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Paace

Coordination chemistry is a fascinating branch in inorganic chemistry, and
its beauty lies in the fact that minute changes in a metal ion environment induce
dramatic changes in the properties of the compounds. Studies on transition metal
complexes have achieved a great interest due to their versatile applications. The
convenient route for synthesis, the nature of ligands and stability of metal
complexes has significant contributions in their applications in medicine, biology,

catalysis and photonics.

The work embodied in the thesis was carried out by the author in the
Department of Applied Chemistry during the period 2007-2011. The present
work deals with the synthesis and characterization of metal complexes of some
tridentate acylhydrazones. Hydrazones are promising ligands in coordination
chemistry with interesting binding modes and applications. The acylhydrazones
chosen for the current study are capable of forming complexes in different forms

through tautomerism.

The work done is presented in seven chapters and Chapter 1 provides an
introduction on acylhydrazones and their metal complexes with an extensive
literature survey revealing their binding modes, applications and recent
developments. Chapter 2 deals with the syntheses and characterization of four
ONO donor acylhydrazones derived from substituted salicylaldehyde and
acetophenone. Chapters 3-7 describe the syntheses and characterization of
different metal complexes with the synthesized acylhydrazones. The present study
reveals that the coordination modes of the ligands differ with different metal ions.
We could isolate single crystals of some compounds and their XRD studies
successfully explained their structures. A brief summary and conclusions of the

work is also included in the last part of the thesis.
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1.1 Introduction

Over the past few decades inorganic chemistry has been greatly enriched by
the continuing development in the area of coordination chemistry. The motive
forces behind this evolution have come from the versatile applications of
coordination compounds in different areas such as catalysis, bioinorganic,
biomimetic and medicinal chemistry. The growing interest in coordination
compounds is fueled by the search for new materials. Coordination chemistry
will continue to strengthen its role as a central expertise and authority for material
science. Nowadays coordination chemistry comprises a major portion of current
inorganic research. It provides many new directions in research such as, in
molecular magnetism, supramolecular chemistry, non-silicon-based devices,
precursors for vapor phase deposition, and single molecule-based photonic

devices and sensors [1].
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Diverse coordination compounds arise from interesting ligand systems
containing different donor sites. So the selection of ligands is most important in
determining the properties of coordination compounds. A ligand system having
electronegative atoms like nitrogen and oxygen increases the denticity and thus
enhances the coordination possibilities. Among nitrogen-oxygen donor ligands,
hydrazones possess a special place due to their widespread applications and

interesting coordination capability with transition metal ions [2-4].
1.2 Acylhydrazones

Hydrazones are a class of azomethines having the group —C=N-N-, are
interesting ligands in coordination chemistry. They are distinguished by other
members of this family by the presence of two interlinking nitrogen atoms and
obtained by the condensation reaction between a hydrazide which is a derivative
of hydrazine with a carbonyl compound. Introduction of a —C=0 group in the
hydrazide part increases the electron delocalization and denticity of the hydrazone
and the resulting compound is known as an acylhydrazone. Fig. 1.1 represents

the general formulae of a hydrazone and an acylhydrazone.

Y\N/ \R Y\N/ T
R, o)

R,

Hydrazone Acylhydrazone
Fig. 1.1. General formulae of a substituted hydrazone and acylhydrazone.

In an acylhydrazone the basic coordination sites are carbonyl oxygen and
the azomethine nitrogen. Denticity of the hydrazones can further improved by the

introduction of a suitable substituent. Another interesting feature of hydrazones is



An introduction to acylhydrazones, their bonding modes and applications

their tautomeric ability. They can exhibit amido-iminol tautomerism. In solid

state amido form predominates while in solution state iminol form (Fig. 1.2).

This property offer the possibility for the formation of different types of
complexes, ie. the hydrazones can coordinate to the metal either in neutral amido
form or in deprotonated iminolate form. Effective conjugation over the
hydrazone moiety is increased by the enolization of the ligand and thus improves

the electron delocalization.

R NH R R N R
’IY\N/ T‘/ 3 ’IY\N/ \( 3
R, o) R, OH

amido form iminol form
Fig. 1.2. Tautomerism of a substituted acylhydrazone.
1.3 Coordination modes of hydrazones

Hydrazones are versatile ligands and have been studied for a long time as
potential multifunctional ligands with interesting coordination modes. The
coordination mode adopted by a hydrazone depends on different factors like
tautomerism, reaction conditions, stability of the complex formed, number and
nature of the substituent on hydrazone skeleton. Coordination sites can be further
improved by suitable substituents on hydrazide part as well as on carbonyl part.
For example if we take a hydrazone having a pyridine group on the carbonyl part,
it can coordinate to the central metal by adopting an NNO coordination mode,
either through neutral amido form (Structure 1) or through the deprotonated

iminolate form (Structure II) [5-7].
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Structure 1 Structure 11

Another possibility is the formation of a six coordinated metal complex with two

deprotonated ligands (Structure III) [8-10].

Structure 111

Anions present in the metal salt or ions like azide and thiocyanate can act as a

bridging ligand results the formation of a dimeric structure (Structure IV) [11,12].
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Structure IV

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

V) [13].

Structure V

In the case of complexes with ONO donor hydrazones we can incorporate

heterocyclic bases to the central metal (Structure VI) [14].
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Structure VI

If the hydrazone possesses an electron donating group like methoxy group in the
carbonyl part it may also take part in coordination to the central metal (Structure

VID) [15].

M
M /
e 0]
o) \
| L
_N
NH X Cl)
CHj
Structure VII

1.4 Applications of hydrazones

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

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

@ ,1-‘ on metal complexes (hvdrazones '-‘
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1.4.1 Biological and medicinal applications

Metal complexes of hydrazones have been found to have biological and
therapeutic activity and this is one practical reason for the continuing interest in
these materials. Biological activity of hydrazones can be influenced by linking a
hydrazide with pharmacologically active carbonyl compounds during
condenzation reactions. Many of the arylhydrazone complexes of transition metal
ions are known to be effective models for elucidation of the mechanisms of
enzyme inhibition [16-18]. Antitubercular activities shown by some hydrazones
are comparable to that of the drugs available for the treatment of tuberculosis
[19,20]. Many hydrazone derivatives have been found to possess antimicrobial
[21,22] and anti-inflammatory activities [23]. Salicylaldehyde benzoylhydrazone
was a potent inhibitor of DNA syntheses and cell growth in a variety of human
and rodent cell lines. Further studies revealed that the copper(Il) complexes of
salicylaldehyde benzoylhydrazone exhibits appreciably greater inhibitory activity
than the free ligand itself, suggests that the metal complexes are more biologically
active than the free ligands [24-26]. Epilepsy is a common neurological disorder
and a collective term given to a group of syndromes that involve spontaneous,
irregular, abnormal electrical activity in the brain. The biological results revealed
that some of the hydrazones have prominent anti-convulsant activity [27,28]. 3-
Phenyl-5-sulfonamidoindole-2-carboxylic acid 3,4-methylenedioxy/4-methyl/4-

nitrobenzylidene-hydrazide showed antidepressant activity [27].

Iron is an essential element in living kingdom and it involved in various
biological processes, though in excess it is highly toxic. This condition is referred
to as iron overload, leads to many diseases like P thalassemia. Nowadays
chelation therapy is one of the most useful therapeutic methods for the treatment
of iron overload. Some hydrazone analogues are found to be potential oral iron
chelating drugs for the treatment of thalassemia and have also been suggested as

possible metal chelating agents for treating neurodegenerative disorders such as
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Alzheimer disease. 2-Pyridinecarbaldehyde isonicotinoylhydrazone (HPCIH) and
di-2-pyridylketone isonicotinoylhydrazone (HPKIH) are two iron chelators with
contrasting biological behavior. HPCIH is a well-tolerated iron chelator with
limited antiproliferative activity that has potential applications in the treatment of
iron overload diseases while HPKIH has significant antiproliferative activity

against cancer cells [29-31].
1.4.2 Analytical applications

According to the review of Singh ef al. hydrazones can act as selective
metal extracting agents as well as in spectroscopic determination of certain
transition metals [32]. Sasaki studied the spectroscopic determination of iron and
vanadium using 2,6-diacetylpyridine  bis(benzoylhydrazone) and 2,6-
diacetylpyridine bis(2-hydroxybenzoylhydrazone) [33]. Nickel(II) ions present in
edible oils, plant materials and in alloy samples can be analyzed using
cinnamaldehyde-4-hydroxybenzoylhydrazones [34]. Gravimetric determinations
of metal ions can be effectively done with the help of different hydrazones.
Salicylaldehyde phenylhydrazone was found to be the best gravimetric reagent for
the determination of copper. Metal complexes of pyridine-2-carbaldehyde-2-
pyridylhydrazone have been used as acid-base indicators. Due to the high stability
and readily observable color changes some of the p-nitrophenylhydrazones were
proved to be better acid-base indicators. Some of the hydrazones can also be used
as spot test reagents for the determination of transition metals [32]. Metal
complexes of hydrazones have been used as luminescent probes as well as

molecular sensors [35,36].
1.4.3 Hydrazones in nonlinear optics

Recently studies on the nonlinear optical properties of materials gathered
considerable attention because they provide valuable information regarding the

structural analysis of these materials and for their practical use in various
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optoelectronic devices. Compounds which are noncentrosymmetric, planar and
properly functionalized with strong electron donating and electron withdrawing
groups at the terminal position of a m bridge could exhibit large molecular
nonlinearity. Serbutoviez et al. established the relevance of push-pull hydrazones
for quadratic nonlinear optics by the measurement of the molecular
hyperpolarizabilities of some phenyl hydrazone derivatives [37]. Hydrazones
possess the ability to exhibit amido-iminol tautomerism, so upon coordination to
metal centre through the iminol form improves the conjugation and thus enhances
the non linearity. Second-order nonlinear optical properties of copper and
palladium complexes of N-salicylidene-N -aroylhydrazines were studied by
Cariati et al. and the results showed that the complexes have considerable
nonlinearity [38]. Optical power limiting, a nonlinear optical effect, is interesting
due to its application to the protection of eyes and sensitive optical devices from
high power laser pulses. Naseema et al. investigated the third-order nonlinear
optical properties of some hydrazones derived from p-tolyloxy acetohydrazide,
and found that the compounds show optical limiting behaviour at a particular

wavelength [39].
1.4.4 Catalytic applications

In metal complexes of hydrazones, the environment at the coordination
center can be modified by attaching different substituents to the hydrazone moiety
and a useful range of steric and electronic properties essential for the fine-tuning
of structure and reactivity can thus be provided. Many of the hydrazone
complexes show remarkable catalytic activity in various organic reactions.
Monfared et al. studied the catalytic abilities of some oxo- and dioxovanadium(V)
complexes of tridentate hydrazones towards the oxidation of wvarious
hydrocarbons and found that the complexes are effective catalysts [40].
Coordination complexes of VO’* with tridentate naphthohydrazone derivatives

are found to be a new class of VO “catalysts for the oxidation of olefins [41].
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One of the cis-dioxomolybdenum(VI) complexes based on amino acid
functionalized N-salicylidene hydrazide is an efficient catalyst for the peroxidic
oxidation of sulfides [42]. According to Mahmudov et al., a copper(Il) dimer
with  3-(2-hydroxy-4-nitrophenylhydrazo)pentane-2,4-dione exhibits a good
catalytic activity in the peroxidative oxidation of cyclohexane by aqueous H,O,,
under mild conditions, to afford cyclohexanol, cyclohexanone and cyclohexyl
hydroperoxide [43]. Pouralimardan et al. demonstrated that some of the
dissymmetric hydrazone manganese(Il) complexes are highly selective catalysts

for oxidation of cyclohexene by PhIO under mild conditions [44].
1.4.5 Other applications

Some of the arylhydrazones can act as herbicides, insecticides,
nematocides, rodenticides and plant-growth regulators. Hydramethylnon is an
amidinohydrazone insecticide has the trade name Amdro for control of the red
imported fire ant and for use against cockroaches [45]. Hydrazones of 2-
methylphthalazone are effective sterilants for houseflies [32]. Many hydrazones
are found to be effective corrosion inhibitors of metals. Fouda et al. studied the
effect of 2-hydroxyacetophenone-aroyl hydrazone derivatives on the inhibition of
copper and found that the corrosion is significantly decreased in presence of the

investigated compounds [46].
1.5 Scope and objectives of the work

In view of their applications in various fields including biology,
pharmacology, catalysis, analytical chemistry and optics, hydrazones, a member
of the Schiff base family with triatomic >C=N-N< linkage, takes the forefront
position in the development of coordination chemistry. Hydrazones derived from
the condenzation of o-hydroxy aromatic aldehydes and ketones with acyl-, aroyl-

and pyridoylhydrazines possess a third potent coordination site, makes them
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tridentate ligands. This class of potential polyfunctional ligands containing amide
and phenolic groups in their molecular skeleton has attracted research interest due

to their vital role in the biological systems.

In order to pursue the interesting coordination properties of hydrazones,
complexes with different types of ligand environments are essential. So in the
present work we chose four different ONO donor hydrazones as principal ligands.
Introduction of heterocyclic bases like 1,10-phenanthroline and 2,2’-bipyridine,
the classical NV, N donor ligands leads to the syntheses of mixed-ligand complexes,
can cause different bonding, spectral properties and geometries in coordination
compounds. All the above said facts stimulate our interest in the study of
transition metal complexes with ONO donor hydrazones and as an extension of

our work on hydrazones [8,10,14,47-51] with the following objectives.

» To synthesize some ONO donor acylhydrazones by the condenzation of
2-hydroxy-4-methoxybenzaldehyde and 2-hydroxy-4-methoxyacetophenone

with nicotinic acid hydrazide and benzhydrazide.

» To characterize the synthesized hydrazones by different physicochemical

techniques.

» To synthesize different transition metal complexes using the synthesized

hydrazones as principal ligands and some heterocyclic bases as coligands.

» To study the coordination modes of different hydrazones in metal
complexes by using different physicochemical methods like partial
elemental analysis, thermogravimetry and by different spectroscopic

techniques.

» To establish the structure of the compounds by isolating single crystals of
the compounds and collecting and refining single crystal X-ray diffraction

data.
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In the present work four different hydrazones were synthesized and
characterized. The molecular structure of one of the hydrazones was established
by single crystal X-ray diffraction studies. The metals selected for the preparation
of the complexes are vanadium, manganese, iron, copper, zinc and molybdenum.
The crystal structures of three of the complexes were studied through single

crystal XRD.
1.6 Physical measurements

Details of physicochemical techniques employed for the present study is

discussed below.
1.6.1 Elemental analyses

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

1.6.2 Conductivity measurements

Molar conductivities of the complexes in dimethylformamide (DMF)
solutions (107 M) were measured at room temperature using a Systronic model
303 direct-reading conductivity bridge at the Department of Applied Chemistry,
CUSAT, Kochi, India.

1.6.3 Magnetic susceptibility measurements

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

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

India.
1.6.5 Infrared spectroscopy

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

1.6.6 Electronic spectroscopy

Electronic spectra of all the compounds were taken on a Spectro UV-vis
Double Beam UVD-3500 specrometer in the 200-900 nm range at the Department
of Applied Chemistry, CUSAT, Kochi, India. The solvents used are

dimethylformamide and acetonitrile.
1.6.7 NMR spectroscopy

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

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

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

1.6.9 Single crystal XRD

Single crystal X-ray diffraction data of one acylhydrazone 2-hydroxy-4-
methoxybenzaldehyde nicotinoylhydrazone monohydrate (H,hmbn-H,0), and
two complexes were collected on a CrysAlis CCD, Oxford Diffraction Ltd.
diffractometer, equipped with a graphite crystal, incident-beam monochromator,
and a fine focus sealed tube, Mo Ko (A = 0.71073 A) X-ray source at the National
Single Crystal X-ray diffraction Facility, IIT, Bombay, India. The trial structure
was solved using SHELXS-97 and refinement was carried out by full-matrix least
squares on F* using SHELXL-97 [52], and all the hydrogen atoms were fixed in

calculated positions.

X-ray crystal structure determination of another complex was performed
with a Bruker SMART APEX CCD X-ray diffractometer at the University of
Hyderabad, using graphite monochromated Mo Ko radiation (A=0.71073 A, ¢ and
o scans). The data was reduced using SAINTPLUS [53]. The structure was
solved using SHELXS—97 and full matrix least squares refinement against F> was
carried out using SHELXL—-97 in anisotropic approximation for non-hydrogen
atoms [54]. All hydrogen atoms were assigned on the basis of geometrical

considerations and were allowed to ride upon the respective carbon atoms.
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SYNTHESES AND CHARACTERIZATION OF
ACYLHYDRAZONES

2.1 Introduction
2.2 Experimental
2.3 Results and discussion
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2.1 Introduction

Schiff bases, the compounds containing —C=N- group have gained special
attention owing to their facile synthesis and wide variety of applications. A large
number of Schiff bases are often used as ligands in coordination chemistry
because of their excellent metal binding capability [1-5]. Hydrazones, a
subdivision of azomethine family, in which, the nitrogen in —C=N- group is
attached to another nitrogen atom instead of carbon in simple Schiff bases, acts as
very promising ligands in coordination chemistry. Introduction of heteroatom
like oxygen increases the denticity of hydrazones in metal complexes. Chemistry
of hydrazones containing N and O donors and their metal complexes are
particularly interesting because of their biological activity and their ability to act
as potential inhibitors for many enzymes [6-10]. These ligands can coordinate
with metal ions to produce stable metal complexes owing to their facile amido-
iminol tautomerism. Nowadays the remarkable biological activity of acid
hydrazides (R-CO-NH-NH,) and their corresponding acyl hydrazones
(R-CO-NH-N=CH-R’) and the dependence of their mode of chelation with

transition metal ions present in living system have been of significant interest.
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The presence of heterocyclic rings in the hydrazones plays a major role in
deciding the extent of their pharmacological properties [11,12]. Many of the
hydrazones show analytical applications such as metal extracting agents, sensors
etc. [13,14]. Nonlinear optical properties shown by some hydrazones and their

metal complexes offer their use in optoelectronic devices [15,16].

Increasing interest in the study of acylhydrazone complexes are based on
their structural versatility offered by the hydrazone part, due to their various
coordination modes. There are a large number of reports regarding the studies on
isonicotinoyl hydrazones due to their iron chelating efficiency for the treatment of
iron overload diseases [17-20]. The above said facts prompted us to synthesize
and characterize some metal complexes using hydrazones as the ligand system.
Four hydrazones were synthesized using nicotinic acid hydrazide, benzhydrazide,
2-hydroxy-4-methoxybenzaldehyde and 2-hydroxy-4-methoxyacetophenone as
starting materials and they are characterized by various physicochemical
techniques. The hydrazones chosen as ligands for the preparation of metal

complexes are of ONO donor type and they are

1. 2-hydroxy-4-methoxybenzaldehyde nicotinoylhydrazone monohydrate
(thmanZO)

2. 2-hydroxy-4-methoxyacetophenone nicotinoylhydrazone (H,hman)

3. 2-hydroxy-4-methoxybenzaldehyde benzoylhydrazone (H,hmbb)

4. 2-hydroxy-4- methoxyacetophenone benzoylhydrazone (H,hmab).

2.2 Experimental

2.2.1 Materials

2-Hydroxy-4-methoxyacetophenone (Aldrich), 2-hydroxy-4-methoxybenzaldehyde
(Aldrich), nicotinic acid hydrazide (Aldrich) and benzhydrazide (Aldrich) were used

without further purification. Solvent used was methanol.
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2.2.2 Syntheses of acylhydrazones

The scheme for the syntheses of acylhydrazones is shown in scheme 1.

O OH
o OH o) — HsC Q
H,C + >_<\j/> methanol, reflux 4 h N
R N
O H,N—NH X H0 2 NH N
R S

R =H & X=N; H,hmbn
R = CH, & X= N; H,hman
R =H & X=C; H,hmbb
R = CH, & X=C; H,hmab

Scheme 1. Syntheses of acylhydrazones.

H,hmbn-H,O: Nicotinic acid hydrazide (0.137 g, 1 mmol) dissolved in methanol
was refluxed with 2-hydroxy-4-methoxybenzaldehyde (0.152 g, 1 mmol) in
methanol in presence of a few drops of glacial acetic acid for 4 hours. The
compound was separated as pale yellow colored crystalline solid. Single crystals
suitable for X-ray diffraction were obtained by recrystallization from ethanol.
Yield 75%. Elemental Anal. Found (Calcd.) (%) C, 57.79 (58.13); H, 5.54 (5.23);
N, 14.49 (14.53).

H,hman: Nicotinic acid hydrazide (0.137 g, 1 mmol) dissolved in methanol was
refluxed with 2-hydroxy-4-methoxyacetophenone (0.166 g, 1 mmol) in methanol
in presence of a few drops of glacial acetic acid for 4 hours. On cooling colorless
needle shaped compound was separated. Yield 70%. Elemental Anal. Found
(Calcd.) (%): C, 62.94 (63.15); H, 5.39 (5.30); N, 14.46 (14.73).

