2, 2.073
[Cu(Qb),] (13) e g 2163 2201 -
[Cu(QD)NCS]H,O (14)  —com ooee g2212 2111 4, 182.44
2, 2.060
[Cu(Qb)N;], H,O (15)  eoom oenee 2200 2111 4, 130.1
g1 2.067
[Cu(HQb)Br],Bry (16) —com oeee 22,056 2.124 A; 15826
23 2.265
[Cu(HQn)CL,] (17) 2124 3639 g2219 2135 4, 176.11
21 2.093
[Cu(Qn),] (18) 2136 - 202189 e
[Cu(Qn)NO;]-H,0 (19) 2264 13032 g 2241 2161 4, 177.86
g 2.121
[Cu(Qn)CIO,H,0 (20) 2134 5978 £, 2.137  —on —omn
[Cu(Qn)NCS]-H,0 (21) 2133 e 2241 2161 4, 156.93
g.2.121
[Cu(Qn)N;]-H,0 (22) 5 L°1) J— g 2211 2139 4, 182.39
2.2.103
[Cu(HQn)Br,] 23)  —oom eee- 22280 2173 4 212.89
2. 2.120
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In order to understand the nature of metal-ligand bonding in the complexes,
various bonding parameters have been evaluated from the low temperature EPR

spectra and they are reported in Table 6.5.

The values of magnetic parameters and the energies of the electronic d-d
transitions have been used for estimating the nature of the chemical bonding
between the copper and donor atoms of the ligand. The fraction of unpaired

electron density located on the copper ion i.e., the value of in-plane sigma bonding

2 . .
parameter &~ was estimated from the expression

04

ot = + (g, —2.0023)+

g, —2.0023)
0.036 7

where AH is the parallel coupling constant. The metal-ligand bond is purely ionic, if

the value of &’ is unity and it is completely covalent, if &> = 0.5 [29,33]. The o’
values for the complexes were calculated and found to be in between 0.5 and 1,
which means that the metal-ligand bonds in the complexes under investigation are

partially ionic and partially covalent in nature.

The orbital reduction factors K. y and K are calculated using expressions:

AE(d, —>d. )
84,

K’ = (g, —2.0023)

AE(d.d, —>d, .)
24,

K?=(g, —2.0023)

K, =a’p’
KL — a2}/2
where A, is the spin-orbit coupling constant and has a value —828 cm™ for Cu(Il) &’

system, [ * the in-plane z-bonding and )/2 , the out-of-plane z-bonding.
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Hathaway proposed that, for pure ¢ bonding, K ,~K ~ 0.77; for in-
plane z-bonding, K, <K and for out-of-plane z-bonding, K, <K . The K|
and K, values were calculated for the copper complexes and since in all

complexes K”<Kl, stronger in-plane w#-bonding is proposed in the present

compounds [28-30].

Table 6.5. Bonding parameters of the copper(Il) complexes.

Compound @ ﬁ’2 yz K K, c{n
[Cu(HQDb)CL,] (12) Cu-l 0.920 0.743  0.782 0.683 0.720 105.35
Cu-II 0.790 0.804 0912 0.635 0.720 123.58
[Cu(@b)] (13) e e e
[Cu(Qb)NCS]-H,0 (14) 0.781 0.847 0.889 0.662 0.694 12124
[Cu(Qb)N;],'H,0 (15) 0.627 1.017 1.163 0.638 0.730 169.11
[Cu(HQb)Br],Br; (16) 0.819 0.841 1.383 0.688 1.132 143.12
[Cu(HQn)Cl,] (17) 0.785 0.803 1.039 0.630 0.815 126.00
[CuQnal(18) e e e e e e
[Cu(Qn)NOs]-H,0 (19) 0.824 0.783  1.105 0.645 0910 126.00

[Cu(Qn)CIOLH,O (20) oo eeee e e e e

[Cu(Qn)NCS]-H,0 (21) 0766 0923 1301 0706 0996 142.80
[Cu(Qn)N;]-H,0 (22) 0799  0.698 1.198 0.558 0.957 121.22
[Cu(HQn)Br,] (23) 0959 0743 0967 0713 0928 107.10

