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PREFACE

Hydrazones are a versatile class of compounds with a broad.

spectrum of applications. l-lydrazone derivatives possess antil-IIV,

antimicrobial, antitubercular, anticonvulsant and anti inflammatory activities.

The transition metal complexes of aroylhydrazones have been investigated

extensively because of their biological, especially as potent inhibitors for

many enzymes, N L0 and magnetic activities. T hey are also proved to have

potential applications as catalysts, analytical agents, luminescent probes and

molecular sensors.

Supra molecular architectures of coordination complexes of liydrazones

through non covalent interactions have been explored. Molecular self—assernbly

driven by weak interactions such as hydrogen— bonding, K '”T[, C-1-I‘ "TE, van

der Waals interactions, and so forth are currently of tremendous research

interest in the fields of molecule based materials. The directional properties of

the hydrogembonding interaction associate discrete molecules into aggregate

structures that are sufficiently stable to be considered as independent chemical

species. Chemistry can borrow nature’s strategy to utilize hydrogen-bonding as

Well as other noncovalent interactions as found in secondary and tertiary

structures of proteins such as the double helix folding of DNA, hydrophobic

selflorganization of phospholipids in cell membrane etc. In supramolecular

chemistry hydrogen bonding plays an important role in forming a variety of

architectures. Thus, the wise modulation and tuning of the complementary sites

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



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

capsules, nanotubes etc.
I

The work presented in this thesis describes the synthesis and

characterization of metal complexes derived from some substituted

aroylhydrazones. The thesis is divided into seven chapters. Chapter 1 gives a

brief outline of aroylhydrazones, diversity in their chelating behavior and

their applications. This chapter also describes different physicochetnical

techniques employed for the characterization of aroylhydrazones and their

metal complexes.

Chapter 2 includes the synthesis and characterization of five different

aroylhydrazones and their characterization by elemental analyses, FTIR, 'H

NMR, UV—Vis spectral studies and single crystal X—ray diffraction studies.

Chapters 3-7 discuss the synthesis and characterization of some transition

metal complexes derived from the aroylhydrazones under study.
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AROYLHYDRAZONES: A BRIEF OU'|'l.llllE

l.l lntroduttion

l.2 Aroylhydrazones
1.3 Coordination modes of hydrazones
1.4 Applitutions of hydrazones
1.5 Scope and objettives of the work
l.6 Physitnl measurements

1.1 Introduction

The research interest in inorganic chemistry has steadily evolved over

hundreds of years and has been flourished by the versatile development in the area of

coordination chemistry. Widespread interest in the chemistry of coordination

compounds is associated with their broad spectrum of applications in difienent areas

such as catalysis, molecular sensors nonlinear optics, bioinorganic, biomimetic,

magnetic and medicinal chemistry. The design and synthesis of multifimctional

molecules combining in their structure several active moieties, sensitive towards

different external influences have attracted significant interest recently. Coordination

chemisuy has greatly contributed to the rational design of new classes of host

molecules. For instance, crystal structure of a copper complex which resembles a

‘wheel and axle’ may belong to a new category of host molecules [1]. Molecules with

this shape is not suitable for close packing but tend to accommodate other molecules

thus serving as adsorbents, sensors and catalysts. The architectural beauty of

coordination compounds is due to the interesting ligand systems containing different

donor sites say ONO, NNO, NO and NNS. It provides many new directions in

research such as, in molecular magnetism, supramolecular chemistry, non-silicon
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based devices, precursors for vapor phase deposition and single molecule—based

photonic devices and sensors [2]. Schiff bases play an important role in inorganic

chemistry as they easily form stable complexes with most transition metal ions in the

periodic table. The development of the field of bioinorganic chemistry has increased

the interest in Schifl° base complexes, since it has been recognized that many of these

complexes may serve as models for biologically important species.

Transition metal complexes derived from hydrazone Schiff bases can

form diverse supramolecular networks as reported by various research groups

[3-5]. Blending supramolecular chemistry with materials science defines a field

oft supramolecular materials that rests on the explicit implementation of

intermolecular interactions in the design and synthesis of novel materials

presenting novel properties. Slight steric and electronic modifications in the

ligand backbone provoke differences in the supramolecular architectures of the

complexes, leading to a variety of one, two and three—dimensional hydrogen

bonded networks in complexes.

It is well established that aroylhydrazones form stable chelate complex

with transition metal cations by utilizing both their oxygen and imine nitrogen

as donor atoms [6]. Among nitrogen-oxygen donor ligands, hydrazones occupy

an important position due to their widespread applications and versatile

coordination capability with transition metal ions [7].

1.2 Aroylhydrazones

Hydrazones which belong to a class of azomethines having the group

—C=N—N— are interesting ligands in coordination chemistry. Introduction of a

—C=O group in the hydrazide part increases the electron delocalization and

denticity of the hydrazone and the resulting compound is known as an

aroylhydrazone. N-aroylhydrazones are usually obtained by condensation of
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aldehydes or ketones with aroylhydrazines, in the presence of an acid catalyst, in

reaction times varying from 30 minutes to several hours [8,9]. Their purification

can‘ be accomplished by simple recrystallization and they are stable at ambient

temperature. Recently a variety of N-aroylhydrazones were synthesized by

another method i.e., under microwave irradiation within 2.5-10 minutes, starting

from benzo, salicyloyl and isonicotinic hydrazides. The protocol developed

employs microwave irradiation in the absence of solvents and catalysts, leading

to high yields [10]. Fig. 1.1 represents the general formulae of a hydrazone and

an aroylhydrazone.