H,hmbb: Benzhydrazide (0.136 g, 1 mmol) dissolved in methanol was refluxed
with 2-hydroxy-4-methoxybenzaldehyde (0.152 g, 1 mmol) in methanol in

presence of a few drops of glacial acetic acid for 4 hours. The compound was
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separated as pale yellow colored solid. Yield 74%. Elemental Anal. Found
(Calcd.) (%) C, 66.08 (66.66); H, 5.47 (5.22); N, 10.26 (10.36).

H,hmab: Benzhydrazide (0.136 g, 1 mmol) dissolved in methanol was refluxed
with 2-hydroxy- 4-methoxyacetophenone (0.166 g, 1 mmol) in methanol in
presence of a few drops of glacial acetic acid for 4 hours. On cooling colorless
needle shaped compound was separated. Yield 68%. Elemental Anal. Found

(Caled.) (%): C, 67.25 (67.59); H, 5.61 (5.67); N, 9.68 (9.85).
2.3 Results and discussion

All the four acylhydrazones were synthesized in a very facile and
essentially identical way. All of them act as tridentate ligands during the

synthesis of their metal complexes.
2.3.1 Crystal structure of H;hmbn-H,O

Crystals suitable for single crystal diffraction studies were grown from a
solution of the compound in ethanol. Compound H,hmbn-H,O crystallized into a
triclinic space group P1. Unit cell contains two molecules. The molecular structure
of Hyhmbn-H,0 is shown in Fig. 2.1 and selected geometric parameters are listed
in Table 2.1. The molecule is non-planar with a dihedral angle of 1.78(8)°
between the aromatic rings. The compound exists in an anti configuration with
respect to the C9—N2 and C8-N1 bonds. This is confirmed by the torsion angles
of 178.11(15)° and -178.34(15)° respectively for N(1)-N(2)-C(9)-C(10) and
N(2)-N(1)-C(8)-C(5) moieties. =~ The bond angles and bond lengths are
summarized in Table 2.2. The NI1-N2 and C9-O3 bond distances are in
agreement with those in the related compounds p-methoxybenzaldehyde
benzoylhydrazone monohydrate and isonicotinoylhydrazone monohydrate, indicate

that these bonds correspond to single and double bonds [21,22]. The C1-O1 and
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C2-01 bond lengths in the hydroxyphenyl moiety are consistent with those
[O(1)-C(1), 1.430(3) and O(1)-C(2), 1.360(2)] found in the related compounds
[23-25].

L &}
01

c2

C3

Fig. 2.1. Structure and labeling diagram for H;hmbn-H,O.

In the crystal lattice, the molecules of the compound are arranged in two
individual parallel layers with water and hydrazone group involved in O-H--O
and N—-H--O hydrogen bonds forming a one dimensional network along [010]
axis (Fig. 2.2). The torsion angles C6—C5—C8-N1 of —5.02(0.30)° and
C14-C10—C9-N2 of 4.82(0.28)° indicate that the methoxyphenyl and phenyl
substituents are in synperiplanar with respect to the central hydrazone plane. The
methoxyphenyl ring makes a dihedral angle of 2.27(6)° with the hydrazone bridge
and the phenyl ring is twisted by an angle of 2.76(7)° with respect to the plane of
the central hydrazone linkage. The water molecules present in the lattice are
involved in a three-center hydrogen bond. The novelty about this crystal lies in
the packing; three molecules are involved in intermolecular hydrogen bonding

interactions with one water molecule. H(111) from water is connected to O3 of
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one molecule, H(112) of the same water is connected to N3 of second molecule
and oxygen atom O(111) from water connected to N2—-H(2N) of third molecule
through intermolecular hydrogen bonding interactions. Fig. 2.3 displays the

packing diagram with intra- and intermolecular hydrogen bonding.

Fig. 2.2. One dimensional arrangement of H;hmbn-H,O along b axis.

ey e
M %_g»gﬁ*r

~
'drﬂ M
" W m .&.g

Fig. 2.3. Packing diagram of H,hmbn-H,O with intra- and intermolecular

hydrogen bonding interactions viewed along a axis.

24 «ad Studies on metal complexes of some tridentate acylhydrazones pw»
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Table 2.1 Crystal data and structure refinement for H;hmbn-H,O

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group
Unit cell

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected
Independent reflections
Absorption correction

Max. and min. transmission
Refinement method

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

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

Largest diff. peak and hole

C14 His N3 04

289.29

150(2) K

0.71073 A

Triclinic, Pi

a = 6.452(2) A

b = 7.884(3) A

¢ = 14.128(4) A

a = 80.11(3)°

B = 77.24(3)°

v = 75.90(3)°

674.5(4) A°

2, 1.424 Mg/ m*

0.107 mm’

304

0.33x0.26 x 0.21 mm®
2.90 to 25.00°.

-1<h<7

-9<k<8

-16<I<16

7088

2370 [R(int) = 0.0221]
Semi-empirical from equivalents
0.9780 and 0.9657
Full-matrix least-squares on F2
237010/ 207

1.064

Ri = 0.0462, wR2 = 0.1294
R = 0.0651, wR2 = 0.1484
0.529 and -0.265 e. A*®

Rl = Z||Fo| - |Fc|| / 2|Fo|

WR, = [Ew(E,-E2)* / Ew(F. 2"
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Table 2.2 Bond lengths [A] and angles [°] for H;hmbn-H,O

Bond lengths Bond angles

0(1)-C(2) 1.360(2) C(8)-N(1)-N(2) 116.23(16)
0(1)-C(1) 1.430(2) C(9)-N(2)-N(1) 118.30(16)
0(2)-C(6) 1.353(2) C(6)-C(5)-C(8) 122.80(17)
0(3) -C(9) 1.227(2) N(1)-C(8)-C(5) 121.52(18)
N(1)-C(8) 1.283(2) 0(3)-C(9)-C(10) 120.84(17)
N(1)-N(2) 1.386(2) N(2)-C(9)-C(10) 116.75(16)
N(2)-C(9) 1.352(2) 0(3)-C(9)-N(2) 122.41(17)
C(5)-C(8) 1.446(3)

C(9)-C(10) 1.498(3)

2.3.2 NMR spectral studies

Proton Nuclear Magnetic Resonance ('"H NMR) Spectroscopy is a powerful
tool used for the determination of the structure of compounds. The 'H NMR
spectrum of an organic compound provides useful information about the number
of different types of hydrogens present in the molecule and their electronic
environment. Here the 'H NMR spectra of all the four hydrazones were taken in

DMSO.

H,hmbn-H,0: The 'H NMR spectrum of the compound is shown in Fig.
2.4. The two sharp singlets in the very downfield region of the spectrum ie. at
12.15 ppm and 11.49 ppm each having a peak area corresponds to one are
assigned to iminol OH and phenolic OH protons respectively. The high & values
of these are due to their attachment with highly electronegative elements. Upon
deuterium exchange, the intensity of these peaks were considerably reduced
confirmed the assignments. Methoxy protons give a sharp singlet at 3.78 ppm
with an area integral of three. The azomethine singlet is observed at 9.08 ppm

and aromatic protons give peaks in the region of 6.5-9.5 ppm.

,1-‘ on metal complexes (hvdrazones '-‘
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Fig. 2.4. '"H NMR spectrum of H;hmbn-H,O.

H,hman: In the 'H NMR spectrum of the compound, OH and iminol protons
gave sharp singlets at 11.43 ppm and 13.56 ppm respectively with a peak area
corresponds to one each. These assignments are confirmed by D,O exchange
studies. During D,0O exchange the intensity of these peaks are considerably
reduced. Here the methoxy protons gave a singlet at 3.78 ppm and the methyl
protons show a singlet at 2.45 ppm. Here also the aromatic protons show
multiplets in the region of 6-9.5 ppm. Fig. 2.5 shows the '"H NMR spectrum of

the compound.
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Fig. 2.5. '"H NMR spectrum of H;hman.

H,hmbb: Here a singlet peak observed at 11.19 ppm is assigned to phenolic
proton and another singlet observed at 13.63 ppm is assigned to proton attached to
the iminol oxygen. Both of them have peak area corresponds to one. These
assignments are confirmed by deuterium exchange studies. The methoxy protons
gave a singlet peak at 3.81 ppm and azomethine proton singlet at 8.01 ppm.
Aromatic proton multiplets were observed in between 6-9.5 ppm. Fig. 2.6 shows

the '"H NMR spectrum of H,hmbb.
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Fig. 2.6. "H NMR spectrum of H,hmbb.

H,hmab: The 'H NMR spectrum of the compound is shown in Fig. 2.7. The
singlet observed at 13.65 ppm is assigned to proton attached to iminol oxygen and
singlet peak observed at 11.22 ppm is assigned to phenolic proton. Both of them
have peak area corresponds to one. These assignments are confirmed by
deuterium exchange studies. Here the methoxy protons gave a singlet at 3.76
ppm and the methyl protons show a singlet at 2.43 ppm. Here also the aromatic

protons show multiplets in the region of 6-8 ppm.
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Fig. 2.7. "H NMR spectrum of H,hmab.

2.3.3 Infrared spectral studies

The IR spectral analysis gave an insight to the structure of the compounds.
The characteristic bands of different functional groups provide valuable
information regarding the structure. Table 2.3 lists the main vibrational bands of
the hydrazones. In Hyhmbn-H,O a band is observed at 3382 cm’! which is due to
the presence of lattice water in the molecule. And this is confirmed by the single
crystal X ray diffraction studies. In the remaining compounds there are no bands
in this region indicating the absence of water molecules. In all the four
hydrazones a band observed around 3200 cm™ is assigned to phenolic O—H, and

N-H groups gave bands around 3050 cm™. A strong band is observed in between

« & Studies on metal complexes of some tridentate acylhydrazones B®
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1630-1650 ¢cm™ which indicates the presence of carbonyl group in these
compounds. The azomethine bands are observed around 1600 cm™ [26]. The
C-O stretching is observed around 1275 cm™. The N-N stretching vibrations are
found in between 1110 and 1140 cm™. Figs. 2.8-2.11 depict the infrared spectra

of the four hydrazones.

Table 2.3 Selected IR frequencies (cm™) of the hydrazones.

Compound v(0-H) v(N-H) v(C=0) v(C=N) v(N-N) v(C-0)
Hzhmbn-H20 3371,3208 3074 1643 1604 1110 1284
Hzhman 3219 3029 1638 1602 1135 1262
Hzhmbb 3224 3038 1630 1600 1130 1286
Hzhmab 3226 3025 1650 1601 1127 1265
100
80 -
[}
Q 60
S
€
wy
g 40
2
20 -
0

e I e L . 1 e T . I e I e I
4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm™)

Fig. 2.8. IR spectrum of H;hmbn-H,O.
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Fig. 2.9. IR spectrum of H,hman.
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Fig. 2.10. IR spectrum of H,hmbb.
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Fig. 2.11. IR spectrum of H,hmab.

2.3.4 Electronic spectral studies

The electronic spectra of the prepared hydrazones were taken in
acetonitrile. Important bands observed are listed in Table 2.4. The electronic
spectra of all the four acylhydrazones show bands in the region 30400-46000 cm™
due to m-n* transitions. The conjugation of azomethine chromophore with olefinic
or aryl groups change the spectrum significantly, since rather weak bands due to
n-tt* transitions are submerged by strong absorptions associated with w-7*
transitions [27]. These bands are found to be slightly shifted during complexation.

Fig. 2.12 represents the electronic spectra of the compounds.
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Table 2.4 Important bands (cm™) of the electronic spectra of hydrazones

Compound Absorption bands
Hzhmbn-H20 30450, 33370, 40860, 45800
Hzhman 30710, 33810, 41660, 45720
Hzhmbb 30630, 33450, 41920, 45540
Hzhmab 30710, 33890, 42100, 45800
1.0 5
0.8
g 0.6 ——H_hmbn
= —H_hmab
= “H_hman
2 044 ———H_hmbb
(3}
0.2 4
00 T T T T - T ¥ - 1
50000 40000 30000 20000 10000
wavenumber (cm’)
Fig. 2.12. Electronic spectra of hydrazones.
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3 SYNTHESES, SPECTRAL AND STRUCTURAL
§ STUDIES OF OXOVANADIUM(IV|V) COMPLEXES
DERIVED FROM TRIDENTATE ACYLHYDRAZONES

3.1 Introduction
3.2 Experimental
3.3 Results and discussion

Caontents

References

3.1 Introduction

Vanadium displays a rich and fascinating chemistry depending on the
electronic and steric nature of coordinating ligands. It is a trace element known to
be essential for a number of species that is widely distributed on earth. This is the
only metal named after a goddess, Vanadis, the Norse goddess of beauty and
fertility [1-3]. The interaction of simple vanadium species (VO*" and VO*") with
hydrazones having pharmacological activity is of growing interest. The use of
oxovanadium complexes in oxidation and oxotransfer catalysis have been noted
[4,5]. Medicinal applications of vanadium compounds have focused on their in
vitro and in vivo activity in the treatment of type I and type II diabetes [6-8].
Different types of vanadium compounds have potent anticarcinogenic activity.
The anticarcinogenic activity of vanadocenedichloride [Cp,VCl,], which is active
against animal tumors such as the Ehrlich ascites tumor and certain types of
leukaemia, is comparable to cisplatin. Among inorganic vanadium compounds,
vanadylsulfate VOSO, as a diet constituent found to be an effective non-toxic

agent for the chemoprevention of breast cancer in rats [9]. Vanadium complexes
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with hydrazone-based ligands have antiamoebic activity and are thus potential

drugs against amoebiasis [10].

The VO** complexes of ONO donor a-amino acid Schiff bases and NN
donor phenanthroline bases as DNA binder cum photosensitizer display efficient
DNA binding propensity [11]. Synthesis and structural studies of an interesting
series of heterocyclic adducts of oxovanadium(IV) complexes of some
aroylhydrazones have been reported [12]. In the case of oxovanadium complexes,
monomeric and five coordinated oxovanadium(IV) complexes are formed with
several bidentate Schiff bases, but dimeric and five or six coordinated are formed

with tridentate Schiff bases [13].

The coordination chemistry of vanadium is dominated by its variable
oxidation numbers. The most common oxidation states of vanadium are +2, +3,
+4, and +5, although oxidation states of +1, 0 and —1 are known. Among these
different oxidation states, +3, +4 and +5 are biologically important. Vanadium
easily switches between the higher oxidation states +4 and +5. As the oxidation
state increases the oxophilicity of vanadium also increased [14]. The common
geometry adopted in the case of pentacoordinated complexes is square pyramidal,
while in the case of hexacoordinated complexes octahedral geometry

predominates.

3.2 Experimental

3.2.1 Materials

2-Hydroxy-4-methoxyacetophenone (Aldrich), 2-hydroxy-4-
methoxybenzaldehyde (Aldrich), nicotinic acid hydrazide (Aldrich), benzhydrazide
(Aldrich), vanadyl sulphate monohydrate (Aldrich), 2,2’-bipyridine (Qualigens),
1,10-phenanthroline (Ranchem) were used as received. Solvents used were water

and methanol.
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3.2.2 Syntheses of the acylhydrazones

The acylhydrazones, 2-hydroxy-4-methoxybenzaldehyde nicotinoylhydrazone
monohydrate (Hyhmbn-H,0), 2-hydroxy-4-methoxyacetophenone nicotinoylhydrazone
(Hohman), 2-hydroxy-4-methoxybenzaldehyde benzoylhydrazone (H,hmbb) and 2-
hydroxy-4-methoxyacetophenone benzoylhydrazone (H,hmab) were synthesized as
described in Chapter 2.

3.2.3 Syntheses of vanadium complexes

[VO(hmbn)],yH,O (1): This complex was prepared by refluxing equimolar
mixture of VOSO4H,0 (0.163 g, 1 mmol) in water and Hhmbn-H,O (0.289 g, 1
mmol) in methanol for 4 hours under argon atmosphere. The brown colored
product obtained was filtered, washed with methanol, followed by ether and dried
over P,Oyy in vacuo. Elemental Anal. Found (Calcd.) (%): C, 48.60 (48.71); H,
3.51 (3.50); N, 14.08 (14.22).

[VO(hmbn)(bipy)] (2): To prepare this complex, methanolic solutions of 2,2’-
bipyridine (0.156 g, 1 mmol) and H,hmbn-H,O (0.289 g, 1 mmol) were added to
aqueous solution of VOSO,H,0 (0.163 g, 1 mmol). The resulting dark brown
solution is refluxed for 4 hours under inert atmosphere. The product formed was
brown in color and was filtered, washed with methanol, followed by ether and
dried over PO, in vacuo. Elemental Anal. Found (Calcd.) (%): C, 58.26 (58.54);
H, 3.95 (3.89); N, 13.35 (12.89).

[VO(hmbn)(phen)]-1'/,H,0 (3): This complex was prepared by refluxing a
mixture of VOSO4H,0 (0.163 g, 1 mmol) in water, 1,10-phenanthroline (0.198 g,
1 mmol) and Hyhmbn-H,O (0.289 g, 1 mmol) in methanol for about 4 hours under

inert atmosphere. Dark brown product obtained was filtered, washed with
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methanol followed by ether and dried over P,Oyy in vacuo. Elemental Anal.

Found (Calcd.) (%): C, 57.50 (57.46); H, 4.04 (4.08); N, 12.96 (12.89).

[VO(hman)],:H,O (4): This complex was prepared by refluxing a mixture of
VOSO4H,O (0.163 g, 1 mmol) in water and Hyhman (0.285 g, 1 mmol) in
methanol for 4 hours under argon atmosphere. The product separated was
greenish yellow in color and was filtered, washed with methanol, followed by
ether and dried over P4,O,o in vacuo. Elemental Anal. Found (Calcd.) (%): C,
50.20 (50.15); H, 3.70 (3.93); N, 11.70 (11.70).

[VO(hman)(OCH3)], (5): Methanolic solutions of Hyhman (0.285 g, 1 mmol)
and 2,2’-bipyridine (0.156 g, 1 mmol) was added to aqueous solution of
VOSO4H,0 (0.163 g, 1 mmol) and the resulting solution was refluxed for about 4
hours under argon atmosphere. The resulting dark brown solution is kept for
three days. Brown colored single crystals of the compound isolated was filtered,
washed with methanol, followed by ether and dried over P,Oy4 in vacuo. But in
this complex, the base added was not incorporated, instead a dimeric product
formed. Elemental Anal. Found (Calcd.) (%): C, 50.52 (50.40); H, 4.38 (4.23); N,
11.01 (11.02).

[VO(hman)(phen)]-2H,O (6): Methanolic solutions of Hyhman (0.285 g, 1 mmol)
and 1,10-phenanthroline (0.198 g, 1 mmol) was added to an aqueous solution of
VOSO4H,O (0.163 g, 1 mmol) and refluxed for about 4 hours in inert
atmosphere. The dark brown crystalline product obtained was filtered, washed
with methanol followed by ether and dried over P,Oy4 in vacuo. Elemental Anal.

Found (Caled.) (%): C, 57.30 (57.25); H, 4.60 (4.45); N, 11.80 (12.36).

[VO(hmbb)],H,O (7): This complex was prepared by refluxing a mixture of
VOSO4H,0 (0.163 g, 1 mmol) in aqueous medium and H,hmbb (0.270 g, 1

mmol) in methanol for 4 hrs under inert atmosphere. The brown product obtained
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was filtered, washed with methanol followed by ether and dried over P,Oy in
vacuo. Elemental Anal. Found (Calcd.) (%): C, 52.36 (52.34); H, 4.24 (3.81); N,
7.72 (8.14).

[VO(hmbb)(bipy)] (8): This complex was obtained by refluxing a mixture of
methanolic solutions of Hhmbb (0.270 g, 1 mmol), 2,2’-bipyridine (0.156 g, 1
mmol) and aqueous solution of VOSO4-H,0 (0.163 g, 1 mmol) for 4 hours under
argon atmosphere. The crystalline brown product separated was washed with
methanol followed by ether and dried over P4O, in vacuo. Elemental Anal.

Found (Calcd.) (%): C, 61.00 (61.11); H, 3.81 (4.10); N, 11.40 (11.40).

[VO(hmbb)(phen)]-H,O (9): Methanolic solutions of H,hmbb (0.270 g, 1 mmol)
and 1,10-phenanthroline (0.198 g, 1 mmol) and aqueous solution of VOSO4-H,O
(0.163 g, 1 mmol) were mixed and refluxed for about 4 hours under argon
atmosphere. The dark brown product separated was filtered washed with
methanol followed by ether and dried over P4O, in vacuo. Elemental Anal.

Found (Calcd.) (%): C, 60.36 (60.56); H, 4.17 (4.52); N, 10.42 (10.46).

[VO(hmab)], (10): The complex [VO(hmab)], was prepared by refluxing a
mixture of VOSO,H,O (0.163 g, 1 mmol) in aqueous solution and ligand,
H,hmab (0.284 g, 1 mmol) in methanol for 4 hours under inert atmosphere.
Brown colored product obtained was filtered, washed with methanol followed by
ether and dried over P4,Oyo in vacuo. Elemental Anal. Found (Calcd.) (%): C,
54.59 (55.03); H, 4.06 (4.04); N, 7.76 (8.02).

[VO(hmab)(bipy)]-H,O (11): Compound 11 was prepared by the same procedure
as that of compound 8. Color of the compound was dark brown. Elemental Anal.