The g values in all the complexes are less than 2.3 is an indication of
significant covalent bonding in these complexes. Since g, > g, distorted square
pyramidal structure is proposed for five coordinated complexes and rules out the

possibility of a trigonal bipyramidal structure, which would be expected to have

g1<g.[31,34].
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SYNTHESES AND CHARACTERIZATION OF
ZINC(I1) COMPLEXES OF ACYLHYDRAZONES

7.1 Introduction
7.2 Experimental

7.3 Results and Discussion

Cantents

References

7.1. Introduction

Zinc is present in most body cells of human beings, but its concentration
is very low. Zinc(II) ion has been widely found in several metalloenzymes such
as zinc-peptidases, human carbonic anhydrase and alkalinephosphatase [1].
Today more than 200 different zinc proteins are known which include
numerous essential enzymes [2]. Metallothioneins, proteins containing zinc,
remain unique in character and are encountered both in animals and

microorganisms [3,4].

The emerging importance of Zn®" in neurological signaling and some
proposed functions in biological systems have generated an urgent demand for
the development of Zn*"-specific molecular probes and many Zn*" fluorescent
sensors have been reported, exhibiting high selectivity and sensitivity over

other biologically essential metal ions in specific ranges of concentration [5-7].

The most widely used fluorescent probes for Zn** are TSQ (N-(6-methoxy-8-

quinolyl)-p-toluenesulfonamide) and its congeners, which are quinoline derivatives
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bearing sulfonamide groups that give substantial fluorescence enhancement upon
Zn(IT) bonding [8]. Recently, new selective Zn”" fluorescent sensors, di(2-quinoline-
carbaldehyde)-2,2’-bibenzoyl hydrazone and di(2-quinolinecarbaldehyde)-6,6’-
dicarboxylic acid hydrazone-2,2’-bipyridine, have been reported [9].

Complexes of Zn(Il) ion are of biological interest, since this metal is
involved in many biomolecules. Zinc(Il) acts as a Lewis acid and hence it can
play a valuable role as a catalyst in hydrolysis reactions. The outer electronic
configuration of Zn(II) ion is 3d'* and due to the presence of filled d sublevel, the
bivalent state is highly stable. It shows high flexibility in the structure,
coordination mode and coordination number of the complexes produced. The d'°
configuration does not offer crystal field stabilization, which implies that the
stereochemistry of a Zn*" complex depends on the size and polarizing power of
this ion. Considering the stereochemistry of the complexes, Zn(Il) complexes are
observed to be predominantly tetrahedral. Among the less common five-
coordinate complexes, trigonal bipyramidal (TBP) geometry occurs more

frequently than square pyramidal (SP) [10-12].

This chapter discusses on the syntheses and spectral characterization of
zinc(Il) complexes of the acylhydrazones derived from quinoline-2-

carbaldehyde.

7.2. Experimental
7.2.1. Materials

All the chemicals and solvents used for the syntheses were of analytical
grade. Quinoline-2-carbaldehyde (Aldrich), benzhydrazide (Aldrich), nicotinic
hydrazide (Aldrich), zinc(Il) acetate dihydrate (S. D. Fine), zinc(Il) bromide
(Riedel-de-Haen), potassium thiocyanate (Merck) and sodium azide (Reidel-De

Haen) were used as received.
7.2.2. Syntheses of ligands

Preparation of the ligands were done as described previously in Chapter 2.
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7.2.3. Syntheses of zinc(l1) complexes
7.2.3a. Synthesis of [Zn(Qb).] (24)

HQb-1.5H,0 (0.606 g, 2 mmol) was dissolved in methanol (20 ml) by stirring
and to this solution, Zn(CH3COO),-2H,0 (0.219 g, 1 mmol) in methanol (20 ml) was
added and refluxed the solution for 2 hours. The yellow precipitate of 24 obtained
was washed with methanol followed by ether and then dried over P40y, in vacuo.
Yield: 56.6%. Am (DMF): 9 ohm™ cm® mol”. Elemental Anal. Found (caled.) (%): C,
66.69 (66.51); H, 4.10 (3.94); N, 13.68 (13.69) for [Zn(Qb),].