Found (Calcd.) (%): C, 59.84 (59.66); H, 4.34 (4.62); N, 10.41 (10.70).
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[VO(hmab)(phen)]-:2H,0 (12): Compound 12 was prepared by the same
procedure as that of compound 9. The compound was brown colored and has
crystalline nature. Elemental Anal. Found (Calcd.) (%): C, 59.63 (59.47); H, 4.44
(4.63); N, 9.65 (9.91).

3.3 Results and discussion

Twelve vanadium complexes were prepared and are found to be stable. In
all the complexes, hydrazones coordinated to the metal centre in enolic form and
hence act as dideprotonated tridentate ligands. The complexes are soluble in
organic solvents like acetonitrile and DMF. The elemental analyses values
showed that the found and calculated values are in close agreement with the
general formula of the complexes. Magnetic susceptibility measurements revealed
that all complexes except 5 are found to be paramagnetic. Complexes 1, 4, 7 and
10 exhibit subnormal magnetic moments (W = 1.2—1.4 B.M. at room
temperature) due to the strong antiferromagnetic exchange, suggesting dimeric
nature to these complexes [15]. Magnetic susceptibility values for other
complexes showed slight deviations from the spin only value for a d' system. The
molar conductivity values for all the complexes in 10° M DMF solution are found
to be less than 15 ohm™ cm® mol™ which is much less than the value of 65-90
ohm™ cm® mol™ reported for a 1:1 electrolyte in the same solvent confirmed the
non-electrolytic nature of the complexes [16]. The magnetic susceptibility and
molar conductivity values of the complexes are listed in Table 3.1. X-ray quality
single crystals of one of the compounds, [VO(hman)(OCH;)], (5) were obtained

from reaction mixture.
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Table 3.1 Molar conductivities and magnetic susceptibilities of vanadium

complexes

Compound A LLeft (B:M)
[VO(hmbn)]2-H20 (1) 7 1.33
[VO(hmbn)(bipy)] (2) 11 1.78
[VO(hmbn)(phen)]-1'/:H20 (3) 9 1.82
[VO(hman)]2-H20 (4) 10 1.23
[VO(hman)(OCHs)]z (5) 8 diamagnetic
[VO(hman)(phen)]-2H0 (6) 6 1.79
[VO(hmbb)]2H:0 (7) 1 1.28
[VO(hmbb)(bipy)] (8) 8 1.77
[VO(hmbb)(phen)]-H20 (9) 6 1.81
[VO(hmab)lz (10) 4 1.40
[VO(hmab)(bipy)]-Hz0 (11) 8 1.76
[VO(hmab)(phen)]-2H20 (12) 6 1.80

"molar conductivity (in mho cm” mol™) taken in 10° M DMF solution.

3.3.1 Crystal structure of the compound [VO(hman)(OCH3)]; (5)

The molecular structure of the compound 5 along with atom numbering
scheme is given in Fig. 3.1. A summary of the key crystallographic information
is given in Table 3.2. Compound 5 crystallized into triclinic space group P1. This
is a centrosymmetric bis(u-methoxy) bridged vanadium(V) dimer consisting of
one vanadium atom (V1), one terminal oxo group (O4), one methoxy oxygen
(O5), tridentate hydrazone ligand binding to the metal center via phenoxy oxygen
(02), azomethine nitrogen (N1), enolic oxygen (O3) atoms. The vanadium(V)
ions in the dimer exhibited distorted octahedral geometry with O3, N1, O2 and
O5 atoms defining the equatorial plane, and O4 and O5a atoms at the apical
positions. The metal atom is displaced towards the axial oxo atom (O4) by
0.3548 A from the equatorial plane. The selected bond lengths and bond angles

of the molecule are summarized in Table 3.3.
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Fig. 3.1. Structure and labeling scheme for [VO(hman) (OCH3;)|,.

The terminal V1-04 (oxo) distance is 1.5896 A, V1-O5a (bridging) is
2.3655 A, V1-02 (phenoxy) is 1.8215 A and V1-O3 (enolic) is 1.9258 A, these
agree well with the corresponding values reported for related systems [17]. Upon
dimerization, the main difference of one half of the molecule with the other half is
V1-05 and V1a—-0O5a. The trans influence of the oxo (O4) ligand in one apical
position of the vanadium octahedron manifests itself by elongation of the bond
distance for the apically bonded bridging methoxy oxygen atom [V1-O5a =
2.3655 A] when compared to the distance for the methoxy oxygen atom [V1-O5
= 1.8208 A]. The intramolecular V1--Vla distance is found to be 3.338 A and
falls within the range of known V-V distances in double bridged vanadium
polynuclear systems. The centrosymmetric dimer is formed via the bridging
oxygens connecting two vanadium atoms. Hence the vanadium atom adopts a

distorted octahedral geometry [18,19].

q‘.\.:'l :'e'.e'.;'::"\' on metal l'l'."-'."I;”:'I\:'."-\"-“' -"_:"‘-\'\-‘-:5::'.‘ tnaentate l:!l-..'.-ll':ll: Vi lrazones .b
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The mean plane deviation calculations shows that the atoms in the basal
plane O3, N1, O2 and OS5 is nearly planar with a maximum mean plane deviation
of 0.007 A and V1 is slightly deviated from planarity with a distance of 0.3548 A.
Ring puckering analyses and least-square plane calculations shows that the ring
Cg(3) comprising of atoms V1, 02, C4, C5, C8 and N1 confirms the ‘screw boat’

conformation (‘S’ configuration) [20].

Fig. 3.2 shows the contents of the unit cell packing. The assemblage of
molecules in the respective manner in the unit cell is resulted by the n-n and C—
H---m interactions as depicted in Table 3.4. The centroid Cg(2) is involved in n-xt
interaction with Cg(1) of the neighboring unit at a distance of 2.6355 A and C—
H--r interactions C(1)-H(1C)-~-Cg(5) at a distance of 2.80 A contribute stability
to the unit cell packing. A weak intramolecular hydrogen bonding interaction is
observed between C12-H12 and O3 with an angle of 102°. No classic hydrogen

bonds were found in this compound.

Fig. 3.2. Unit cell packing diagram of the compound [VO(hman)(OCHs;)],

viewed along the b axis.

-"&‘ LY, on metal :In"."."_f":'-:' \ yme tridentate . | . 7 0NES .[‘:
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Table 3.2 Crystal data and
[VO(hman)(OCHs3)], (5)

structure refinement parameters

CCDC No.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method

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

Final R indices [ > 2c(l)]

R indices (all data)

Largest diff. peak and hole

669785

Cs2 Ha2 Ns010V2

762.52

150(2) K

0.71073 A

Triclinic

A

a=7.8134(8) A

b = 10.7745(11) A

¢ = 11.329(4) A

o = 61.36(2)°

B = 79.627(16)°

y = 70.835(9)°
790.3(3) A°

1

1.602 Mg/ m*

0.662 mm’

392

0.33x0.18 x 0.16 mm®
2.99 to 25.00°
-9<h<9,
12<k<12,
13<1<13

7950

2760 [R(int) = 0.0152]
Full-matrix least-squares on F2
2760/01/229

1.083

R: = 0.0235, wR2 = 0.0655
R: = 0.0257, wR2 = 0.0666
0.269 and -0.305 e.A*

1{1 = Z||F0| - |FC|| / 2|F0|
WR, = [Ew(E,-E2)* / Tw(F. )"

for
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Table 3.3 Selected bond lengths (A) and bond angles (°) for the compound (5)

Bond lengths Bond angles Bond angles
V(1)-0(4) 1.5895(12) 0(4)-V(1)-0(5) 104.33(6) 0(2)-V(1)-0(5a) 79.74(5)
V(1)-0(5) 1.8207(13) 0(4)-V(1)-0(2) 100.96(6) 0(3)-V(1)-0(5a) 80.04(4)
V(1)-0(2) 1.8215(11) 0(5)-V(1)-0(2) 104.11(5) N(1)-V(1)-0(5a) 83.64(5)
V(1)-0(3) 1.9258(11) 0(4)-V(1)-0(3) 99.47(6) C(4)-0(2)-v(1) 129.08(10)
V(1)-N(1) 2.1062(15) 0(5)-V(1)-0(3) 88.97(5) C(10)-0(3)-V(1) 118.21(10)
V(1)-0(5a) 2.3656(11) 0(2)-V(1)-0(3) 152.07(5) C(16)-0(5)-V(1) 123.43(10)
0(2)-C(4) 1.3381(19) 0(4)-V(1)-N(1) 96.92(6) C(16)-0(5)-V(1a) 120.55(9)
0(5)-C(16) 1.4283(19) 0(5)-V(1)-N(1) 155.34(5) V(1)-0(5)-V(1a) 105.01(5)
0(5)-V(1a) 2.3656(11) 0(2)-V(1)-N(1) 83.62(5) C(8)-N(1)-N(2) 116.57(13)
N(1)-C(8) 1.310(2) 0(3)-V(1)-N(1) 75.16(5) C(8)-N(1)-v(1) 127.99(11)
N(1)-N(2) 1.3999(18) 0(4)-V(1)-0(5a) 179.14(5) N(2)-N(1)-V(1) 115.44(9)
N(2)-C(10) 1.305(2) 0(5)-V(1)-0(5a) 74.99(5) C(10)-N(2)-N(1) 108.11(13)
V(1) V(1a) 3.338

Table 3.4 Interaction parameters of the compound (5)

7-7 interactions

Cgll)-~Cgld) Cg~Cg (A) a (°) B()
Cg(2)--Cg(1) 2.6355 79.49 55.81
Equivalent position codes :  *=2-x, 1-y,z

Cg(2) =V(1), O(3), C(10), N(2), N(1); Cg(1) = V(1), O(5), V(1A), O(52)
a (°) = Dihedral angle between planes I and J;
B (°) = Angle between Cg(I)-Cg(J) vector and normal to plane I.

C—H---7 interactions

C-H()--CglJ) H-Cg (A) C-H-Cg (°) C--Cg (A)
C(1)-H(1C)-Cg(5)° 2.80 145 3.6214
Equivalent position codes :  ° = 1-x,1-y,1-z

Cg(5) = C(2), C(3), C(4), C(5), C(6), C(7)

H bonding
D-H--A D-H H--A D--A D-H--A
C(12)-H(12)--0(3) 0.93 2.39 2.748(3) 102

(D=Donor, A=acceptor, Cg=Centroid)

,):‘ Stud on metal c '.".:_.‘":'-:' . e tridentate . | . 7 0NES .T‘.
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3.3.2 EPR spectra

EPR spectroscopy can offer a great deal of information regarding the
bonding in vanadyl complexes. In vanadyl complexes vanadium is in +4
oxidation state with ' configuration, and since the orbital angular momentum is
quenched by the crystalline fields, the paramagnetism of the vanadyl ion arises

from the single unpaired electron.

In V(IV) complexes value of g is below the value for free electron. The
spin of °'V nucleus is 7 = "/,. In mononuclear V(IV) complexes the EPR
signals are split into eight and in binuclear complexes fifteen hyperfine lines.
Under the influence of magnetic field, the electronic ground state (S = '/,) is split
into two (m, = +'/, and -1/2) and additional splitting occurs through the

different magnetic orientations of the nuclear spin (m;).

VO* is one of the most stable diatomic cation and its paramagnetism is
almost due to spin angular momentum, and EPR absorptions are obtained over a

wide range of temperature including room temperature [21].

EPR spectra of all the oxovanadium(IV) complexes were recorded in
polycrystalline state at 298 K and in DMF solution at 77 K and the spectral
parameters are summarized in Table 3.5. Compound 5 is diamagnetic and hence
EPR silent. Some of the EPR spectra are simulated and the experimental (green)

and simulated (purple) best fits are included [22].

The spectrum of compound 1 in polycrystalline state at 298 K (Fig. 3.3) is
axial with g;=1.985 and g, =1.990 and 4;,= 152 x 10* cm™",
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T v T ¥ T ¥
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Fig. 3.3. EPR spectrum of compound 1 in polycrystalline state at 298 K.

In frozen DMF at 77 K, tumbling motions of the molecules are restricted
which results in anisotropic spectrum. Here compound 1 displays well resolved
axial anisotropy with two sets of eight line pattern with g;=1.950, g, =1.984 4, =
148 x 10* cm™ and 4,= 49 x 10* cm™. In a tetragonal complex g; < g, and 4, >

A, this relationship is characteristic of an axially compressed diy configuration.

The experimental and simulated best fits of compound 1 are shown in Fig. 3.4.
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©
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o
o
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280 320 360 400
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Fig. 3.4. EPR spectrum of compound 1 in DMF at 77 K.



()%{I beer3

Compound 2 in polycrystalline state at 298 K (Fig. 3.5) displayed an isotropic
spectrum with g, = 1.989.

260 280 300 320 340 360
B (mT) —

Fig. 3.5. EPR spectrum of compound 2 in polycrystalline state at 298 K.

EPR spectrum of compound 2 in frozen DMF is shown in Fig. 3.6. In the
case of oxovanadium complexes, primary axis (z axis) is defined by V=0 unit
and which is in the direction of magnetic field B. So the resulting axial spectra
with two sets of eight line pattern with different g and A4 values provides valuable
information regarding the electronic environment of the metal and orientation of
ligand set. Compound 2 with g;=1.953, g, =1.978 4, =146 x 10* cm™ and 4,=
48 x 10 cm™, follow the relationship, g <giand 4> A4, suggesting diy ground
state configuration. The anisotropic parameters are related with isotropic
parameters by the equations, 4;5, = 1/3(A|| +24,) and g, = 1/3(g|| +2g,) [1]. In this
compound the value obtained for g, = 1.970 which is near to the value obtained

from the polycrystalline spectrum suggests that the molecules retaining their

structural identity in solution.

,1-‘ on metal complexes (hvdrazones '-‘
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Fig. 3.6. EPR spectrum of compound 2 in DMF at 77 K.

The X-band EPR spectrum of compound 3 in polycrystalline state at 298 K
(Fig. 3.7) exhibits an isotropic spectrum, which is not so resolved at room

temperature to eight-hyperfine lines. The g, value obtained for the compound is

1.984.

T T T T T
280 300 320 340 360
B (mT) —

Fig. 3.7. EPR spectrum of compound 3 in polycrystalline state at 298 K.
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The frozen solution EPR spectrum of 3 in DMF (Fig. 3.8) at 77 K is
exhibits well-resolved axial anisotropy with two sets of eight line pattern with g|
<giand 4> A4,. Here also g, calculated is in agreement with that obtained from
polycrystalline state spectrum retaining of structural identity of the compound.
Ligand nitrogen or hydrogen superhyperfine splittings are not observed on the
vanadium line. This indicates that the unpaired electron to be in by, (dyy, ’B,
ground state) orbital localized on metal, thus excluding the possibility of its direct

interaction with the ligand [23,24].

40 — Exp
—— Sim
5 20—
o
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TS 04
o
=
=20 4
-40 4
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280 320 360 400
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Fig. 3.8. EPR spectrum of compound 3 in DMF at 77 K.

Compound 4 in polycrystalline state at 298 K (Fig. 3.9) displayed an
isotropic spectrum with g = 1.991. The solution EPR spectrum of the
compound 4 in DMF at 77 K (Fig. 3.10) shows similar eight line pattern to that of
mononuclear complexes. In case of dinuclear complexes a half field signal is
expected due to forbidden AM; = + 2 transition. But in this compound half field
signal is absent, indicating that the spin-spin interaction of this compound is not
so significant such that each unpaired electron virtually interact with only one

vanadium center [25].

,1-‘ on metal complexes (hvdrazones '-‘
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Fig. 3.9. EPR spectrum of compound 4 in polycrystalline state at 298 K.
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Fig. 3.10. EPR spectrum of compound 4 in DMF at 77 K.
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In polycrystalline state at 298 K compound 6 displayed an isotropic

spectrum (Fig. 3.11) and in DMF at 77 K (Fig. 3.12) an axial spectrum with two
sets of g and A4 values.

a

.H /
- \/

T T
300 320 340

360 380
B (mT) —

Fig. 3.11. EPR spectrum of compound 6 in polycrystalline state at 298 K
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Fig. 3.12. EPR spectrum of compound 6 in DMF at 77 K.
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The spectrum of compound 7 in polycrystalline state at 298 K (Fig. 3.13) is
axial with g;= 1.969 and g, = 1.984 and 4,= 105 x 10* cm™".

m
}u W/ H'-.\JJJ\W

260 280 300 320 340 360
B (mT) —

Fig. 3.13. EPR spectrum of compound 7 in polycrystalline state at 298 K.

In DMF at 77 K compound 7 gave an axial spectrum (Fig. 3.14) with g, =
1.968 andg, =1.998 and 4,= 150 x 10™* cm™.

280 300 320 340 360 380
B (mT) —

Fig. 3.14. EPR spectrum of compound 7 in DMF at 77 K.
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Compound 8 shows an isotropic spectrum in polycrystalline state at 298 K

(Fig. 3.15) with g, = 1.984.

\
\_/
340
B (mT) —

Fig. 3.15. EPR spectrum of compound 8 in polycrystalline state at 298 K.

280 300 320 360 380

Anisotropic EPR spectrum obtained for compound 8 in frozen DMF is
depicted in Fig. 3.16. The gy < g, and 4> A4, relationships is consistent with an
axially compressed octahedral geometry around the vanadium(IV) centre with the

unpaired electron in the d,, orbital.
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Fig. 3.16. EPR spectrum of compound 8 in DMF at 77 K.
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In polycrystalline state at 298 K compound 9 (Fig. 3.17) displayed an

isotropic spectrum with g, . = 1.981.

\V
280 300 320 340 360

B (mT) —

Fig. 3.17. EPR spectrum of compound 9 in polycrystalline state at 298 K.

The frozen-solution spectrum of compound 9 (Fig. 3.18) is attributable to a
VO* ion in a nearly axially distorted octahedral ligand field and displays both
parallel and perpendicular features of the hyperfine structure. Superhyperfine
splittings due to ligand nitrogens are absent because the unpaired electron has
only a weak interaction with ligand nitrogen, so that the size of the coupling is
less than EPR bandwidth and it is an indication of the presence of electron in by,

(dyy, ’B, ground state) orbital.
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Fig. 3.18. EPR spectrum of compound 9 in DMF at 77 K.

The spectrum of compound 10 in polycrystalline state at 298 K (Fig. 3.19)
is axial with gj=1.943 andg, =1.981 and 4,= 68 x 10™* cm™".

280 300 azo0 340 360 380
B (mT) ——

Fig. 3.19. EPR spectrum of compound 10 in polycrystalline state at 298 K.

In frozen DMF at 77 K compound 10 (Fig. 3.20) displayed an axial
spectrum with two sets of eight line pattern. Here also the expected half field
signal due to forbidden AM; = + 2 transitions is absent indicates that the spin-spin

interaction of this compound is not so significant.
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Fig. 3.20. EPR spectrum of compound 10 in DMF at 77 K.

The polycrystalline state spectrum of compound 11 at 298 K (Fig. 3.21) is
isotropic with g, = 1.978.

260 280 300 320 340 360
B (mT) —

Fig. 3.21. EPR spectrum of compound 11 in polycrystalline state at 298 K.

The frozen DMF spectrum of compound 11 (Fig. 3.22) exhibits a well
resolved axial anisotropy with 16-line hyperfine structure, characteristic of an

interaction of vanadium nuclear spin 'V, I =7/2). Superhyperfine splitttings due

,):‘ Stud on metal c '.".:_.‘":'-:' . e tridentate . | . 7 0NES .T‘.
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to azomethine nitrogen and nitrogens from 2,2’ bipyridine are absent suggesting

that the unpaired electron is in inner dj, orbital.
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Fig. 3.22. EPR spectrum of compound 11 in DMF at 77 K.

The spectrum of compound 12 in polycrystalline state at 298 K (Fig. 3.23)
is axial with g= 1.937 andg, =1.993 and 4,= 103 x 10™ cm™".

260 280 300 320 340 360 380

B(mT) ——

Fig. 3.23. EPR spectrum of compound 12 in polycrystalline state at 298 K.
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In DMF at 77 K compound 12 (Fig. 3.24) gave an axial spectrum two sets

of eight line pattern with gy < g, and 4, > 4,.
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Fig. 3.24. EPR spectrum of compound 12 in DMF at 77 K.

The EPR parameters g, g., A4 and 4, and energies of d—d transitions were
used to evaluate the molecular orbital coefficients o and /& for the complexes by

using the following equations:

. (200277-g)E, ,
815

G

where P =128 x 10*cm™, =135 cm™ and E,4is the energy of d-d transition.

o



6%4{//1[{’/” 3

s of some triden

-I[.lj\\. on metal l'ﬂ.fn'ij.”f:"

76’0 o 18 0s Skl L96'1 8L6I 916’1 £66°1/LE6°1 (Z1) OFHZ [(uayd)(geu)oA ]
606°0 8 IS St €L6°1 €861 Ts6'l ("5) 8L6'1 (11) OFH-[(Ad1g)(qrwy)OA ]
(78/15)
SL80 €6 9 9¢1 L96'1 8L6'l S 186 1/EET (01 T(qewy)oA]
8060 (] 1s fad! 12671 1861 0561 ("3) 1861 (6) O7H-[(uayd)(qquy)OA]
9060 8 43 91 1L6'1 086'l £66'1 ("5) +86°1 (8) [(Adig)(qquiy)OA]
(785)
9680 88 9¢ 01 836°1 866°1 896°1 867 1/6961 (L) O'H-[(qquy)OA]
$68°0 8060 98 ss 8t L96'] LLG'] 8t6'l (*“5) 066'1 (9) O HZ-[(uayd)(urwy)OA ]
6060 $68°0 £8 1< St 1L6°1 186°1 156'1 (™3) 166°1 () OTH-<[(uewy)OA ]
6160 €8 ¢ 91 we'l £86'1 6¥6'l ("5) +86°1 (€) OFHY, 1-[(uoyd)(uquiy)OA ]
LEG'0 §L80 18 8t 9¥1 0L6°] 8L6'I £56°l (*'5) 686'1 () [(Adig)(uquiy)OA]
(78/15)
1560 7980 8 of 8t £L6°1 #86'l 0S6'l 066 T/S3E T (1) O [(uquipOA]
. .-uv\__n._—\ w.J\ . __—\ Augros g TS g
g » (1 862) ;
o ena =T e)s aufeISLIdA[0 punodwioy)
M LL Yye uonnjos JINA

PUeE Y 867 It d3e)s dul[eysArdAfod ur soxaduiod (A [)wnipeurAoxo Jo syudwudisse [e13d3ds YJHA S°€ dIqeL

1te acy

f
el

a

-.“ Sti

62



Syntheses, spectral and structural studies of oxovanadium(IV/V)
complexes derived from tridentate acylhydrazones

3.3.3 Infrared spectra

Selected vibrational bands of the free ligands and their vanadium
complexes, which are useful for determining the mode of coordination of the
ligands, are given in Table 3.6. Free ligands exhibit bands in the regions 1630-
1650, 3025-3075, 3219-33371 cm” due to C=0, N-H and O-H stretches,
respectively. These bands disappear on complexation, indicating the
transformation of carbonyl moiety to enolic moiety and consequent replacement
of the phenolic and enolic hydrogens by the metal ion [11]. Presence of a band in
the region 1515-1550 cm™, assigned to newly formed C=N due to enolization of
the ligands during complexation. Bands appearing in the 1220-1258 cm™ region
in the metal complexes was assigned to the v(C—O) (enolato) mode [26]. The
shifting of v(C=N) (azomethine) of the ligands (1600-1604 cm™) to lower
wavenumbers in the metal complexes (1587-1600 cm™) indicates the coordination
of azomethine nitrogen to the metal. A ligand characteristic band at ca. 1125 cm’
due to v(N-N) stretch undergoes a shift to a higher wavenumbers upon
complexation due to diminished repulsion between the lone pairs of adjacent
nitrogen atoms [27]. Furthermore, the bands in the regions 548-562 and 422-428
cm’' can be assigned to the stretching modes of the metal to ligand bonds, v(V—0O)
and v(V-N), respectively [2]. In addition, the compounds exhibit a strong band in
the 940-977 cm™' range due to the terminal V=0 stretching, and this is close to the
usual range (960 = 50 cm™) observed for the majority of oxovanadium(1V)
complexes [28]. A characteristic feature in the form of a prominent band in the
region 833-845 cm’™ are also observed for the binuclear complexes 1, 4, 7 and 10
due to V-O-V bridge vibrations [29,30]. Fig.3.25 and 3.26 depict the infrared

spectra of two of the complexes.



()%1{ beer3

Table 3.6 Selected IR bands (cm') with tentative assignments of

oxovanadium(IV) complexes

Compound vC=N) v(C=NF v(V=0) v(C-0) viV-0) v{V-N)
VO(hmbnllzH:0 (1) 1600 1531 981 1227 548 427
[VO(hmbn)(bipy)] (2) 1601 1530 953 1232 560 427
[VO(hmbn)phen)}-1':H:03) | 1596 1524 956 1239 555 424
[VO(hmanllzHz0 (4) 1587 1539 977 1246 562 422
[VO(hman)(OCHs]l> (5) 1593 1513 950 1233 553 411
[VOhman)phen)}2H:0 (6) | 1597 1524 940 1246 561 428
[VO(hmbbllzH:0 (7) 1594 1535 951 1221 541 447
[VO(hmbb)(bipy] (8) 1597 1520 959 1220 562 419
[VO(hmbb)(phen)}H-0 (9) 1594 1517 950 1227 560 412
[VO(hmab)L: (10) 1593 1549 988 1250 587 459
[VO(hmab)(bipy)lH:0 (11) 1594 1529 964 1257 567 452
[VO(hmab)phen)}2H:0 (12) | 1596 1516 930 1258 559 425

*newly formed
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Fig. 3.25. IR spectrum of compound 1.
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Fig. 3.26. IR spectrum of compound 11.
3.3.4 Electronic spectra

The electronic spectral assignments of the complexes in acetonitrile
solution are presented in the Table 3.7. In VO*" complexes vanadium is in +4
oxidation state with the electronic structure [Ar] 3d". The expected coordination
numbers in oxovanadium complexes are five and six. Most of the oxovanadium
complexes show three prominent bands in the electronic spectral region and
Selbin has classified these as band I (11,000-16,000 cm'l), band II (15,000-18,000
cm™) and band III (24,000 — 29,000 cm™) [31]. According to Ballhausen and

Grey, band I is assigned as, ’E « B, (dxy—>dxz,dyz ), band II as ’B,— ’B,
(dxy —>a’x2_y2 ) and band III as “4,«— ’B, (dxy — dz2 ). But the “E and °B; levels

may be very close in energy and may cross results a weak broad band. The third
band is not always observed and being buried beneath a high intensity charge

transfer band [31,32].

,;‘ on metal . = tridentate . vdrazones ._\‘
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The intraligand transitions are found to be slightly shifted in complexes and
they are observed in between 30,130 — 44,490 cm’. 1In all the complexes an
intense band at ca. 24900 cm™ is assignable to the phenolic oxygen — V 4y ligand
to metal charge transfer (LMCT) band [33,34]. In complexes 1, 2, 4, 6, 7 and 12,
weak d-d bands are observed in between 15180-18520 cm™. In other complexes,
expected d-d bands are not found and are probably obscured by the tail of the
LMCT absorption. Electronic spectra of some complexes are presented in Figs.

3.27-3.30.

Table 3.7 Electronic spectral assignments of oxovanadium(IV/V) complexes

Compound Intraligand transitions LMCT dd
[VO(hmbn)]2-H20 (1) 30130, 37430, 44490 24540 17030
[VO(hmbn)(bipy)] (2) 30260, 33590, 43200 24320 17650
[VO(hmbn)(phen)]-1'/:H20 (3) | 30360, 37270, 44140 24420 -
[VO(hman)]2-H20 (4) 30200, 37180, 44100 24660 17630
[VO(hman)(OCH)l2 (6) 30550(sh), 34630, 42380 25400
[VO(hman)(phen)]-2H:0 (6) 30650, 37080, 43800 25110 17650
[VO(hmbb)]2-H20 (7) 30600, 36590, 41590 25250 15180
[VO(hmbb)(bipy)] (8) 30450, 34130(sh), 36780, 43310 24370 -
[VO(hmbb)(phen)]-Hz0 (9) 30500(sh), 33250, 41590 24420 -
[VO(hmab)]2 (10) 30400, 33750, 44410 25790 -
[VO(hmab)(bipy)]-H20 (11) 30600, 34520, 42230 25450 -
[VO(hmab)(phen)]-2H20 (12) 30650, 33730(sh), 36980, 43511 25050 18520
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Fig. 3.27. Electronic spectrum of Fig. 3.28. Electronic spectrum of
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Fig. 3.29. Electronic spectrum of Fig. 3.30. Electronic spectrum of
compound 11. compound 12.

3.3.5 Thermal analyses

Thermal behaviors of the complexes were investigated by TG-DTA
measurements under N, atmosphere in the temperature range of 50-800 °C. The
nature of water in hydrated complexes can be explained with the help of thermal
analyses. In complexes 1, 3, 4, 6, 7, 9, 11 and 12 weight loss is observed in

between 50-120 °C suggest the presence of water molecules outside the

-"&‘ LY, on metal :In"."."_f":'-:' \ yme tridentate . | . 7 0NES .[‘:
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coordination sphere [35,36]. Weight losses due to the decomposition of ligands
were found over 250 °C. The decomposition was not seen to be completed even
after 800 °C. TG-DTG curves of complexes 1 and 2 are shown in Figs. 3.31 and
3.32 respectively.
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Fig. 3.31. TG-DTG plots of Fig. 3.32.TG-DTG plots of
compound 1. compound 2.
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4.1 Introduction

Manganese is an essential and one of the least toxic trace elements. Its
deficiency leads to diseases like skeletal abnormalities and depressed reproductive
functions. It is an activator of a number of metalloenzymes like arginase in the
liver, glutamine synthase in the brain, pyruvate carboxylase etc. Due to its action
as an activator of superoxide dismutase (SOD), it is necessary for normal
antioxidant defenses [1-3]. The production of oxygen by photosynthetic plants is
a striking symbol of life on earth. The oxygen evolving complex (OEC) with four
manganese centers of photosystem II catalyses the oxidation of water in
photosynthesizing organisms [4,5]. Manganese complexes play an important role
in industrial catalysis. Complexes of manganese with non-heme ligands are
found to be effective catalysts in olefin epoxidation and alkane hydroxylation [6-

8].

The coordination chemistry of manganese with N and/or O containing
ligands has been getting a great deal of interest, due to the structural diversity of
manganese complexes and the importance of manganese enzyme models, the

possibility of magnetic coupling interactions, and the application of manganese



()%1%#(’/‘ 4

compounds in industrial catalysis [9-13]. The fascinating chemistry of
manganese is due to its ability to exhibit variety of oxidation states ranging from
+2 to +7. Among these different oxidation states, +2 is the most stable and
dominant oxidation state. Most of the Mn(II) complexes are high spin complexes
with & configuration because of the extra stability of half filled d electron
configuration. Six coordinate manganese(Il) complexes are most common, while

complexes with lower coordination numbers are somewhat rare.

Iron is one of the most important elements in body and it is essential for
almost all types of cells. The physiological functions of two major iron heme
proteins, myoglobin and hemoglobin are oxygen storage and transport
respectively. Cytochromes, a group of iron heme proteins play significant role in
biological electron transfer reactions [14]. Iron is an essential element for brain
cells, and the shortage or excess of iron have been associated with different brain
disorders like restless legs syndrome, Alzheimer disease, Parkinson disease etc.
[15]. Importance of studies on iron hydrazone complexes is based on the iron
chelating efficiency of hydrazones and their application in the treatment of iron
overload diseases [16,17]. The catalytic applications of metallic iron and its
oxides are best described by the synthesis of ammonia by Haber process and

hydrocarbons by Fischer-Tropsch synthesis.

The most common oxidation states of iron are +2 has a @ outer electronic
configuration and +3 has 4’ outer electronic configuration referred to as ferrous
and ferric iron respectively. The most common geometry associated with both the
oxidation states is octahedral, although there are reports on four, five, seven and

even eight coordination.
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4.2 Experimental

4.2.1 Materials

2-Hydroxy-4-methoxyacetophenone (Aldrich), 2-hydroxy-4-
methoxybenzaldehyde  (Aldrich), nicotinic acid hydrazide (Aldrich),
benzhydrazide (Aldrich), manganese(Il) acetate tetrahydrate (Merck), ferric
chloride (Himedia), ferric nitrate nonahydrate (S.D fine) were used as received.

Solvents used were methanol and ethanol.

4.2.2 Syntheses of the acylhydrazones

The syntheses of acylhydrazones were done as described in Chapter 2.
4.2.3 Syntheses of manganese(II) complexes

[Mn(Hhmbn),]-H,O (13): Methanolic solutions of H,hmbn-H,O (0.289 g, 1
mmol) and Mn(CH;COO),-4H,0 (0.245 g, 1 mmol) were mixed and refluxed for
6 hrs. The dark brown colored product obtained was filtered, washed with

methanol, followed by ether and dried over P4O,y in vacuo. Elemental Anal.

Found (Caled.) (%): C, 55.40 (55.00); H, 3.68 (3.96); N, 13.75 (13.74).

[Mn(Hhmbb),]-H,O (14): To a methanolic solution Mn(CH;C0OO),-4H,0 (0.245
g, 1 mmol), Hhmbb (0.270 g, 1 mmol) in methanol was added and the resulting
brown colored solution is refluxed for 6 hrs. The dark brown colored product
obtained was filtered, washed with methanol, followed by ether and dried over
P40y in vacuo. Elemental Anal. Found (Calcd.) (%): C, 58.74 (59.12); H, 4.50
(4.30); N, 9.01 (9.19).
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4.2.4 Syntheses of iron(I1I) complexes

[Fe(Hhmbn)CL,] (15): To an ethanolic solution of FeCl; (0.162 g, 1 mmol),
H,hmbn-H,O (0.289 g, 1 mmol) in methanol was added and refluxed for 5 hrs.
Black colored product obtained was was filtered, washed with methanol, followed
by ether and dried over P4Oy in vacuo. Elemental Anal. Found (Calcd.) (%) C,
42.25 (42.25); H, 3.80 (3.29); N, 10.77 (10.56).

[Fe(Hhmbn),NO;]:2H,0 (16): This complex was prepared by refluxing a
mixture of Fe(NO;);-9H,0 (0.404 g, 1 mmol) in ethanol and H,hmbn-H,O (0.289
g, 1 mmol) in methanol for 5 hrs. The product separated was black colored solid
and it was filtered, washed with methanol, followed by ether and dried over P,Oy,
in vacuo. Elemental Anal. Found (Calcd.) (%): C, 48.58 (48.43); H, 4.18 (4.06);
N, 14.27 (14.12).

[Fe(Hhman)Cl,] (17): This complex was prepared by the same procedure as that
of compound 15. Color of the compound is dark brown. Elemental Anal. Found

(Caled.) (%): C, 43.85 (43.83); H, 2.99 (3.43); N, 10.49 (10.22).

Fe(Hhman),NOj3|-H,O (18): This complex was prepared by the same procedure
as that of compound 16. Color of the compound is black. Elemental Anal. Found

(Caled.) (%): C, 54.28 (54.71); H, 4.21 (4.59); N, 9.34 (9.97).

[Fe(Hhmab)Cl,(C,HsOH)] (19): This complex was prepared by refluxing a
mixture of FeCl; (0.162 g, 1 mmol) in ethanol and Hyhmab (0.284 g, 1 mmol) in
methanol for 5 hrs. Few single crystals of the compound were isolated after two
days from the resulting dark brown solution and its structure was determined by
single crystal X-ray diffraction. As the quantity of the product was small, we

could not undertake other studies.
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4.3 Results and discussion

Two manganese(Il) complexes and five iron complexes were prepared
using different acylhydrazones. The analytical data indicate that the observed C,
H, N values of the complexes were in close agreement with that of the formula
suggested. Magnetic susceptibility measurements of the compounds suggest the
paramagnetic nature to the complexes with a &° high spin configuration. The non-
electrolytic nature of the compounds was proved by molar conductivity
measurements in 10° M DMF solution [18]. Table 4.1 summarizes the molar
conductivities and magnetic susceptibilities of the complexes. Single crystals of
one of the iron(Ill) compounds [Fe(Hhmab)Cl,(C,HsOH)], were isolated from the

reaction mixture and its structure was determined

Table 4.1 Molar conductivities and magnetic susceptibilities of Mn(II)

and Fe(III) complexes
Compound An LLeft (B.M)
[Mn(Hhmbn)2]-H20 (13) 12 5.93
[Mn(Hhmbb)2]-H20 (14) 14 5.86
[Fe(Hhmbn)Cl:] (15) 21 5.79
[Fe(Hhmbn):NOs]-2H-0 (16) 18 5.74
[Fe(Hhman)Cl] (17) 16 5.87
[Fe(Hhman)zN0Os]-Hz0 (18) 19 5.85

"molar conductivity (in mho cm” mol™) taken in 10 M DMF solution.
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4.3.1 Spectral characterization of Mn(II) complexes

4.3.1a EPR spectral studies

Electron paramagnetic resonance (EPR) spectroscopy is one of the few
techniques that can selectively sense and be used to characterize Mn(Il) ions. The
Mn(II) state possesses Kramers doublets and exhibits characteristic transitions in
the normal X-band regime. The spin Hamiltonian for Mn(II) [19] may be defined
by the equation

A= gBBS+D[S."—S(S+1)/3]1+E(S,"-S,")
where B - magnetic field vector, g - spectroscopic splitting factor, f - Bohr

magneton, D - axial zero field splitting parameter, £ - rhombic zero field splitting

parameter and S - electron spin vector.

In the case of weak field ligands, Mn(Il) ions give a single transition with g
~ 2, which is split into six hyperfine lines by Mn (nuclear spin /="/,). But this
is the case only when the ligand environment is a cubic one, ie. the zero field
splitting parameter D is negligible resulting degenerate AM; = £ 1 transitions. If
D is small and finite degeneracy is removed the spectrum displays five fold fine
structure. However, in the case when D is comparable to v the Mn®" system

exhibits tetragonal spectrum with two g values, ie. gy=2 and g, = 6 [20,21].

EPR spectra of both the complexes were taken in polycrystalline state at
298 K and DMF at 77 K. But in polycrystalline state spectra of both the

compounds were very broad.

EPR spectrum of compound 13 in DMF at 77 K is shown in Fig. 4.1. In
this spectrum only a single sextet is observed due to electron spin-nuclear spin

coupling. In addition to this a pair of low intensity lines is observed in-between

,1-‘ on metal complexes (hvdrazones '-‘
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two major hyperfine splitting. These forbidden lines corresponds to AM; = + 1
transitions, due to the mixing of the nuclear hyperfine levels by the zero field
splitting parameter D of the Hamiltonian [22]. In this case the observed g value is
1.998, and it is very close to the free electron g value. And the hyperfine coupling

constant 4 is found to be 95 x 10 cm™ consistent with an octahedral

environment.
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Fig. 4.1. EPR spectrum of compound 13 in DMF at 77 K.

Compound 14 exhibits a spectrum (Fig. 4.2) similar to that of compound
13, in DMF at 77 K. Here the hyperfine splitting constant is found to be 97 x 10
cm™ and it is lower than that of pure ionic compounds reflect the covalent nature
of metal-ligand bonds [23,24]. The g value of the compound is 2.199, close to

free electron g value indicating the absence of spin-orbit coupling.
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Fig. 4.2. EPR spectrum of compound 14 in DMF at 77 K.

4.3.1b Infrared spectra

Infrared spectral assignments of the compounds are listed in Table 4.2.
Bands in the range 1630-1645 cm™ assigned to carbonyl group in free hydrazones
are shifted to lower energy with the formation of the complexes suggest that the
coordination of amido oxygen to the metal centre [25,26]. Bands correspond to
NH group in free hydrazones are shifted to lower wavenumbers suggest that, in
complexes ligands are in amido form. Lower shift in azomethine stretching
frequency indicates the coordination of azomethine nitrogen to the metal centre
[27]. Presence of water molecules in complexes 13 and 14 are evident from
presence of broad bands at 3440 and 3410 cm™ respectively. In both the
complexes, metal-nitrogen and metal-oxygen bands are centered on 575 and 506
cm” respectively [28]. IR spectra of compounds 13 and 14 are shown in Figs 4.3
and 4.4.

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

Compound v(C=0) v(C=N) Vv(N-H  v(Mn-N) v(Mn-0)
Hzhmbn-H20 1643 1604 3074

[Mn(Hhmbn)2]-H20 (13) 1630 1590 3014 575 505
Hzhmbb 1630 1600 3038

[Mn(Hhmbb)2]-H20 (14) 1623 1580 3014 576 507

,$‘ on metal complexes some tridentate . vdrazones .-‘
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Fig. 4.3. IR spectrum of compound 13.
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Fig. 4.4. IR spectrum of compound 14.

4.3.1c Electronic spectra

In & high spin Mn(II) complexes, the ground state term is 6A1g. Because of
the absence of excited states of same spin multiplicity, electronic transitions
associated with Mn(Il) complexes are spin forbidden. Thus for octahedral

manganese(ll) complexes d-d transitions are doubly forbidden (spin as well as

ﬁ‘ R on metal {n".'-'."_f":'-;' \ e tridentate . lrazones .S‘»
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parity). Absorptions associated with doubly forbidden transitions are very weak.
However some forbidden transitions can occur to the quartet excited states and
they are *41,(G), *ELG) « A\, *E(D) « °A\g, *Ti(G) < °41; and *To(G) «
54 1¢ [29]. Electronic spectra of both the complexes were taken in acetonitrile
solution (50000-20000 cm™) as well as in DMF solution (20000-10000 cm™) and
the spectral data is listed in Table 4.3. For the complexes 13 and 14, weak d-d
bands are observed at 16350 and 16300 cm™ respectively. Electronic spectra of

the complexes are shown in Fig. 4.5.