7.2.3b. Synthesis of [Zn(HQb)Br;] (25)

ZnBr; (0.225 g, 1 mmol) was dissolved in methanol (20 ml) by stirring,
which was added to a solution of HQb-1.5H,0 (0.303 g, 1 mmol) in methanol (20
ml). Then the mixture was refluxed for 2 hours. The yellow precipitate of 25 was
obtained. The product was washed with methanol followed by ether and then
dried over P4Oj in vacuo. Yield: 68.0%. A, (DMF): 17 ohm™ c¢m? mol™.
Elemental Anal. Found (caled.) (%): C, 41.12 (40.79); H, 2.24 (2.62); N, 8.47
(8.40) for [Zn(HQb)Bry;].

7.2.3c. Synthesis of [Zn(HQN)Br,] (26)

Compound 26 was prepared by the same procedure as that of compound 25.
Yield: 65.6%. Am (DMF): 11 ohm™ ¢cm® mol”. Elemental Anal. Found (calcd.)
(%): C, 38.28 (38.32); H, 2.71 (2.41); N, 11.28 (11.17) for [Zn(HQn)Br,].

7.2.3d. Synthesis of [Zn(Qn)NCS]-H,0 (27)

HQn'1.5H,0 (0.303 g, 1 mmol) was dissolved in methanol (20 ml) by
stirring. To this solution, Zn(CH;COO0),2H,0 (0.219 g, 1 mmol) and KSCN
(0.097 g, 1 mmol) in methanol (20 ml) were added and refluxed the solution for 2
hours. The yellow precipitate of 27 was washed with methanol followed by ether
and then dried over POy, in vacuo. Yield: 74.5%. A, (DMF): 22 ohm™ ¢m? mol™.
Elemental Anal. Found (calcd.) (%): C, 49.02 (48.99); H, 2.92 (3.14); N, 16.30
(16.80) for [Z(Qn)NCS]-H,O.
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7.2.3e. Synthesis of [Zn(Qn)N3] (28)

Compound 28 was prepared by the same procedure as that of compound 27,
except that NaN; (0.065 g, 1 mmol) was used instead of KSCN. Yield: 78.8%. A,
(DMF): 18 ohm™ cm’ mol”. Elemental Anal. Found (calcd.) (%): C, 50.70
(50.21); H, 2.71 (2.90); N, 25.38 (25.62) for [Zn(Qn)N;].

Caution: Although not encountered in our experiments, 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.
7.3. Results and discussion

The reaction of quinoline-2-carbaldehyde with hydrazide in 1:1 ratio in methanol
gives the corresponding hydrazone. The complexes were prepared by the reaction of the
ligand with the metal salts in methanol. Based on the elemental analyses, conductivity

measurements and spectral investigations, the complexes were formulated.

Five zinc(Il) complexes of hydrazones were prepared and they are found to
be yellow in color. In the compounds 25 and 26, the hydrazone moieties are in the
keto form, while in complexes 24, 27 and 28, the hydrazones deprotonate and
chelate in the enolate form, which is confirmed by the IR spectral data. 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 which suggest that

these complexes are non-electrolytes [13].
7.3.1. Infrared spectra

IR spectra were recorded on a Thermo Nicolet AVATAR 370 DTGS model
FT-IR Spectrophotometer in the range 4000-400 cm™ with KBr pellets and ATR
technique at SAIF, Kochi, India.

The IR spectra of the metal complexes were compared with those of
corresponding free ligands and significant variations have been observed in the

characteristic frequencies upon complexation.
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In the IR spectra of ligands and complexes, four bands appeared at ca. 1655,
1550, 1360 and 700 cm™ corresponding to amide I [v(C=0)], amide II [v(C-N) +
O(N-H)], amide III [6(N-H)] and amide IV [6(C-O)], respectively. The band
observed in 3420-3423 cm™ range in the ligands and the complex 27 is assigned
to lattice water molecule. The C—O stretching modes of the complexes 24, 27 and
28, formed due to enolization, appear in the 1325-1330 cm™ range. The v(N-H)

vibration bands of the free ligands and complexes are observed near 3200 cm'.

The presence of v(C=0) and v(N-H) bands in complexes 25 and 26
indicates that the ligand coordinates to the metal in keto form. Also, an intense
band located at 757 cm™ is typical of aromatic ring vibrations. As expected, these
bands are not much affected by chelation [14]. The IR spectra of complexes

[Zn(Qb),] (24) and [Zn(HQb)Br,] (25) are given in Figs. 7.1 and 7.2, respectively.
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Fig. 7.1. IR spectrum of [Zn(Qb),] (24).