Table 4.3 Electronic spectral assignments (cm'l) of Mn(II) complexes

Compound Intraligand transitions LMCT dd
[Mn(Hhmbn)2]-H20 (13) 30630, 38510, 43160 24180 16350
[Mn(Hhmbb)2]-H20 (14) 31120, 38820, 43280 23570 16300
1.0 1.0
[Mn[Hhm'hn]__]
[Mn{Hhmbk) |

——H_hmbn
——H_hmbb

081 /‘\/\ f\ [Mn{Hhmbn) ] 084
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Fig. 4.5. Comparative electronic spectra of the complexes 13 and 14 with
ligands in acetonitrile solution in the region 50000-20000 cm™ (left),
d-d spectra of complexes 13 and 14 in DMF solution in the region

20000-10000 cm™ (right).
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4.3.2 Thermal analyses

Thermogravimetric techniques are based on the change in weight of the
substances with respect to temperature or time. Thermogravimetric analyses are
used to (i) get information regarding thermal stability of these new complexes, (ii)
decide whether the water molecules (if present) are inside or outside the inner
coordination sphere of the central metal ion and (iii) suggest a general scheme for
thermal decomposition of the ligands. The thermogram of both the complexes
has a weight loss in between 50-130 °C suggests that the water molecules are
outside the coordination sphere [30]. Both the complexes were found to be
thermally stable and decomposition starts from 250 °C. TG-DTG curves of

compound 14 are shown in Fig. 4.6.
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Fig. 4.6. TG-DTG plots of compound 14.
4.3.3 Crystal structure of the compound [Fe(Hhmab)ClL(C;HsOH)] (19)

A perspective view of the molecular structure of the compound with atom

numbering scheme is illustrated in Fig. 4.7, and the key crystallographic
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informations are summarized in Table 4.4. Compound 19 crystallized in to
triclinic space group P1 with Z = 2. The complex exhibits distorted octahedral
geometry around Fe(IIl) centre. Equatorial plane of the octahedron is defined by
the atoms O1, N1 and O3 from the ligand and one of the chlorine atoms CI1. The
apical positions are occupied by O4 from ethanol and CI2. In this compound
ligand is tricoordinated and in monodeprotonated amido form, which is evident
from the C9-03 bond length (1.247 A) corresponds to double bond length, and
C7-N1 bond length (1.299 A) comparable to that of similar compounds
containing azomethine linkage [31]. The Fe—Ophenoe bond length in this
compound is 1.8601 A, shorter than the average octahedral FeIH—Ophemlate bond
length of ~ 1.98 A, suggests strong iron-oxygen overlap [32-34]. Relevant bond
lengths and angles are given in Table 4.5. The substantial deviation from the
ideal geometry of the compound is reflected in the trans angles values, O(1)-
Fe(1)-O(3) 157.14(8)°, N(1)-Fe(1)-CI(1) 168.09(6)° and O(4)-Fe(1)-Cl(2)
171.25(6)°.

Fig. 4.7. Structure and labeling scheme for [Fe(Hhmab)Cl,(C,HsOH)] (19).

ﬁ‘ R on metal {n".'-'."_f":'-;' \ e tridentate . lrazones .S‘»
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Table 4.4 Crystal data and

structure refinement parameters

[Fe(Hhmab)Cl, (C,HsOH)] (19)

Empirical formula

C1sH21Cl2FeN204

Formula weight 456.12

Temperature 298(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group A

Unit cell dimensions a = 7.4497(15) A
b= 11.611(2) A
¢ = 12.058(2) A
a = 87.62(3)°
B =79.41(3)°
v = 74.79(3)°

Volume 989.4(3) A°

Z 2

Density (calculated) 1.531 Mg/ m’

Absorption coefficient 1.058 mm’'

F(000) 470

Crystal size 0.30x 0.21 x 0.13 mm®

0 range for data collection Index 1.72 10 25.9°

ranges -9<h<y,
14 <k <14,
14<1<14

Reflections collected 8901

Independent reflections
Refinement method

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

Final R indices [ > 2c(l)]

R indices (all data)

Largest diff. peak and hole

3839 [R(int) = 0.0230]
Full-matrix least-squares on F>
3766 /0 256

1.021

R: = 0.0385, wR2 = 0.0946
R1 = 0.0503, wR2 = 0.1008
0.377 and -0.213 e.A*

for

1{1 = Z||F0| - |FC|| / Z:|F0|
WRZ = [ZW(FOZ'FCZ)Z/ ZW(FOZ)Z]I/Z
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Table 4.5 Selected bond lengths (A) and bond angles (°) for the compound 19

Bond lengths Bond angles Bond angles

Fe(1)-0(1)  1.8601(17) 0(1)-Fe(1)-0(3) 157.14(8) | N(1)-Fe(1)-Cli2) ~ 94.39(6)
Fe(1)-0(3)  2.0302(17) 0(1)-Fe(1)-N(1)  83.20(8) 0(4)-Fe(1)-CI(2)  171.25(6)
Fe(1)-N(1) ~ 2.1550(19) 0(3)-Fe(1)-N(1) 75.97(7) Cl(1)}-Fe(1)}-Cl(2) ~ 96.59(4)
Fe(1)-0(4)  2.2140(2) 0(1)-Fe(1)-0(4) 87.41(9) C(1)-0(1)-Fe(1)  135.06(15)
Fe(1)-CI(1) ~ 2.3118(10) 0(3)-Fe(1)-0(4) 80.66(8) C(3)-0(2)-C(16)  117.8(2)
Fe(1)-Cl(2) ~ 2.2920(10) N(1)-Fe(1)-0(4)  82.37(8) C(9)-0(3)-Fe(1)  117.97(15)

0(3)-C(9)  1.247(3) 0(1)-Fe(1)-CI(1) ~ 99.32(6) C(17)-0(4)-Fe(1) 124.68(18)
o(n-C(1)  1.316(3) 0(3)-Fe(1)-CI(1)  99.25(6) C(7)-N(1)-Fe(1) ~ 131.71(16)
0(4)-C(17)  1.449(3) N(1)-Fe(1)-CI(1) ~ 168.09(6) | N(2)-N(1)-Fe(1)  109.93(14)
N(T)-C(7)  1.299(3) 0(4)-Fe(1)-CI(1) ~ 86.10(6) C(9)-N(2)-N(1) 116.3(2)
N(T)-N(2)  1.385(3) 0(1)-Fe(1)-CI{2) ~ 100.32(7) | O(1)-C(1)-C(6) 123.2(2)
N(2)-C(9)  1.341(3) 0(3)-Fe(1)-CI(2) ~ 90.68(6) C(1)-C(6)-C(7) 123.4(2)

N(2)-C(9)-0(3) 119.7(2)

Table 4.6 Interaction parameters of the compound 19

C-H--m interactions
C-H(l)--CglJ) H-Cg (A) C-H-Cg () cCg (A)

C(8)-H(8C)--Cgl(3F 2.84 146 3.675(3)

Equivalent position codes:  * = -x,1-y,1-z
Cg(3) = C(1), C(2), C(3), C(4), C(5), C(6)

H bonding

0(4)-H(4)--CI(1) 0.71 2.62(3) 3.267(2) 152(2)
C(5)-H(5)--Cl(2) 0.93 2.81 3.702(3) 161
C(17)-H(17b)--0(1) 0.97 2.38 3.346(3) 175
C(17)-H(17a)--0(3) 0.97 2.55 3.077(3) 114

(D=Donor, A=acceptor, Cg=Centroid)

«d Studies on metal complexes of some tridentate acyliydrazones W®
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The mean plane deviation calculation shows that the atoms in the basal
plane O3, N1, Ol and Cl1 are nearly planar and Fel is slightly deviated from
planarity with a distance of 0.2065(3) A. The mode of molecular association of
compound 19 along a axis is illustrated in Fig. 4.8. A beautiful arrangement of
molecules in the crystal system in a quadruple cell along a axis is shown in Fig.
4.9. In the crystal, molecules are connected via O-H--Cl, C-H---Cl and C-H---O
interactions (Fig. 4.10) and the interaction parameters are summarized in Table
4.6. The C-H--Cl and C-H--O distances and bond angles are in good agreement
with relevant reports [35-37], and play a significant role in crystal packing.

Packing of the compound is also stabilized by C-H---w interactions.

Fig. 4.8. Packing diagram of [Fe(Hhmab)Cl,(C,HsOH)] (19) along a axis.

«ad Studies on metal complexes of some tridentate acylhydrazones pw»
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Fig. 4.9. Quadruple cell packing of the compound
[Fe(Hhmab)Cl,(C,HsOH)] (19) viewed along a axis.

Fig. 4.10. Hydrogen bonding interactions of the compound
[Fe(Hhmab)Cl, (C,Hs;OH)] (19).

«ad Studies on metal complexes of some tridentate acylhydrazones pw»



Syntheses and characterization of Mn(11) and Fe(I111)
complexes of ONO donor acylhydrazones

4.3.4 Spectral characterization of Fe(III) complexes

4.3.4a EPR spectral studies

The spin Hamiltonian for & high spin Fe(III) is same as that of spin
Hamiltonian of Mn(IT)

i.e. H= gBBS+ D[S —S(S+1)/3]+E(S,"-S,")

where B - magnetic field vector, g - spectroscopic splitting factor, § - Bohr
magneton, D - axial zero field splitting parameter, £ - rhombic zero field splitting
parameter and S - electron spin vector. If D and E are zero then an isotropic
absorption line with a g value slightly greater than 2 is observed. If D and E are
finite but small (0.001-0.05 c¢m™) five EPR transitions centered on g ~ 2 are
observed and these are |5/2,-5/2> — |5/2,-3/2>; |5/2,=3/2> — [5/2,—1/2>;
[5/2,—1/2> — |5/2,+1/2>; |5/2,+1/2>— |5/2,4+3/2> and |5/2,+3/2>— |5/2,+5/2>. If
D or E is large compared to gfB, for the two limiting cases D=0, E=0 and D=0,
E#0, the eigen values and eigen vectors of the Hamiltonian in zero magnetic field
are casily found to be three Kramer’s doublets. In the first case the lowest
doublet has the effective g values g, ~ 2, g, ~ 6 and represents strong axially
symmetric electric fields. If both D and E are large compared to gfB another
signal arises with g = 4.29 and the A value (£/D) is 1/3. Because of its isotropic
nature and statistical effects this signal is more intense than others and usually

dominates the spectrum [38].

EPR spectra of the complexes were taken both in polycrystalline state at
298 K and in DMF at 77 K. But in polycrystalline state all the complexes are EPR

silent.
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EPR spectrum of compound 15 in DMF at 77 K is given in Fig. 4.11. At
first glance the spectrum is dominated by an intense signal at g = 4.214 may be
assigned to a rhombic high-spin Fe(Ill) with 4 = E/D = 1/3, while the small
feature in the low field with g = 8.112 could be associated with an intermediate 4
suggesting the presence of two different iron species. But, a recent, detailed EPR
study by Nilges and Wilker on high-spin Fe(III) catecholate complexes shows that
only one high spin Fe(IlI) component with A < 1/3 reproduce all of the same

spectral features seen for compound 15 [39,40].
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Fig. 4.11. EPR spectrum of compound 15 in DMF at 77 K.

Compound 16 exhibits (Fig. 4.12) a spectrum similar to that of compound
15 in DMF solution at 77 K with two g values ie. g; =8.319 and g, =4.172. Here
also the signal with g = 4.172 dominates the spectrum and is a characteristic
signal for rhombic systems, but a similar resonance occurs in axial systems if the

D value is large (on the order of 1 cm™) [41].



Syntheses and characterization of Mn(11) and Fe(I111)
complexes of ONO donor acylhydrazones

e — e —— ||
_ -I — I
|II /
\
\
T T T T T T T
80 120 160 200 240 280 320
B (mT) —

Fig. 4.12. EPR spectrum of compound 16 in DMF at 77 K.

EPR spectrum of compound 17 in DMF solution at 77 K (Fig. 4.13) is
dominated by a signal at g = 4.093. Small broad peak is observed in the downfield
region with g = 6.662 and a weak signal with g = 2.024 is observed at 300 mT.
And the values are consistent with & high spin Fe(III) systems [40].
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Fig. 4.13. EPR spectrum of compound 17 in DMF at 77 K.
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EPR spectrum of compound 18 is similar to that of compound 15.
Here two signals are observed, one broad signal with g = 7.913 and an

intense signal with g = 4.241 represent d° high spin Fe(III) species.
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Fig. 4.14. EPR spectrum of compound 18 in DMF at 77 K.

4.3.4b IR spectral studies

In all the complexes ligands can act as tridentate one coordinating via
amido oxygen, azomethine nitrogen and phenolic oxygen. This is confirmed by
infrared spectroscopy. In complexes, binding of azomethine nitrogen to Fe(IIl)
centre has been identified from lowering of azomethine stretching frequencies.
The coordination of ligands in amido form is evident from lowering of carbonyl
stretching in complexes [42]. Complexes 16 and 18 show broad bands in the
region at ~ 3440 cm™, confirming the presence of lattice water. Nitrato complexes

exhibit three NO stretching bands and if the separation between the two highest
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bands is less than 130 cm™ for unidentate complexes and 186 cm™ for bidentate
complexes. Here in compound 16, three bands are observed at 1420, 1300 and
1020 cm™ due to nitrato group indicating the presence of unidentate nitrato group.
In compound 18 stretching bands are observed at 1404, 1282 and 1028 cm’
confirming the presence of unidentate nitrato group [43,44]. IR spectra of
compounds 16 and 18 are showed in Figs. 4.15 and 4.16 and the assignments are

summarized in Table 4.7.

Table 4.7 Infrared spectral assignments (cm'l) of Fe(IlT) complexes

Compound v(C=0) v(C=N)  v(N-H) v(0-H)
Hzhmbn-Hz0 1643 1604 3074 3417, 3208
[Fe(Hhmbn)Cl:] (15) 1628 1590 3064
[Fe(Hhmbn)2NQ3]-2H20 (16) 1633 1586 3056 3440
Hzhman 1638 1602 3029
[Fe(Hhman)Cl:] (17) 1626 1586 3010
[Fe(Hhman)zN0Os]-H20 (18) 1621 1588 3015 3437
100 -
80
@
S 60
£
g
& 40
20
0

v T v T v T T T v T g T T T
4000 3500 3000 2500 2000 1500 1000 500
wavenumber (cm’')

Fig. 4.15. IR spectrum of compound 16.
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Fig. 4.16. IR spectrum of compound 18.

4.3.4c Electronic spectral studies

Electronic spectra of all the complexes were taken in acetonitrile (50000-
20000 cm™) as well as in DMF solutions (20000-10000 cm™) and the spectral data
is summarized in Table 4.8. Because of the greater oxidizing power of Fe(IIl)
relative to Mn(II), LMCT bands often mask the low intensity d-d absorption. But
in general where observed, d-d band intensities are somewhat larger than that of
Mn(II) especially in acentric systems, may be this is because of increased metal-
ligand bond covalency [29]. In all the compounds intra-ligand transitions are
found in between 33000-45600 cm™. Charge transfer transitions are observed in
the 27530-28640 cm™' region and weak d-d bands are observed in between 16170-
16970 cm™. Fig. 4.17 illustrates the electronic spectra of the complexes in

acetonitrile as well as DMF solutions.
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Table 4.8 Electronic spectral assignments (cm™) of Fe(III) complexes

Compound Intraligand transitions LMCT dd

[Fe(Hhmbn)Cl:] (15) 33350, 40170, 45080 27530 16170
[Fe(Hhmbn)2N0O3]-2H.0 (16) 33150, 39560, 45180 27900 16600
[Fe(Hhman)Cl2] (17) 34280, 38820(sh), 45500 28020 17840
Fe(Hhman):NQs]-H20 (18) 34100, 40360(sh), 45570 28640 16970

0.8 4

[Fe(Hhmbn)Cl ] 1.0+ P
I (-} mon
——[Fe(Hhmbn) NO | f
:FetHhman)CI ] ‘ [Fe(Hhmbn),NO.]
[Fe(Hhmab) NO ] 084" [Fe(Hhman)Cl]
067 — [Fe{Hhmab).NO ]

o
b
o
(-]
1

absorbance
o
o

absorbance

<
ha

0.2 4

0.0 T T T T 1
20000 18000 16000 14000 12000 10000

0.0 T T T T T 1
50000 45000 40000 35000 30000 25000 20000

4 wavenumber (cm’)
wavenumber (cm’ )

Fig. 4.17. Electronic spectra of the complexes 15, 16, 17 and 18 in acetonitrile
solution in the region 50000-20000 cm™ (left) and d-d spectra in DMF
solution in the region 20000-10000 cm™ (right).

4.3.5 Thermal analyses

Thermogravimetric analyses of the complexes were done in the temperature
range of 50-800 °C in nitrogen atmosphere at a heating rate of 10 °C/min. The
loss of lattice water molecules occurs in complexes 16 and 18 below 130 °C.
Multistage decomposition of ligands were taken place after 200 °C. The
decomposition was not seen to be completed even after 800 °C. TG-DTG curves

of compound 18 are shown in Fig. 4.18.
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Fig. 4.18. TG-DTG plots of compound 18.
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SYNTHESES AND CHARACTERIZATION OF
Cu(ll) COMPLEXES OF TRIDENTATE
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5.1 Introduction

Among the different transition metals, copper has gained a special position
because of its presence in biological systems, which are essential to many
biological processes. A number of proteins and enzymes have copper in their
active sites, which are associated with a variety of biological functions like
oxygen transport and activation, electron transfer etc. [1-4]. Nowadays
researchers using copper complexes to look into the fine detail of the structure
and folding pattern of nucleic acids [5,6]. Copper complexes of
bis(thiosemicarbazones) are found to be hypoxia selective agents that can be used
for imaging lack of oxygen in biological tissues [7]. Recently Chen et al/ have
shown that the copper complexes of plumbagin (an extract from the
plant Plumbago zeylanica and used as traditional Chinese medicine) have higher
anticancer properties and are less toxic to healthy cells than commonly used
platinum-based drugs, such as cisplatin [8]. The biomimetic catalytic activity of
copper complexes towards the catechol oxidation and aerobic oxidation of

ascorbic acid are reported [9,10].
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The interest in the study of chemistry of copper complexes of hydrazones
has been deepened by the findings of Johnson er a/. that the copper(Il) complex of
the most potent of the chelators, salicylaldehyde benzoylhydrazone exhibits
appreciably greater inhibitory activity than salicylaldehyde benzoylhydrazone
itself [11]. There are so many reports on the studies of Cu(Il) complexes with

ligands containing O, N and S containing ligands [12-14].

Copper has +1 and +2 oxidation states in its complexes, and out of these
most stable +2 oxidation state predominates over less stable +1 oxidation state. A
vide variety of coordination compounds are formed by the combination of
different types of ligands with Cu(Il) cation. Normally the copper complexes are
having square planar, tetrahedral and octahedral stereochemistries. In Cu(Il)
complexes, the 3 outer electronic configuration lacks cubic symmetry and hence
there are distortions from basic stereochemistries and Jahn-Teller effect plays a
major role in deciding the distortion effect of stereochemistries of Cu(Il)

complexes.

This chapter deals with the syntheses and characterization of Cu(Il)
complexes with different ONO donor hydrazones as ligands and some

heterocyclic compounds as coligands.

5.2 Experimental

5.2.1 Materials

2-Hydroxy-4-methoxyacetophenone (Aldrich), 2-hydroxy-4-
methoxybenzaldehyde  (Aldrich), nicotinic acid hydrazide (Aldrich),
benzhydrazide (Aldrich), copper(Il) acetate monohydrate (Qualigens), 2,2’-
bipyridine (Qualigens), 1,10-phenanthroline (Ranchem) were used without further

purification. Solvent used was methanol.
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5.2.2 Syntheses of the acylhydrazones

The acylhydrazones 2-hydroxy-4-methoxybenzaldehyde nicotinoylhydrazone
monohydrate (Hhmbn-H,0), 2-hydroxy-4-methoxyacetophenone nicotinoylhydrazone
(Hhman) 2-hydroxy-4-methoxybenzaldehyde benzoylhydrazone (H,hmbb) and 2-
hydroxy-4-methoxyacetophenone benzoylhydrazone (H,hmab) were synthesized as
described in Chapter 2.

5.2.3 Syntheses of copper(Il) complexes

[Cu(hmbn)],:2H,0 (20): To a methanolic solution of H,hmbn-H,O (0.289 g, 1
mmol), Cu(OAc),H,O (0.199 g, 1 mmol) dissolved in hot methanol was added.
The resulting green colored solution was refluxed for 4 hours. The product
separated was green colored and it was filtered, washed with methanol, followed
by ether and dried over P40y in vacuo. Elemental Anal. Found (Calcd.) (%): C,
48.33 (47.93); H, 4.19 (3.74); N, 11.98 (11.98).

[Cu(hman)], (21): This complex was prepared by refluxing 1:1 ratio of
Cu(OAc),"H,0 (0.199 g, 1 mmol) and Hyhman (0.285 g, 1 mmol) in methanolic
medium for 4 hours. The product separated was green colored solid and it was
filtered, washed with methanol, followed by ether and dried over P40, in vacuo.
Elemental Anal. Found (Calcd.) (%): C, 52.50 (51.95); H, 3.68 (3.78); N, 12.16
(12.12).

[Cu(hmbb)],:2H,0 (22): Methanolic solutions of H;hmbb (0.270 g, 1 mmol) and
Cu(OAc),H,0 (0.199 g, 1 mmol) were mixed and refluxed for about 4 hours.
The green product separated was filtered, washed with methanol followed by
ether and dried over P4O,q in vacuo. Elemental Anal. Found (Calcd.) (%): C,
51.87 (51.50); H, 4.30 (4.03); N, 8.45 (8.01).



()ny)f('/‘ 5

[Cu(hmbb)phen]-1'/,H,0 (23): This complex was prepared by refluxing 1:1:1
ratio of Cu(OAc),'H,O (0.199 g, 1 mmol ), 1,10-phenanthroline (0.198 g, 1
mmol) and Hyhmbb (0.270 g, 1 mmol) in methanolic medium for about 4 hours.
Dark green product obtained was filtered, washed with methanol followed by
ether and dried over P4,Oyo in vacuo. Elemental Anal. Found (Calcd.) (%): C,
60.20 (60.16); H, 3.78 (4.30); N, 10.82 (10.39).

[Cu(hmbb)(bipy)H,0] (24): Methanolic solutions of the ligand, H;hmbb (0.270
g, 1 mmol), Cu(OAc),"H,O (0.199 g, 1 mmol ) and 2,2’-bipyridine (0.156 g, 1
mmol) were mixed and refluxed for about 4 hours. The dark green product
obtained was filtered, washed with methanol followed by ether and dried over
P4Oy¢ in vacuo. Elemental Anal. Found (Calcd.) (%): C, 59.18 (59.34); H, 3.85
(4.38); N, 11.40 (11.07).

[Cu(hmab)phen] (25): Methanolic solutions of the ligand, Hyhmab (0.284 g, 1
mmol) 1,10-phenanthroline (0.198 g, 1 mmol) and Cu(OAc),"H,O (0.199 g, 1
mmol) were mixed and refluxed for about 4 hours. The dark green crystalline
product obtained was filtered, washed with methanol followed by ether and dried
over P,Oyy in vacuo. Elemental Anal. Found (Caled.) (%): C, 63.37 (63.93); H,
3.87 (4.22); N, 10.74 (10.65).

5.3 Results and discussion

Six copper complexes were prepared and they are found to be stable in air.
They are soluble in organic solvents like acetonitrile and DMF. The elemental
analyses values show that the found and calculated values are in good agreement
with the general formula of the complexes. Complexes 20, 21 and 22 show
substantial low magnetic moment in the range of 1.05 -1.35 B. M. may be due to
the coupling of two magnetic centers suggesting dimeric nature to these

complexes [15]. The observed magnetic susceptibility values of the complexes
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23, 24 and 25 are in close agreement with the spin only value for a &’ copper
system. The conductance measurements confirm the non-electrolytic nature of
the complexes. The magnetic susceptibility and molar conductivity values of the
complexes are presented in Table 5.1. X-ray quality single crystals of one of the
compounds, [Cu(hmab)phen] (25) were obtained by slow evaporation of the

solution of compound in CH3;0H over two days.

Table 5.1 Molar conductivities and magnetic susceptibilities of copper(Il)

complexes
Compound An Left (8. M.
[Cu(hmbn)]2-2H:0 (20) 9 1.27
[Cu(hman)]z (21) 6 1.34
[Cu(hmbb)]2-2H:0 (22) 8 1.05
[Cu(hmbb)phen]-1'/2H20 (23) 4 1.90
[Cu(hmbb)(bipy) H20](24) 5 1.95
[Cu(hmab)phen] (25) 6 1.96

"molar conductivity (in mho cm® mol) taken in 10° M DMF.
5.3.1 Crystal structure of the compound [Cu(hmab)phen] (25)

The crystal structure of the compound along with atom numbering scheme
is given in Fig. 5.1. A summary of the key crystallographic information is given
in Table 5.2. The complex is crystallized into a monoclinic space group P2,/c. In
this complex, the dinegative ligand, 2-hydroxy-4-methoxyacetophenone
benzoylhydrazone is coordinated to Cu(ll) through the phenolic oxygen 02,
azomethine nitrogen N1 and deprotonated enolate oxygen O3, forming five and
six membered chelate rings. The heterocyclic base phenanthroline is coordinated
to the central metal Cu through two nitrogen atoms N3 and N4 and forms a five

membered chelate ring.



()%W)f(’/‘ 5

The five coordinated complex adopts a square pyramidal geometry, and the
basal coordination positions are occupied by O2, N1, O3 and N3 and the apical
position by N4. The Cu—N4 bond distance is larger when compared with others.
The angular structural parameter T = 0.1366, is an evidence for the distorted
square pyramidal geometry of the complex [16]. The mean plane deviation
calculation shows that the atoms O2, N1, O3 and N3 are nearly planar with a
mean plane deviation of 0.2059 A. The significant deviation from regular square
pyramidal geometry is evident from the observed values of bond angles and bond

lengths summarized in Table 5.3.

Fig. 5.1. Structure and labeling scheme for [Cu(hmab)phen)].

Fig. 5.2 illustrates the packing of the compound in crystal lattice. A
beautiful arrangement of molecules in the crystal system in a quadruple cell along
b axis is shown in Fig. 5.3. The n—rm interactions play an important role in
controlling the packing or assembly of compounds. Analysis of complexes with
nitrogen containing heterocyclic compounds reveals that n—n stacking is usually

an offset or slipped facial arrangement of the ring, ie the rings are parallel
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displaced. Here packing of the compound is stabililized by m—=m stacking
interactions and C—H- & interactions. The interchain stacking interaction between
the phenanthroline rings in the compound is remarkably strong and it may be due
to larger m system in phenanthroline ligand [17]. In this compound all the
phenanthroline rings are arranged parallel to each other within the unit cell and
the phenanthroline rings Cg[5] and Cg[8] are involved in n—= stacking with a
distance of 3.507 A. Fig. 5.4 shows the n-—n stacking in [Cu(hmab)phen]. In
addition to the m—r stacking interactions significant C—H:-'x interactions are also
present in the unit cell, they are C15-H15--Cg(3) and C21-H21---Cg(6). These
interaction parameters are listed in Table 5.4. Weak intramolecular hydrogen
bonding is observed between C(9)-H(9C)---N(2) [with a H---N distance of 2.19 A
and an angle of 111°]. Intermolecular hydrogen bonding interactions are
C(17)-H(17)--O(1) [with a H--O distance of 2.51 A and an angle of 120°] and
C(19)-H(19):-0O(2) [with a H--O distance of 2.58 A and an angle of 167°].

Hydrogen bonding interactions of the compound is shown in Fig. 5.5.

Fig. 5.2. Unit cell packing diagr-am of the compound [Cu(hmab)phen)]

viewed along the b axis.
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Fig. 5.3. Quadruple cell packing of the compound [Cu(hmab)phen)] (6)

viewed along the b axis.

Fig. 5.4. n—x stacking of [Cu(hmab)phen)].

[N <eadStudies on metal complexes of some tridentate acylhydrazones pw»
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Table 5.2 Crystal data and

structure refinement parameters

[Cu(hmab)phen]
CCDC No. 696921
Empirical formula C28H22CuN40s3
Formula weight 526.04
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2ilc

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

0 range for data collection Index
ranges

Reflections collected
Independent reflections
Refinement method

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

Final R indices [I > 2c(l)]

R indices (all data)

Largest diff. peak and hole

a = 16.0239(14) A

b = 10.4971(6) A

¢ = 14.4246(12) A

o =90°

B = 106.347(9)°

y = 90°

2328.2(3) A°

4

1.501 Mg/m?®

0.978 mm’

1084

0.11 x 0.08 x 0.05 mm®
2.94 to 25.00°
-19<h<19,

-12<k<12,

A7 <1<17

19930

4100 [R(int) = 0.1638]
Full-matrix least-squares on F2
4100/0/ 327

1.020

R = 0.0832, wR2 = 0.1611
R = 0.1633, wR2 = 0.2004
1.374 and -0.521 e.A*

Rl = Z||Fo| - |Fc|| / 2|Fo|

wR, = [ZW(Foz'Fcz)z/ 21"}(1:02)2]1/2

for



()%{V)f(‘/‘ 5

Fig. 5.5. Hydrogen bonding interactions of the compound [Cu(hmab)phen)] (6).

Table 5.3 Selected bond lengths (A) and bond angles (°) for the compound
[Cu(hmab)phen]

Bond lengths Bond angles Bond angles
Cu(1)-0(2)  1.902(5) 0(2)-Cu(1)-N(1)  92.6(2) | C(2)-0(2)-Cu(1) 127.2(5)
Cu(1)-N(1)  1.940(6) 0(2)-Cu(1)-0(3)  163.5(2) | C(10)-0(3)-Cu(1)  109.5(5)
Cu(1)-0(3)  1.950(5) N(1)-Cu(1)-0(3) 82.7(2) | C(8)-N(1)-Cu(1) 128.1(5)
Cu(1)-N(3)  2.012(6) 0(2)-Cu(1)-N(3) 90.4(2) | N(2)-N(1)-Cu(1)  112.8(4)
Cu(1)-N(4)  2.350(6) N(1)-Cu(1)-N(3) 171.7(2) | C(10)-N(2)-N(1)  111.0(6)
0(2-C(2)  1.300(8) 0(3)-Cu(1)-N(3) 92.3(2) | C(28)-N(3)-Cu(1)  120.0(5)
0(3)-C(10)  1.308(9) 0(2)-Cu(1)-N(4) 97.3(2) | C(17)-N(3)-Cu(1)  122.3(5)
N(1)-C(8)  1.306(9) N(1)-Cu(1)-N(4) 111.0(2) | C(26)-N(4)-Cu(1)  134.3(5)
N(1)-N(2)  1.400(8) 0(3)-Cu(1)-N(4) 99.2(2) | C(27)-N(4)-Cu(1)  107.9(5)
N(2)-C(10)  1.327(9) N(3)-Cu(1)-N(4) 76.2(2) | C(8)-C(1)-C(2) 125.0(7)
C(1)-C(8) 1.425(10) | C(4)-0(1)-C(5) ~ 117.6(6) | 0(2)-C(2)-C(1) 124.0(7)
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Table 5.4 Interaction parameters of the compound [Cu(hmab)phen]

7t-t interactions

Cgll)~Cgl) Co-Cg(h)  al® B y(°) Coll), (A)  CgW), (A)
Cg(2)--Cg(5)® 3.981(4) 2.21 3263 3142 3.397 3.356
Cg(4)--Cg(5)" 3.676(4) 17.11 27.76  11.70 3.600 3.253
Cg(5)--Cg(b)* 3.738(4) 0.00 2450 2450 3.402 3.401

Cg(5)---Cqg(8)* 3.507(4) 0.85 14.21 14.16 3.401 3.400
Equivalent position codes: * = 1-x,-y,-z; ° = 1-x,1/2+y,1/2-z

Cg(2) =Cu(1) N(3), C(28), C(27), N(4); Cg(4) = N(3), C(17), C(18), C(19), C(20), C(28)
Ce(5) = N(4), C(26), C(25), C(24), C(23), C(27); Cg(8) = C(20), C(21), C(22), C(23),
C(27), C(28)

a (°) = Dihedral angle between planes I and J;

B (°) = Angle between Cg(I)-Cg(J) vector and normal to plane I;
v (°) = Angle between Cg(I1)-Cg(J) vector and normal to plane J;
Cg(I), (A) = Perpendicular distance of Cg(I) on ring J;
Cg(J). (A) = Perpendicular distance of Cg(J) on ring 1.

C-H---m interactions

C-H(l)- CglJ) H--Cg (A) C-H-Cg (°) CCg (A)

C(15)-H(15)--Cg(3)° 2.90 141 3.666

C(21)-H(21)--Cqg(6)* 2.65 157 3.526
Equivalent position codes: ©=x,1/2-y,-1/2+z; 4= 1-x,1/2+y,1/2-z

Cg(3) =Cu(1), O(2), C(2), C(1), C(8), N(1); Cg(6) = C(1), C(2), C(3), C(4), C(6), C(7)

5.3.2 EPR spectra

The Electron Paramagnetic Resonance spectroscopy provides a wealth of
information regarding the electronic structure of paramagnetic compounds. In the
case copper(Il) complexes the doubly degenerate spin states associated with
copper(Il) ion with a spin angular momentum, M, = £, has been lifted in
presence of a magnetic field and the energy difference between them is

given by



()%1%#(’/‘ 5

AE = hv = gfB

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

a free electron), £ is the Bohr magneton and B is the magnetic field.

The factors which determine the type of EPR spectrum observed are:
(a) the nature of the electronic ground state (b) the symmetry of the effective
ligand-field about the copper ion and (c) the mutual orientations of the local
molecular axes of the separate copper chromophores in the unit cell which

determines the amount of exchange coupling [18].

The electronic properties of the Cu(ll) ion are being affected by its
geometry, establishes the order of the energy levels of the d orbitals, and
accordingly, the ground state for a particular arrangement. For coordination

geometries having an elongated octahedron or a square pyramid or square planar,

the ground state is a’xz_y2 and when it is a compressed octahedron or a trigonal

bipyramid, the ground state is dzz. EPR spectroscopy helps to differentiate the

ground states on the basis of the principal values of the g tensor [19].

The EPR spectra of the complexes in the solid state at 298 K, in DMF at
298 K and at 77 K were recorded using TCNE as the standard, with 100 kHz
modulation frequency, modulation amplitude 2 G and 9.1 GHz microwave

frequency.

The EPR spectra of the compounds recorded in polycrystalline state at
room temperature provide information about the coordination environment of the
Cu(II) species in these complexes. The X- band EPR spectrum of compound 20
(Fig. 5.6) gave three g values g; = 2.050, g, = 2.089 and g; = 2.187 which indicate

rhombic distortion in its geometry. Since the lowest g > 2.04 such a spectrum can

[ <adStudics on metal complexes of some tridentate acyllydrazones B
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be observed for a copper(Il) ion in elongated rhombic symmetry with all the axes
aligned parallel and would be consistent with rhombic square-coplanar
stereochemistry [20]. In polynuclear Cu(ll) complexes, the zerofield splitting
parameter D gives rise to transitions corresponding to AM= £ 2 which is due to
Cu-Cu dipolar interaction. In X-band spectra transitions due to AM;= £ 1 were
observed at magnetic field of 300 mT while transitions due to AM; = + 2 were
observed at half of this field ie. at 150 mT. For compound 20 we got a half field
signal at 160 mT with g = 4.074, indicating dimeric species, and the copper-
copper distance is likely to be less than 3.5 A [21]. The geometric parameter G,

which is a measure of exchange interaction between copper centers, is calculated

using the equation

G = (g5 2.0023) / (g.- 2.0023)

where g, _ (g117g>)/2 [22] is 2.748 and it is less than 4.4 indicates considerable

exchange interaction [23].

Ve

T
—_— |
120 160 200 |
I
|
\
260 280 300 320 340

B (mT) —

Fig. 5.6. EPR spectrum of compound 20 in polycrystalline state at 298 K.
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The solution spectra of all complexes were recorded in DMF at 298 K. An
isotropic spectrum is obtained for compound 20 (Fig. 5.7) with g, 2.115 and 4,

73 x 10 cm™, and this is due to the tumbling motion of molecules in DMF.

T
ay
|
|

Fig. 5.7. EPR spectrum of compound 20 in DMF at 298 K.

The EPR spectrum obtained in frozen DMF for the same compound is a
typical axial spectrum with g = 2.235 and g,= 2.055, g > g,> 2.0023 indicating

the presence of d £ ground state. Kivelson and Nieman have reported that g

values less than 2.3 indicate considerable covalent character to M—L bonds, while
a value greater than 2.3 indicate ionic character. Here it is found that g < 2.3
showing significant covalent character to M—L bond [24]. The A4, value is found
to be 198 x 10* cm™ and the there are no hyperfine lines in the perpendicular
region. The expected half field signal is not obtained in the frozen state.
However a four fold splitting in the parallel region is obtained. The spectrum of

the complex was simulated using Easy Spin package [25] and shown in Fig. 5.8.
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Fig. 5.8. Experimental and simulated best fit EPR spectra of the compound

20 in DMF at 77 K.

Compound 21 in polycrystalline state at 298 K displayed a typical axial
spectrum with g = 2.192 and g,= 2.060 (Fig. 5.9). In this case also g, > g,>

2.0023, which is consistent with d £ ground state. The geometric parameter G

for axial spectra, which is a measure of exchange interaction between copper

centers, is calculated using the equation,

G = (g - 2.0023) / (g,- 2.0023)

is found to be 3.288 and it is less than 4.4 indicate considerable exchange
interaction in the complex. For this compound we got a half field signal at 157

mT with g =4.139, indicating dimeric species.
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Fig. 5.9. EPR spectrum of compound 21 in polycrystalline state at 298 K.

The spectra obtained for compound 21 in DMF at 298 K and at 77 K were

not good to interpret.

Compound 22 is EPR silent in polycrystalline state at room temperature
due to strong antiferromagnetic interactions. However in DMF at 298 K, an
isotropic spectrum is obtained (Fig. 5.10) due to the cleavage of the molecule with
Ziso 2.117 and A4, 83 x 10* cm™. 1In this compound signal corresponding to
M, = + 7/, is split into three with superhyperfine coupling constant 4y = 12 x 10™

cm’ indicating that the azomethine nitrogen dominates the bonding.



Syntheses and characterization of Cu(11) complexes of tridentate acylhydrazones

320 340 360

280 300
B (mT) —

Fig. 5.10. EPR spectrum of compound 22 in DMF at 298 K.

The EPR spectrum of compound 22 in DMF (Fig. 5.11) shows the presence
of two copper species in the system and we are unable to simulate this spectrum.

This may be due to the cleavage of the compound in DMF and the coordination of

solvent molecule to some copper centers [26].
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Fig. 5.11. EPR spectrum of compound 22 in DMF at 77 K.
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Compound 23 in polycrystalline state at 298 K (Fig. 5.12) displayed a
typical axial spectrum with g = 2.146 and g,= 2.080. Here also g, > g,> 2.0023

suggests the presence of unpaired electron in d £ orbital. G < 4.4 indicates the

presence of exchange interactions.
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Fig. 5.12. EPR spectrum of compound 23 in polycrystalline state at RT.

The EPR spectrum of compound 23 in DMF at 298 K is an isotropic one
with g, = 2.118 and 45, = 75 x 10* ¢cm™. The four hyperfine lines can be clearly

resolved from the spectrum and the spectrum is shown in Fig. 5.13.

280 300 320 3 360
B (mT) —

Fig. 5.13. EPR spectrum of compound 23 in DMF at 298 K.
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Compound 23 in DMF at 77 K (Fig. 5.14) exhibit an axial spectrum with g
= 2256 and g,= 2.074 and 4; = 200 x 10 cm”. In this compound expected
superhyperfine splitting due to three nitrogen atoms is missing. But g; > g,
suggest a distorted square pyramidal geometry and rules out the possibility of a

trigonal bipyramidal structure.

50 T T T T
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Fig. 5.14. EPR spectrum of compound 23 in DMF at 77 K.

Compound 24 in polycrystalline state at 298 K (Fig. 5.15) exhibits a
rhombic spectrum with three g values g, =2.047, g,=2.117and g; = 2.163. Since
it is a six coordinated complex, the lowest g > 2.04 indicates copper(Il) ion in
elongated rhombic symmetry with all the axes aligned parallel and would be
consistent with elongated rhombic octahedral stereochemistry [20]. Here also the
EPR spectrum of compound in DMF at 298 K (Fig. 5.16) is an isotropic one with
Ziso = 2.117 and 4;, = 80 x 10* cm™. The azomethine nitrogen dominates in
bonding and it is evident from superhyperfine coupling constant 4y = 15 x 10™

-1
cm .
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Fig. 5.15. EPR spectrum of compound 24 in polycrystalline state at RT
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Fig. 5.16. EPR spectrum of compound 24 in DMF at 298 K.
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The EPR spectrum of the compound in DMF at 77 K (Fig. 5.17) is axial
with well defined g, = 2.223 and g,= 2.058. The g,, values obtained from the
solid state spectrum and from DMF at 77 K are very close to each other. From

this it is evident that the compound retained its geometry in solution state also.

40 I
— Experimental
— Simulated
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840 260 280 300 320 340 360
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Fig. 5.17. EPR spectrum of compound 24 in DMF at 77 K.

The EPR spectrum of the compound 25 in polycrystalline state at 298 K
(Fig. 5.18) is axial with g;=2.358 and g,= 2.066.

\_/
260 280 a0o 320 3do
B(mT) —.

Fig. 5.18. EPR spectrum of compound 25 in polycrystalline state at 298 K.
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And in DMF at 298 K (Fig. 5.19) an isotropic spectrum is obtained with
Ziso=2.109 and Aj, =76 x 10* cm™.

280 300 320 340 360

B (mT) —

Fig. 5.19. EPR spectrum of compound 25 in DMF at RT.