The expected region for zinc-halide stretching frequencies for complexes 25

and 26 is below 400 cm™ which is beyond the scan range.
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In the thiocyanato complex 27, the strong band observed at 2096 cm™
corresponds to v(C=N). Bands observed at 785, 503 and 484 cm™ are assigned to
v(C=S), 3(NCS) and v(Zn—-N), respectively. These facts indicate that thiocyanate
group is N-coordinated to the metal [15]. The IR spectrum of [Zn(Qn)NCS]-H,O
(27) is shown in the Fig. 7.3.
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Fig. 7.2. IR spectrum of [Zn(HQb)Br,] (25).
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Fig. 7.3. IR spectrum of [Zn(Qn)NCS]-H,O (27).
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In the azido complex [Zn(Qn)Ns] (28), a strong band observed at 2062 cm’™
and another one at 1310 cm™ are assigned to v, and v, of the coordinated azido
group. The bands at 635 and 485 cm™ are assigned to S(N-N—N) and v(Zn—N,iqo)
bands [16]. The spectrum is shown in Fig. 7.4. The selected IR bands of the

hydrazones and complexes are represented in Table 7.1.
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Fig. 7.4. IR spectrum of [Zn(Qn)N3] (28).
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7.3.2. Electronic spectra

The electronic spectra of the ligands and complexes were recorded in
acetonitrile solutions on a UVD-3500, UV-vis Double Beam Spectrophotometer.
The bands in the range 32000-44000 cm™ are assigned to m-n transitions within
the ligand moiety. The spectra show bands in the range 27000-32000 cm’,
assignable to n-m transitions of the azomethine and amide functions. These
intraligand bands are slightly shifted on complexation. The moderately intense
broad band observed for the complexes in the region 23000-26000 cm™ is
assigned to Zn(Il) — O transitions. MLCT maxima of the complexes show line
broadening which extends to the visible part of the spectrum. This may result
from a LMCT band being superimposed on the low energy side of MLCT
transitions. No appreciable absorptions occurred below 20000 cm™, indicating the
absence of d—d bands which is in accordance with the d'® configuration of the
Zn(Il) ion [17,18]. The electronic spectral data of the ligands and complexes
recorded in acetonitrile solutions are summarized in Table 7.2. The spectra are

shown in Figs. 7.5 and 7.6.
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Fig. 7.5. Electronic spectra of (a) [Zn(Qb),] (24) and (b) [Zn(HQb)Br,] (25).
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Fig.7.6. Electronic spectra of (c) [Zn(HQn)Br,] (26), (d) [Zn(Qn)NCS]-H,O
(27) and (e) [Zn(Qn)N;] (28).

Table 7.2. Electronic spectral data of the hydrazones and their zinc(Il)

complexes.
Compound Absorbance Ay (cm™)
HQb-1.5H,0 43790, 41640, 35860, 32580, 31690, 30430, 29130
[Zn(Qb),] (24) 42520, 40780, 39470, 36740, 33260, 30970, 29580,

25110

[Zn(HQb)Br,] (25) 43070, 36680, 32400, 30710, 29470, 28030, 24690
HQn'1.5H,0 43920, 41490, 35840, 32580, 31750, 30440, 29150
[Zn(HQn)Br,] (26) 35820, 31740, 30180, 28860, 27480, 24750
[Zn(Qn)NCS]-H,0 (27) 36780, 32760, 28300, 24580
[Zn(Qn)N;] (28) 35170, 33820, 32140, 30650, 29010, 24470
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SUMMARY AND CONCLUSION

Coordination chemistry is a challenging field in inorganic chemistry and has
evolved as an important subject area in current research activities. The recent surge in
the popularity of coordination compounds is their perceived applications in many
areas such as catalysis, analytical chemistry and medicine. Coordination complexes
show diversity in structures depending on the metal ion, its coordination number and
the denticity of the ligands used. The presence of more electronegative nitrogen and
oxygen on the ligand is established to enhance the coordinating possibilities of
ligands. Hence the coordination chemistry of nitrogen-oxygen donor ligands is an
interesting area of research. In this aspect, a great deal of attention has been focused

on the complexes formed by transition metal ions with hydrazones.