The frozen solution EPR spectrum of 25 in DMF (Fig. 5.20) at 77 K is

axial in nature with g = 2.146 and g, = 2.012. The pattern observed for g values,

) > g1 suggest square pyramidal geometry with unpaired electron in d, ; orbital.

This is confirmed by the crystal structure of compound [Cu(hmab)phen].
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Fig. 5.20. EPR spectrum of compound 25 in DMF at 77 K.
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The empirical factor, /= g,/ 4, is an index of tetragonal distortion and it
may be vary from 105 to 135. In all the compounds except 21 f falls in the range
105—135 which show small to medium distortion from planarity [27].

The EPR parameters g, g:, 4| and the energies of d-d transitions were used
to evaluate the bonding parameters o, f* and y* which may be regarded as
measure of covalency in the in-plane 6-bonds, in-plane n-bonds and out-of-plane
n-bonds. The orbital reduction factors K and K, were also used to calculate these
bonding parameters. The following expressions are used to calculate these

parameters.

04

@t = (g —2.0023)+ &

) -2.0023)
0.036 7

AE,, — dxzfyz)
84,

K = (g, —2.0023)

AE(dXZ,dyZ - dxz_yl )
24,

K? =(g,-2.0023)
K =a’p’
K = a’y?

where A, is the spin-orbit coupling constant and has a value —828 cm’ for Cu(Il)

& system. The value of o indicates the extent of covalent nature, where the

value of 1.0 corresponds to a purely ionic nature.

According to Hathaway [28], for pure c-bonding K = K,= 0.77 and for in-
plane m-bonding K< K, while for out-of-plane n-bonding K, < K. Here in
compounds 22 and 25, K, < K| indicates the presence of out-of-plane n-bonding

and in compounds 23 and 24, K< K ie. in-plane n-bonding is present. The value

,1-‘ on metal complexes (hvdrazones '-‘ 120
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of bonding parameters o, #* and y* <1 confirms the covalent nature of complexes.

EPR spectral data and the bonding parameters are summarized in Table 5.5.

Table 5.5 EPR spectral assignments and bonding parameters of copper(Il)
complexes in polycrystalline state at 298 K, in DMF solution at
298 K and in DMF solution at 77 K.

20 21 22 23 24 25
Polycrystalline
(298 K)
g g1=2.050 2192 2.146  g1=2.047 2.221
g2=2.089 g2= 2117
g3=2.187 gs = 2.163
N 2.060 2.080 2.066
GisolJav 2.108 2.104 2.102 2.109 2.163
G 2.748 3.288 1.849 2.016 5.584
DMF (298 K)
Jiso 2.115 2.117 2.118 2.117 2.109
Aiso® 73 83 75 80 76
An? 12 15
DMF (77 K)
g 2.235 2.209 2.256 2.223 2.146
g. 2.055 2.038 2.074 2.058 2.012
Gav 2.115 2.095 2.135 2.113 2.056
Al 198 210 200 195 163
f 113.0 105.0 113.0 114.0 132.0
o’ 0.817 0.845 0.879 0.826 0.641
Jia 0.841 0.881 0.879 0914
N 0.782 0.937 0.883 0.475
K 0.711 0.775 0.727 0.585
K. 0.661 0.824 0.730 0.304

* Expressed in units of cm™ multiplied by a factor of 107,
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5.3.3 Infrared spectra

IR spectra in the range 4000-400 cm” were recorded for all the six
complexes and the vibrational bands which are useful for determining the mode
of coordination of the ligands, are given in Table 5.6. The broad bands observed
around 3400 cm™ in all complexes except 21 and 25 indicate the presence of water
in structures. In the case of free acylhydrazones, bands due O-H and N-H were
appeared around 3220 and 3035 cm™ and these bands are found to be absent in
copper(Il) complexes, which is a clear evidence for the coordination of ligands in
the dideprotonated form. In the IR spectra of the metal free ligands, the carbonyl
and azomethine bands are observed in the regions 1630-1650 and 1600-1605 cm''
respectively. In the infrared spectra of all six complexes, there are no bands due
to carbonyl group. Upon complexation, the stretching vibrations of azomethine
bond are found to be weakened due to coordination with copper centre. This
results a negative shift in azomethine stretching frequencies in comparison with
free hydrazones. Here in all compounds the azomethine bands are shifted to
lower wavenumbers and the newly formed —C=N-N=C- moiety gave bands in
between 1520-1550 cm™. The bands around 415 cm™ indicate the coordination of
azomethine nitrogen to copper centre. The v(C—O) bands present in ligands are
shifted to lower frequencies in complexes suggesting the coordination of the
phenolic oxygen. The increase in v(N-N) bands in complexes, due to the increase
in double bond character is another proof for the coordination of the ligands
through the azomethine nitrogen [29]. There are broad bands observed around
3400 cm™ in all complexes except 21 and 25 indicates the presence of water in
structures. In compounds 23, 24 and 25 bands due to heterocyclic breathing are
observed in the region 750-1450 cm™ [29,30]. The spectra of the compounds are
shown in Figs. 5.21 — 5.26.
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Table 5.6 Selected IR bands (cm™) with tentative assignments of copper(Il)

complexes
_ _ e Heterocyclic ~ vIC-0)
Compound v(C=0) v(C=N) v{C=N}® v(Cu-N) v(N-N) i
Hzhmbn- H20 1643 1604 e - 1110 - 1284
[Cu(hmbn)]2-2H:0 (20) e 1594 1525 420 1140 e 1233
Hzhman 1638 1602 e e 1135 e 1262
[Cu(hman)]z (21) e 1591 1531 419 1155 e 1244
Hzhmbb 1630 1600 e e 1130 e 1286
[Cu(hmbb)]2-2H20 (22) - 1588 1547 419 1172 s 1225
[Cu(hmbb)phen]-1'/2H20 (23) - 1589 1532 420 1165 1428,728 1214
[Cu(hmbb)(bipy)H20] (24) e 1588 1529 407 1155 1438,774 1214
Hzhmah 1650 1600 e e 1127 e 1265
[Cu(hmab)phen] (25) e 1590 1524 420 1153 1425,726 1246
*newly formed
100
80
@
Q
<
T 60+
£
2
S 404
S
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0

T T T T T T T T T T T T T T
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wavenumber (cm’)

Fig. 5.21. Infrared spectrum of compound 20.
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Fig. 5.22. Infrared spectrum of compound 21.
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Fig. 5.23. Infrared spectrum of compound 22.
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Fig. 5.24. Infrared spectrum of compound 23.
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Fig. 5.25. Infrared spectrum of compound 24.
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Fig. 5.26. Infrared spectrum of compound 25.
5.3.4 Electronic spectra

Cu(Il) ion is one of the transition metal ions which forms complexes having
different stereochemistries. For copper(Il) ion outer electronic configuration is
34’ with °D as ground state term, lacks cubic symmetry and it yields other
distorted forms of basic stereochemistries. In an octahedral & system expected
excitation is from 2Eg to °T. 1 Tesults a single absorption band. But the tetragonal
distortion results further splitting, so the possible spin allowed excitations are 2A1g
2B 1o 282g — 2Blg and 2Eg — 2Blg. But in practice it is difficult to resolve them

into separate bands due to the low energy difference between these energy levels.

The electronic absorption spectral data of the complexes recorded in
acetonitrile (Figs. 5.27-5.31) are summarized in Table 5.7. The electronic spectra
of all the four acylhydrazones show bands in the region 30400-46000 cm™ due to
n-n* transitions. The conjugation of azomethine chromophore with olefinic or
aryl groups change the spectrum significantly, since rather weak bands due to

n-t* transitions are submerged by strong absorptions associated with m-m*

ad Studies on metal complexes of some tridentate acylliydrazones www- | [
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transitions [31]. These intraligand transitions were slightly shifted up on

complexation. In all the complexes intense bands were observed near 25670 cm’™.

It may be due to electronic transitions essentially from ligand based orbital to

metal based orbital (here phenolic oxygen — Cuy). When this happens charge

is transferred from one part of the coordination sphere to other part or in other

words charge transfer transition occurs. In all complexes except compound 20,

d-d bands were observed in the low energy region of the spectra as weak bands

around 15700 cm™ [32]. In compound 20, d-d bands are probably masked by

intense charge transfer transitions.

Table. 5.7 Electronic spectral assignments (cm™) of Cu(II) complexes

Compound Intraligand transitions LMCT d-d
[Cu(hmbn)]2-2H-20 (20) 30350 (sh), 33260 (sh), 37680, 43520 25310
[Cu(hman))z (21) 30488, 38020, 44150 24630 14990
[Cu(hmbb)]22Hz0 (22) 32530, 37310, 42980 26150 16210
[Cu(hmbbphen]-1'/2H20 (23) 32125, 37490, 43320 25870 15700
[Cu(hmbb)(bipy)H20] (24) 31363 (sh), 36310, 42290 26010 15850
[Cu(hmab)phen] (25) 32180 (sh), 37490, 43460 26280 15800
1.0 4
08 ‘/\ /\ H_hmbn
] [Cu(hmbn)],
8 0.6
s
2 0.4
0.2 — \_&
0.0 v T . T T T T T T 1
45000 40000 35000 30000 25000 20000

wavenumber (cm’')

Fig. 5.27. Electronic spectra of Hhmbn and its copper(Il) complex in

acetonitrile solution in the region 45000-20000 cm™.
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Fig. 5.28. Electronic spectra of H,hman and its copper(Il) complex in

acetonitrile solution in the region 45000-20000 cm™'.
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Fig. 5.29. Electronic spectra of Hhmbb and its copper(Il) complexes in

acetonitrile solution in the region 45000-20000 cm™.
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Fig. 5.30. Electronic spectra of H,hmab and its copper(Il) complex in

acetonitrile solution in the region 45000-20000 cm™.
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[Cu(hmbb)bipy]
[Cu(hmab)phen]
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absorbance

00 I 1 1 I 1
20000 18000 16000 14000 12000 10000

wavenumber (cm’)
Fig. 5.31. Electronic spectra of complexes 21, 22, 23, 24 and 25 in acetonitrile
solution in the region 20000-10000 cm™.
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5.3.5 Thermal analyses

Thermal analyses provide valuable information regarding the thermal
stability and nature of water molecules in complexes. It helps us to distinguish
the lattice water molecules and coordinated water molecules present in the
compound. Reports show that the weight losses for lattice water are in the range
of 50-130 °C and weight loss due to coordinated water molecules are in the range
of 130-250 °C [33,34]. Here in complexes 20, 22 and 23 there are weight losses
in the region 90-130 °C indicating the presence of lattice water molecules and in
compound 24 weight loss is observed in between 160 °C and 210 °C indicating
the presence of coordinated water molecule in structure. In compounds 21 and 25
there are no weight loss in these regions indicating the absence of water
molecules. All the complexes decompose in the temperature range 250-550 °C.
Above 550 °C a plateau is observed which corresponds to the formation of CuO.

TG-DTG curves of complexes 22 and 24 are shown in Figs. 5.32 and 5.33.
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Fig. 5.32. TG-DTG plots of compound 22.  Fig. 5.33. TG-DTG plots of compound 24.
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6.1 Introduction

Zinc is an essential element for normal functioning of most organisms and
is the main constituent in a number of metallo-enzymes like carbonic anhydrase
and alcohol dehydrogenenase [1,2]. Zinc functions as an antioxidant and is
participated in many serious biochemical reactions [3]. It is the second most
abundant transition metal ion in human body after iron. It is essential for protein

synthesis and which helps to regulate the production of cells in the body's immune

system.

Zinc complex of L-carnosine is an anti-ulcer drug in which zinc plays an
essential role [4]. More than 1000 enzymes contain zinc in the active centers, and
in brief no other metal has as many functions in living organisms as zinc [5]. Yet
today the role of zinc in various biological processes is not fully revealed.
According to Vahrenkamp [6] may be the ‘non-properties’ of zinc are the basis of
this uniqueness, ie. unlike other transition metals zinc has no redox chemistry, no
ligand field effects, no typical coordination numbers or geometries, no stability or

inertness of its complexes, no typical “hard” or “soft” characteristics.
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Reports showed that the salen complexes of zinc can be used as sensing
materials for different ions and molecules, emissive materials for organic light
emitting diodes and building blocks for various supramolecular architectures [7-
9]. Zn(Il) ions have a high affinity towards nitrogen, oxygen and sulfur donor

ligands [10,11].

Zinc(IT) ion provides a number of coordination compounds because of its
affinity towards different types of ligands and flexible coordination number
ranging from two to eight. The filled d shell does not offer crystal field
stabilization on Zn*" hence coordination number and stereochemistry are
determined by the size of the Zn(II) cation and the steric requirements of the
ligands. In zinc complexes commonly found geometries are tetrahedral and
octahedral. Among these tetrahedral geometry predominates. Six coordinate
complexes may be octahedral or trigonal prismatic. Among the less common five
coordinate complexes trigonal bipyramidal geometry predominates over square

pyramidal geometry.

This chapter deals with the syntheses and characterization of Zn(II)

complexes derived from different ONO donor hydrazones.

6.2 Experimental

6.2.1 Materials

2-Hydroxy-4-methoxyacetophenone (Aldrich), 2-hydroxy-4-
methoxybenzaldehyde (Aldrich), nicotinic acid hydrazide (Aldrich), benzhydrazide
(Aldrich), Zn(CH;COO),2H,0 (S.D.Fine) were used without further purification.

Solvent used was methanol.
6.2.2 Syntheses of acylhydrazones

The syntheses of acylhydrazones were done as described in Chapter 2.
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6.2.3 Syntheses of Zn(II) complexes

[Zn(hmbn)],H,0O (26) : To a methanolic solution of Hyhmbn-H,O (0.289 g, 1
mmol), Zn(CH;COO0),:2H,0 (0.219 g, 1 mmol) in methanol was added and
stirred for two hours. The yellow colored product formed was filtered, washed

with methanol, followed by ether and dried over P40 in vacuo. Elemental Anal.

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

[Zn(hman)],-H,O (27) : Zn(CH3COO),-2H,0 (0.219 g, 1 mmol) in methanol was
added to the H,hman solution in methanol (0.285 g, 1 mmol) and stirred for about
two hours. The yellow product formed was filtered, washed with methanol,
followed by ether and dried over P,Oy in vacuo. Elemental Anal. Found (Calcd.)

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

[Zn(Hhmbb)OAc] (28) : To a methanolic solution of Hyhmbb (0.270 g, 1 mmol),
Zn(CH;C0O0),2H,0 (0.219 g, 1 mmol) in methanol was added. The yellow
colored product formed was filtered washed with methanol, followed by ether and
dried over PO, in vacuo. Elemental Anal. Found (Calcd.) (%): C, 52.04 (51.86);
H, 3.83 (4.10); N, 7.18 (7.11).

[Zn(hmab)], (29) : Methanolic solutions of the H,hmab (0.284 g, 1 mmol) and
Zn(CH;CO00),2H,0 (0.219 g, 1 mmol) were mixed and stirred for about 2 hours.
The product separated was yellow colored and it was filtered, washed with

methanol, followed by ether and dried over P4O,y in vacuo. Elemental Anal.

Found (Caled.) (%): C, 54.89 (55.27); H, 3.59 (4.06); N, 7.99 (8.06).
6.3 Results and discussion

In the case of all the four complexes, experimental and calculated analytical
data are in very close agreement. Magnetic susceptibility studies indicate

diamagnetic nature of these complexes and it indicates the '’ outer electronic
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configuration of zinc. The molar conductivity measured for all the four
complexes in 10° M DMF solution is found to be below 15 ohm™ cm® mol”
which is much less than the value of 65-90 ohm™ c¢m” mol” obtained for a 1:1
electrolyte in the same solvent [12]. So the conductance measurements in DMF
suggest that they are non-electrolytes, the conductivity values are tabulated in

Table 6.1.

Table 6.1 Molar conductivity measurements

Compound An”
[Zn(hmbn)]2-H20 (26) 1"
[Zn(hman)]2-H20 (27) 10
[Zn(Hhmbb)0Ac] (28) 12
[Zn(hmab)]2(29) 9

"molar conductivity (in mho cm” mol™) taken in 10° M DMF.
6.3.1 '"H NMR spectral studies

Proton Nuclear Magnetic Resonance ("H NMR) Spectroscopy is a powerful
tool used for the determination of the structure of compounds. Because of their
diamagnetic nature, the Zn(I[) complexes were studied by NMR spectroscopy.
The "H NMR spectra of the acylhydrazones and complexes have been recorded
with DMSO as solvent. The comparison of the NMR spectra of the complexes
with the spectra of ligands gave valuable informations regarding the coordination
mode of ligands during complexation. The 'H NMR spectrum obtained for
compound 27 was not good due to the poor solubility of the compound. In the
spectra of the free hydrazones there are sharp singlets in the range of 12-14 ppm
showing the existence of iminol form in solution. They also gave singlets in the
range of 11-12 ppm with an area integral of one which is due to phenolic OH
protons. Large d values of these protons may be due to intramolecular hydrogen

bonding. Upon D,0O exchange, the intensity of these signals significantly

R  <<adStudics on metal complexes of some tridentate acyllydrazones B
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decreases, which suggests that these protons are easily exchangeable and
confirm the assignment. The singlets with an area integral of three in the range
of 3-3.8 ppm indicate the presence of three methoxy hydrogens. Peaks for
aromatic protons were found in the region 6-8 ppm. In the spectra of the
complexes, there are no peaks are in the region 11-12 ppm, which is an evidence
for the coordination of phenolic oxygen to the metal centre. Similarly peaks
corresponds to iminol protons found in the spectra of free hydrazones were absent
in the spectra of complexes indicating the coordination of iminol oxygen to zinc.
In the spectrum of compound 28, a singlet with an area integral of three is found
at 2.086 ppm and it is assigned to the methyl group present in acetate which is
coordinated to zinc. Also a singlet with area integral one is appeared at 8.524
ppm may indicate the presence of NH proton suggests the coordination of ligand
in the amido form. All other peaks observed in the spectra of free hydrazones are
slightly shifted. The '"H NMR spectra of complexes 26 and 28 are shown in the
Figs. 6.1 and 6.2.

i
I
3 2 1 0 ppm

Fig. 6.1. "H NMR spectrum of [Zn(hmbn)],-H,O (26).
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Fig. 6.2. "H NMR spectrum of [Zn(Hhmbb)OAc] (28).
6.3.2 Infrared spectra

The IR spectra of the complexes, in comparison with those of the free
ligands, display certain changes, which give an idea about the type of
coordination and their structure. Significant IR spectral bands of the complexes
are listed in Table 6.2. Free hydrazones show strong absorptions in the 1630-
1650 cm™ region are assigned to carbonyl group, and bands due to azomethine
group were observed around 1600 cm™. In compounds 26 and 27, broad bands
were observed at 3409 and 3417 cm’ due to lattice water. Coordination of
hydrazones to the zinc ion through the azomethine nitrogen atom is expected to
reduce the electron density in the azomethine link and thus, lower the v(C=N)
absorption frequency. Hence this band undergoes a shift to lower wavenumber
[13,14]. In complexes 26, 27 and 29, a lower shift is observed in v(C=N)
absorption frequency indicates coordination of azomethine nitrogen to zinc.

Coordination of azomethine nitrogen is also evident from the increase in N-N

B e Studics on metal complexes of some tridentate acyllydrazones B
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stretching frequency in all the complexes. In complexes 26, 27 and 29, bands
correspond to carbonyl groups are absent suggesting the enolization of ligands
during complexation. But in compound 28 bands observed around 1645 and 3000
em’ are assigned to carbonyl group and NH group respectively, ie. in this
complex, ligand is in the amido form. For the compound 28, bands at 1600 and
1386 cm™ correspond to symmetric and asymmetric vibrations of the acetate
group are consistent with the presence of a unidentate acetate group [15,16]. In
compound 28, a very intense band is observed at 1600 cm™, is a combination
band of v(C=N) and v,(CH;COO) stretching frequencies. For all the complexes,
phenolic C-O stretching occurs at lower wavenumber when compared to that of
the ligands indicating the deprotonation and coordination of phenolic OH.
Appearance of new bands in the regions of 525-560 and 440-460 cm™ are
assignable to v(Zn—0O) and v(Zn—N) respectively. The IR spectra of the complexes

are shown in the Figs. 6.3-6.6.

Table 6.2 Selected IR bands (cm™) with tentative assignments of Zn(II)

complexes
Compound v(C=N) v({C=N)® v(N-N) v(C-0) v(Zn-0) v(Zn-N)
[Zn(hmbn)]-H0 (26) 1597 1527 1167 1210 527 454
[Zn(hman)]2-H20 (27) 1596 15624 1161 1244 547 445
[Zn(Hhmbb)0Ac] (28) 1600 - 1124 1247 560 460
[Zn(hmab)]2 (29) 1593 1540 1150 1223 540 459

*newly formed
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Fig. 6.3. IR spectrum of [Zn(hmbn)],-H,O (26).
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Fig. 6.4. IR spectrum of [Zn(hman)],"H,O (27).
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Fig. 6.5. IR spectrum of [Zn(Hhmbb)OAc] (28).
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Fig. 6.6. IR spectrum of [Zn(hmab)], (29).
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6.3.3 Electronic spectra

The electronic spectra of the ligands and complexes were recorded in
acetonitrile solutions on a UVD-3500, UV-vis Double Beam Spectrophotometer.
Due to filled d orbitals, d - d transitions are not expected in the case of Zn(II)
complexes. But these complexes are yellow colored and the colors of the
complexes are attributed to metal to ligand charge transfer transitions. Here
MLCT bands were observed in the range of 24000-28000 cm™ [17]. The
electronic spectra of all the four acylhydrazones showed bands in the region
30400-46000 cm™ due to m-m* transitions and n-n* transitions. These intraligand
transitions were found to be slightly shifted during complexation. Table 6.3
summarized the electronic absorptions of the complexes and the spectra of the

complexes are shown in Figs 6.7-6.10.

Table 6.3 Electronic spectral assignments (cm'l) of Zn(II) complexes

Compound Intraligand transitions Charge transfer transition
[Zn(hmbn)]>'H20 (26) 30880, 36520, 42970 25530
[Zn(hman)]>'H20 (27) 30130, 35960, 42150 24630
[Zn(Hhmbb)0Ac](28) 30950, 37270, 43740 24280
[Zn(hmab)]2(29) 31570, 39430, 43210 27800

% 02 § 0.2+

i 30000 20000 e T a0k 30000 20000 10000
wavenumber (cm’') wavenumber tcm"]
Fig. 6.7. Electronic spectrum of Fig. 6.8. Electronic spectrum of
[Zn(hmbn)], (26). [Zn(hman)], (27).
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Fig. 6.9. Electronic spectrum of Fig. 6.10. Electronic spectrum of
[Zn(Hhmbb)OAc] (28). [Zn(hmab)], (29).

6.3.4 Thermal analyses

Thermogravimetric analyses of the complexes will give information
concerning the thermal stability of the complex and to decide whether the water
molecules are in the inner or outer coordination sphere of the central metal ion
[18]. Here Thermogravimetric analyses were carried out from 50 to 1000 °C
under nitrogen atmosphere. In complexes 26 and 27, there is a weight loss below
120 °C indicating the presence of lattice water. In complexes 28 and 29, no weight
loss is observed in between 50-250 °C indicating absence of water molecules in
these complexes. Above 400 °C the complexes begin to decompose and the
decomposition was not seen to be completed even at 1000 °C. TG — DTG plots of

complexes 26 and 28 are shown in Figs. 6.11 and 6.12.
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7.1 Introduction

Recently molybdenum chemistry gained considerable attention due to
their versatile applications in the field of catalysis and biology [1,2]. Among the
second series of transition metals, molybdenum is the only biometal, important
for living kingdom with a large number of stable and accessible oxidation states.
The importance of molybdenum as a biological trace element depends on its
contribution in various molybdoenzymes. The dioxomolybdenum complexes have
been widely studied, as models for the active sites of oxotransfer
molybdoenzymes like sulfite and aldehyde oxidase, xanthine oxidase, xanthine
dehydrogenase and nitrate reductase [3-5]. In the catalytic activity of
molybdoenzymes the oxidation state of molybdenum varies between VI and IV
states and Mo(V) coexists with Mo(VI) and Mo(IV) [6]. The presence of cis-
MoO,*" group in the oxidized form of some molybdoenzymes stimulate the
search for new compounds in which this moiety is coordinated to ligands
containing heteroatoms like O, N and S. The cofactors of these enzymes are most
probably coordinatively unsaturated and this helps the easy binding of substrate.

The study of molybdenum complexes with dianionic tridenate ligands are
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particularly significant because, the coordination of cis-MoO,*" with dianionic
tridentate ligand systems provides an open active site on molybdenum [7]. The
catalytic activity of dioxomolybdenum complexes are proved by several reports
[8,9]. Many reports are available for the studies of dioxomolybdenum complexes

with O, N and S containing ligands [10-12].

7.2 Experimental

7.2.1 Materials

2-Hydroxy-4-methoxyacetophenone (Aldrich), 2-hydroxy-4-
methoxybenzaldehyde  (Aldrich), nicotinic acid hydrazide (Aldrich),
benzhydrazide (Aldrich), MoO,(acac), (Aldrich) were used without further

purification. Solvent used was methanol.
7.2.2 Syntheses of acylhydrazones

The syntheses of 2-hydroxy-4-methoxybenzaldehyde nicotinoylhydrazone
monohydrate (Hyhmbn-H,0), 2-hydroxy-4-methoxyacetophenone nicotinoylhydrazone
(H;hman), 2-hydroxy-4-methoxybenzaldehyde benzoylhydrazone (H,hmbb) and 2-
hydroxy-4-methoxyacetophenone benzoylhydrazone (H,hmab) have been described in
Chapter 2.

7.2.3 Syntheses of Mo(VI) complexes

[Mo0oO,(hmbn)],-H,O (30) : To a methanolic solution of Hyhmbn-H,O (0.289 g, 1
mmol), MoO,(acac), (0.326 g, 1 mmol) in methanol was added. The resulting
orange color solution was refluxed for four hours. The orange colored product
formed was filtered, washed with methanol, followed by ether and dried over
P40y in vacuo. Elemental Anal. Found (Calcd.) (%): C, 41.50 (41.40); H, 2.29
(2.98); N, 10.57 (10.34).
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[M0oO,(hman)],yH,O (31) : To the Hhman solution in methanol (0.285 g,
1 mmol), methanolic solution of MoO,(acac), (0.326 g, 1 mmol) was added. The
resulting solution has an orange color and it was refluxed for four hours. The
orange colored product formed was filtered, washed with methanol, followed by
ether and dried over P,Oy in vacuo. Elemental Anal. Found (Calcd.) (%):

C, 42.85(42.87); H, 3.20 (3.36); N, 10.17 (10.00).

[M0oO,(hmbb)],:H,O (32) : To a methanolic solution of H,hmbb (0.270 g,
1 mmol), MoOy(acac), (0.326 g, 1 mmol) in methanol was added. The solution
turns to orange color and it was refluxed for four hours. The orange colored
product formed was filtered, washed with methanol, followed by ether and dried
over P,Oyy in vacuo. Elemental Anal. Found (Caled.) (%): C, 44.87 (44.46); H,
3.64 (3.23); N, 6.57 (6.91).

[MoO,(hmab)], (33) : Methanolic solutions of the H,hmab (0.284 g, 1 mmol) and
MoO,(acac), (0.326 g, 1 mmol) were mixed and refluxed for about 4 hours. The
product separated was orange colored and it was filtered, washed with methanol,
followed by ether and dried over P,Oy¢ in vacuo. Elemental Anal. Found (Calcd.)
(%): C, 46.14 (46.84); H, 3.32 (3.44); N, 6.86 (6.83).

7.3 Results and discussion

All the four complexes were synthesized in an identical way and in all of
them hydrazones acts as a tridentate dianionic ONO donor towards MoO,* centre.
The experimental and calculated analytical data are in very close agreement.
Magnetic susceptibility studies indicate diamagnetic nature of these complexes
and it is an evidence for Mo is in +6 oxidation state. The molar conductivity
values measured for all the four complexes in 10° M DMF solutions is in the
range of 2-5 ohm™ c¢m” mol™ which is much less than the value of 65-90 ohm'

cm® mol” reported for a 1:1 electrolyte in the same solvent [13]. So the
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conductance measurements in DMF suggest that they are non-electrolytes. The
magnetic susceptibility and molar conductivity values of the complexes are

presented in Table 7.1.

The electrochemical behavior of the complexes and free hydrazones were
studied in DMF by cyclic voltammetry on a CHI 608D electrochemical analyzer
with platinum disc as working electrode. The counter electrode used was
platinum wire and reference electrode Ag/Ag’ electrode. The supporting
electrolyte used was tetrabutylammonium phosphate (TBAP). The -cyclic
voltammograms of the complexes did not show any redox properties. Reversible
one electron reduction of [Mo0O,]*" complexes to analogous [MoO,]" complexes is
uncommon and occurs only when aprotic ligands and solvents are used and when
the ligand has sufficient steric bulk to prevent dimerization [14]. So the absence

of redox behavior is an evidence for the dimeric nature of the compounds.

Table 7.1. Molar conductivity measurements

Compound An’
[MoO2(hmbn)]>-H20 (30) 3
[MoOz(hman)]>-H20 (31) 4
[Mo02(hmbb)]>-H20 (32) b
[Mo02(hmab)]2 (33) 5

"molar conductivity (in mho cm” mol ™) taken in 10° M DMF
7.3.1 '"H NMR spectral studies

In the case of diamagnetic Mo(VI) complexes the coordination of
acylhydrazones to the metal centre is substantiated by "H NMR spectral studies of
the ligands and complexes, in DMSO solution. Singlets found in the region 12-14
ppm due to iminol protons in free hydrazones were not found in the spectra of

complexes indicate the coordination of iminol oxygen to metal centre. Similarly

B <adStudics on metal complexes of some tridentate acyllydrazones B
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singlets due to OH proton were found in-between 11 ppm and 12 ppm in free
hydrazones were also absent in the spectra of complexes indicate the coordination
of phenolic oxygen to metal centre. This leads to the conclusion that the
hydrazones are coordinated in all the complexes in a dianionic form suggesting
the ONO coordination to molybdenum. The singlets with an area integral of three
in the range of 3-3.8 ppm indicate the presence of three methoxy hydrogens in
free acylhydrazones were slightly shifted upon complexation. Multiplets for
aromatic protons were found in the region 6-8 ppm in ligands do not show much
shift in complexes. The 'H NMR spectra of the complexes are shown in the Figs

7.1-7.4.

1
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Fig. 7.1. "H NMR spectrum of [MoO,(hmbn)],-H,O.
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Fig. 7.2. "H NMR spectrum of [MoO,(hman)],-H,O.
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Fig. 7.3. '"H NMR spectrum of [MoO,(hmbb)],-H,0.
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Fig. 7.4. "H NMR spectrum of [MoO,(hmab)],.
7.3.2 Infrared spectral studies

The most interesting vibrational frequencies of acyl hydrazones and their
molybdenum complexes, which help us to understand the coordination
environment of the metal in these complexes, are given in Table 7.2. In the IR
spectra of the free hydrazones, the bands due to carbonyl group are observed in
the region 1630-1650 cm™ and these are absent in the spectra of the complexes
suggesting enolization and deprotonation of ligands. This is also confirmed from

the fact that the O—H and N—H stretching frequencies observed around 3220 and
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3035 ecm™ in free hydrazones are absent in complexes. Another result obtained
from this is that the ligands are coordinated in a dianioic form in these complexes.
IR spectra of compounds 30, 31 and 32, there are broad bands observed at 3424,
3445 and 3438 cm’ indicating the presence of lattice water. The azomethine
bands of the acylhydrazones were appeared at 1600-1605 cm™ and in the spectra
of the complexes these bands are shifted to a lower frequency by 4-15 cm’
indicating the coordination of azomethine nitrogen to the metal. The increase in
v(N-N) bands in complexes, due to the increase in double bond character is
another proof for the coordination of the ligands through the azomethine nitrogen.
The v(C-O) bands present in ligands are shifted to lower frequency in complexes
suggests the coordination of the phenolic oxygen. In all complexes two bands are
observed in the region 900-950 cm™”, are assigned to symmetric and
antisymmetric vibrations of the cis-MoO,*'core [15]. Reports show that
structurally characterized dimeric dioxomolybdenum(VI) tridentate complexes
have sharp bands in the region 800-850 cm™ [16,17]. Here all the complexes have
a band in the above said region indicates the presence of dimeric
dioxomolybdenum complexes. IR spectra of compounds are shown in Figs. 7.5-

7.8.

Table 7.2 Selected IR bands (cm™) with tentative assignments of Mo(VI)

complexes
Compound v{C=N) v({C=N)* v(N-N) v(C-0) v(Mo=0) v(Mo=0-Mo)
[MoO2(hmbn)]2-H20 (30) 1589 1540 1129 1225 903, 937 833
[MoO2(hman)]2-H20 (31) 1593 1532 1140 1249 913,942 854
[Mo02(hmbb)]2-H20 (32) 1596 1535 1138 1230 910,930 850
[MoOz(hmab)]2 (33) 1597 1549 1156 1290 913,942 854

*newly formed
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Fig. 7.5. IR spectrum of [MoO,(hmbn)],"H,O.
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Fig. 7.6. IR spectrum of [M0O,(hman)],-H,0.
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Fig. 7.7. IR spectrum of [MoO,(hmbb)],'H,O.
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Fig. 7.8. IR spectrum of [MoO,(hmab)],.
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7.3.3 Electronic spectral studies

The electronic spectra of all the four acylhydrazones showed bands in the
region 30400-46000 cm™ due to m-n* transitions. The n-m* transitions that are
forbidden by the selection rules are not observed in these compounds. In the
electronic spectra of complexes these transitions are slightly shifted. The
complexes show strong bands ca. 24000 cm™ and are assigned as ligand to metal
charge transfer transitions. Electronic spectra of the complexes are presented in

Fig. 7.9 and the assignments are listed in Table 7.3.

Table 7.3 Electronic spectral assignments (cm™) of Mo(VI) complexes

Compound Intraligand transitions Charge transfer transition
[Mo02(hmbn)]2-H20 (30) 31360, 40910 24230
[Mo02(hman)]2-H20 (31) 31580, 39600, 42840 24150
[MoOz(hmbb)]2-H20 (32) 31640, 39740, 42830 24230
[MoOz(hmab)l2 (33) 31640, 40360, 42550 24970

1.04

[MoO, (hmbn)]
[MoO_(hmab)]
[MoO_(hman)]
[MoO_(hmbb)]

absorbance

0.0

T v, T T
40000 30000 20000 10000

wavenumber (cm’)

Fig. 7.9. Electronic spectra of the Mo(VI) complexes.
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7.3.4 Thermal studies

TG-DTG analyses of the prepared complexes were carried out on a Perkin
Elmer, Diamond thermogravimetric analyzer. The heat flow is 10 °C per minute
under nitrogen atmosphere over a temperature range of 50-1000 °C. The thermal
analyses give information concerning the thermal stability and nature of water
molecules in complexes ie. whether they are lattice water or coordinated water.
Reports show that the weight losses for lattice water are in the range of 50-130 °C
[18,19]. The complexes 30, 31 and 32 showed loss of weight corresponds to one
water molecule in the temperature range 80-110 °C indicate the presence of lattice
water in these complexes. In complex 33, there is no weight loss in the region
below 250 °C shows the absence of water molecule. All the complexes
decompose over 250 °C. TG-DTG curves of the complexes are shown in Figs.

7.10-7.13.

3.0 0.05
2.54 -0.00
r o
]
2.04 --0.05 =
2
= <
o @
S 5
< 154 --0.10 §
5 <
0 g
= 10 x--ms 3
@
I 3
=]
0.5 4 L-0.20 =~
0.0 — -0.25
0 200 400 600 800 1000

temperature (°C)

Fig. 7.10. TG-DTG plots of [M0oO,(hmbn)],-H,O (30).
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Fig. 7.11. TG-DTG plots of [M0oO,(hman)],'H,O (31).
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Fig. 7.12. TG-DTG plots of [MoO,(hmbb)],-H,O (32).
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SUMMARY AND CONCLUSIONS

The study of the synthesis, structures and properties of transition metal
complexes is a key line of research in modern coordination chemistry.
Hydrazones are an interesting class of ligands in coordination chemistry, and they
are obtained by the condensation reaction between a carbonyl compound and a
hydrazide. Their coordination capability and binding modes can be altered by the
use of suitable substituents both in the carbonyl and hydrazide part. Acting as
ligands they easily form mono, bi and polynuclear coordination compounds. The
metal complexes derived from hydrazones find applications in many areas such as
medicine, biology, catalysis, optics and analytical chemistry. Hence, the
knowledge of characteristics of deprotonation, tautomerization and complexation
in solution as well as the structural details of coordination with metal ions in solid
state is fundamental for forecasting the properties of this class of azomethine

compounds.

To explore the coordination properties of acylhydrazones, in this work we
have synthesized four different acylhydrazones by the condensation of o-hydroxy
aromatic aldehyde and ketone with benzhydrazide and nicotinic acid hydrazide.
The thesis is divided into seven chapters and Chapter 1 gives an introduction to
acylhydrazones, their mode of bonding in complexes and applications in different
areas. The objectives of the present work and the details of different analytical

techniques used for characterization are also presented in this chapter. Chapter 2
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deals with the syntheses and characterization of four different acylhydrazones and

they are

1. 2-Hydroxy-4-methoxybenzaldehyde nicotinoylhydrazone monohydrate
(H;hmbn-H,0)

2. 2-Hydroxy-4-methoxyacetophenone nicotinoylhydrazone (H;hman)
3. 2-Hydroxy-4-methoxybenzaldehyde benzoylhydrazone (H;hmbb)

4. 2-Hydroxy-4- methoxyacetophenone benzoylhydrazone (H,hmab).

The acylhydrazones were characterized by elemental analyses, FTIR, 'H
NMR and UV-Vis spectral studies. Single crystal X-ray diffraction studies of
one of the hydrazones Hhmbn-H,O revealed that the compound is non planar and
exist in amido form in solid state. The novelty about this crystal lies in the
packing; three molecules are involved in intermolecular hydrogen bonding
interactions with one water molecule. The 'H NMR studies indicate the

enolization of these compounds in solution state.

Chapter 3 describes the syntheses and structural characterization of twelve
oxovanadium complexes of acylhydrazones. Magnetic  susceptibility
measurements clearly indicate that, all the compounds except one, are
paramagnetic compounds with vanadium is in +4 oxidation state. Some
compounds exhibit subnormal magnetic moments due to the strong
antiferromagnetic exchange, suggesting dimeric nature to these complexes. The
molar conductivity values for all the complexes in 10° M DMF solution are found
to be less than the value of 65-90 ohm™ cm” mol™ obtained for a 1:1 electrolyte in
the same solvent confirmed the non-electrolytic nature of the complexes. IR
spectroscopy gives evidence for the coordination of hydrazones to the metal
centre in enolic form and hence act as dideprotonated tridentate ligands. EPR

spectra of the compounds in DMF at 77 K displayed axial features with eight
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hyperfine splitting and in all complexes except one follows the g, < g, and A >
A, relationship, is characteristic of an axially compressed diy configuration.

One of the oxovanadium compound is crystallized from methanol and single
crystal X-ray diffraction studies showed that the compound is a centrosymmetric

bis(pu-methoxy) bridged vanadium(V) dimeric complex.

Chapter 4 depicts the syntheses and characterization of some manganese
and iron complexes of acylhydrazones. Two manganese and five iron complexes
were prepared by refluxing 1:1 mixture of metal salt and corresponding
acylhydrazones in methanol/ethanol for about 4-6 hours. The prepared complexes
were characterized by elemental analyses, IR, electronic and EPR spectral studies,
thermogravimetric  analyses, conductance and magnetic susceptibility
measurements. The non-electrolytic nature of the complexes is evident from their
low conductivity values. Magnetic susceptibility measurements suggest that all
the compounds are paramagnetic with central metal atom has a & high spin
configuration. Infrared spectral data suggest that the ligands are coordinated in
amido form in complexes. In the EPR spectra of manganese complexes only one
sextet is observed due to electron spin-nuclear spin coupling and the g values are
close to the g value of a free electron. And the values of hyperfine coupling
constants are consistent with an octahedral environment. Single crystals of one of
the iron complexes were isolated from ethanol and it is found that in the

compound iron is in a distorted octahedral environment.

Chapter 5 deals with the syntheses of six Cu(Il) complexes and their
characterization by different physicochemical techniques.  The magnetic
susceptibility measurements suggest that the compounds are paramagnetic and in
close agreement with the spin only value for a d” copper system. Some complexes
show substantial low magnetic moment may be due to the coupling of two

magnetic centers suggesting dimeric nature to these complexes. In the IR spectra
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of the free ligands, the carbonyl and azomethine bands are observed in the region
1630-1650 cm™ and 1600-1605 cm™ respectively. In the infrared spectra of the
all six complexes there are no bands due to carbonyl group. Upon complexation,
the stretching vibrations of azomethine bond are found to be weakened due to
coordination with copper centre, ie. the ligands were coordinated in iminol form.
In the electronic spectra of the complexes weak d-d bands are observed. EPR
spectra of the complexes were taken in polycrystalline state at 298 K, DMF at 298

K and 77 K. The g value obtained from EPR spectral assignments are consistent

with the single unpaired electron is in the d , , orbital. Single crystals of one of
r-y

the complexes are separated from methanol and the X-ray diffraction studies
showed that in the compound, Cu is in a distorted square pyramidal environment.
Packing of the compound is stabilized by strong m—r stacking interactions. In
addition to the m—m stacking interactions, significant C—H--m interactions and

hydrogen bonding are also present.

Chapter 6 describes the syntheses and characterization of four zinc
complexes. All the complexes are non-electrolytic as well as diamagnetic
compounds. In all the complexes except one, ligands are coordinated in the

iminol form.

Chapter 7 explains the syntheses and characterization four
dioxomolybdenum complexes. The 'H NMR and IR spectral data indicate
tridentate nature of the ligands through enolization. IR spectra provide
information about the dimeric nature of the complexes. The thermal analyses of

the complexes showed the presence of lattice water in some of the complexes.
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