Hydrazones are compounds derived from hydrazides (RNH-NH;) as a
result of condensation with an aldehyde or ketone. Again, attaching groups with
potential donor sites increase the denticity of these hydrazones. One such group is
the —C=0 group which also makes possible an electron delocalization. The
presence of potential donor sites in the ketone or aldehyde chosen, gives a
multidentate ligand. These can function as chelating agents, complexing with
transition or main group metals producing complexes with versatile
stereochemistries, applications and with enhanced bioactivity compared to the
parental ligands. An attractive aspect of the hydrazones is that they are
capable of exhibiting tautomerism. In the solid state, the compound
predominantly exists in the keto form, whereas in the solution state the enolate
form predominates. Upon metal complexation, the ligand can bind to the
central metal ion in keto form or in enolate form depending on the reaction

conditions and nature of the ligand.
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Objectives of the present work

The chemical properties of hydrazones and their complexes are widely
explored in recent years; owing to their coordinative capability, their pharmacological
activity and their use in analytical chemistry as metal extracting agents. The present
work is mainly concerned with the studies on metal complexes of hydrazones derived
from quinoline-2-carbaldehyde. Here, quinoline-2-carbaldehyde benzoyl hydrazone
(HQb) and quinoline-2-carbaldehyde nicotinic hydrazone (HQn) were selected as
ligands. The coordination modes of the ligands with transition metals have been

investigated by using different physicochemical techniques.
The chapter wise summary of the thesis is the following:

The thesis is divided into seven chapters.

Chapter 1, entitled ‘a concise of acylhydrazones and their metal complexes’
describes importance of hydrazones, their mode of coordination and the relevance
of present investigation. The details of the different analytical techniques used for

the characterization is also presented in this chapter

Chapter 2 explains the preparation of the hydrazones and their physicochemical

investigations.

The hydrazones synthesized were:

1. Quinoline-2-carbaldehyde benzoyl hydrazone (HQb)
2. Quinoline-2-carbaldehyde nicotinic hydrazone (HQn)

The acylhydrazones consist of two nitrogen and one oxygen atoms, capable
of coordination with the metal ion. They were characterized by *H NMR, *H-'H
COSY, ®C NMR, 'H-**C HSQC, IR and electronic spectral studies. We could
successfully isolate the single crystal of HQb-H,O. The single crystal X-ray
diffraction studies of the hydrazone reveal that the molecule is roughly planar and

exists in keto form.
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Chapter 3 describes the synthesis and characterization of two V(IV) complexes
of the acylhydrazones. Both the compounds were characterized by various
spectroscopic techniques such as IR, electronic and EPR. The magnetic moments
of the complexes were calculated from magnetic susceptibility measurements.
The acylhydrazones are found to coordinate in the neutral keto form in one
complex and in enolate form in the other one. The EPR spectra of the complexes

displayed axial features with eight hyperfine splitting lines.

Chapter 4 deals with the synthesis and characterization of four Mn(ll)
compounds. The IR, electronic and EPR spectral studies and cyclic voltammetry
of all the complexes were done. The magnetic moments of the complexes indicate
that they are d° high spin system. The acylhydrazones can coordinate either in the
keto form or in the enolate form and both types of coordination modes were found

in the Mn(I1) complexes.

Chapter 5 illustrates the procedure followed for the preparation of the
complexes of five cobalt(ll) and their physicochemical investigations. The
complexes were characterized by IR spectroscopy, electronic spectral studies and
cyclic voltammetry. In all the complexes, the acylhydrazones are coordinated in

the enolate form.

Chapter 6 deals with the synthesis of twelve Cu(ll) compounds and their
characterization by IR, electronic spectral studies and EPR. The ligands were
found to coordinate in the neutral keto form and in enolate form. The magnetic
susceptibility measurements were also done. In the electronic spectral studies, the
d-d transitions were found to be broad. So the three d-d transitions could not be
assigned. The IR spectral studies revealed that the azomethine bands are shifted
as a result of its coordination to the metal centre. The EPR spectra of the Cu(ll)
complexes were recorded in polycrystalline state at 298, in DMF at 298 and at 77
K. The g values and the various EPR spectral parameters were calculated. The g
values indicate that in most of the complexes the unpaired electron is situated in

the d,’-, orbital.
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Summary and Conclusion

Chapter 7 describes the synthesis and characterization of five Zn(Il) compounds
using IR and electronic spectral studies. All the Zn(ll) complexes are yellow in
color and the ligands are found to be coordinated in the enolate form or in keto
form.
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