R1\(\N/NH\ R1\l/\N/NH\l/R3R IR2 0R2

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

Aroyl hydrazones allow additional donor sites to be introduced (via R,

R] and R2, Fig.l.l) inorder to increase the denticity of the resulting ligands. In

an aroylhydrazone the basic coordination sites are carbonyl oxygen and the

azomethine nitrogen. It is interesting to note that aroylhydrazones can

potentially fonn amido/iminol tautomers and syn/anti forms as indicated in

Figs] .2 and 1.3.

Rlw/\N/NH\|KR3 Rlj/\N/“Ry/R30 R2 OHR2

amido form iminol form
Fig. 1.2. Tautomerism in aroylhydrazone.
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Recent studies have shown that syn/anti isomerisation and
tautomerisation processes affect the metal chelating properties of these ligands

[1 1]. ln solid state amido form predominates while in solution state iminol form

(Fig. 1.2). This property offers the formation of a variety of complexes, i.e., the

hydrazones can coordinate to the metal either in neutral amido form or in

deprotonated iminolate form. The 1: conjugation over the hydrazone moiety is

increased by the enolization of the ligand which improves the electron
delocalization.R1 0/

_____N 0 R1 NH—<
R2 NH >——'~“"N/ R3R3 R2
Syn form Antiform

Fig. 1.3. Geometrical isomers of aroylhydrazone.

1.3 Coordination modes of hydrazones

The high efficacy, selectivity and specificity of the coordination of

aroylhydrazones towards transition metal ions has rendered these Schiff bases

prime candidates in the formation of coordination compounds. Hydrazones can

act as potential multifunctional ligands with interesting coordination modes.

The coordination mode adopted by a hydrazone depends on different factors like

tautomerism, reaction conditions, stability of the complex formed, number and

nature of the substituent on hydrazone skeleton. Number of coordination sites

can be increased by introducing suitable substituents on the hydrazide part as
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well as on the carbonyl part. For example if a hetero atom is present on the

carbonyl part of a hydrazone, it can coordinate to the central metal by adopting

an NNO coordination mode, either through the deprotonated iminolate form

(Structure 1) or through neutral amido form (Structure II) [12,13].

Xi \M
I \N/“fixo \N/ ‘KO
/ //N‘\N/ R / Z \T RCH3 CH3 H

Structure I Structure 11

Another mode is the formation of a six coordinated metal complex with

two deprotonated ligands. Stable metal chelates of distorted octahedral

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

Structure lll

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

case anions (like halogens, azide or thiocyanate) present in the metal salt, anS
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atom or group of atoms can act as a bridging ligand which results in the

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

X /S
MM<>0/ ‘

EO

\z//

/ /
N

\ CH3
\\,_/

Structure lV

If the hydrazone possesses a phenolic group in the aldehyde/ketone part

which is in suitable position for coordination, it leads to an ONO coordination

mode, resulting in the formation of dimeric complexes with phenolate oxygen

bridges (Structure V) [l 7].

CH3

\N/“YR
o———\M-*“""OI l
M-—o

0/ \
R]<\N_,__...N\

CH3

Structure V

In the case of complexes with ONO donor hydrazones we can

incorporate heterocyclic bases to the central metal (Structure VI) resulting in a

distorted square pyramidal structure [18].
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\
/ () Ni /
\__,>M‘/N \/ / N \N O l /

Structure VI

If the hydrazone possesses an electron donating group like methoxy

group in the carbonyl part it may also take part in coordination to the central

metal (Structure VII) [19]. Here the methoxy group can act as a chelating group

and as a bridging group resulting in a multinuclear complex.

/M
0

0|/lg \MN/N\ 0/H I
CH3

Structure VII

1.4 Applications of hydrazones

The interest in the design, syntheses and characterization of aroylhydrazones

and their metal complexes has come from their applications in various fields. Their

ease of syntheses, easily tunable steric and electronic properties and good solubility

in common solvents has enhanced research interest in this area. They have wide

applications in biology, medicine, optics, catalysis and analytical chemistry.
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1.4.1 Hydrazones in magnetochemistry

Variable temperature magnetic susceptibility measurements reveal that

moderate antiferromagnetic interactions operate between phenoxo bridged Ni(ll)

dimers whereas very weak antiferromagnetic exchange occurs through

hydrogen bonding and 1:-~-it stacking interactions. All complexes are proved to

be efficient catalysts‘ for the epoxidation of alkenes by NaOCl under phase

transfer condition [20].

Several coordination complexes derived from aroylhydrazones were

reported for their pharmacological activity and magnetic properties [21] but such

complexes were devoid of any hydrogen-bonding interactions that could

generate Supramolecular architectures with intriguing structures. The

interactions of hydrogen bonds play vital roles for molecular recognition in a

wide variety of biological systems and have also been applied in the synthesis of

molecular magnetic materials [22]. Supramolecular architectures of singly

phenoxo-bridged copper(ll) and doubly phenoxo-bridged manganese(ll)

complexes derived from an unusual ONOO donor hydrazone ligand were

reported and cryomagnetic, DPT and EPR studies were done [23]. The

chemistry of multinuclear coordination metal complexes, especially of couple

systems is of special interest because the phenomenon of interaction between

metal centers lies at the crossover point of the two areas, namely the physics of

the magnetic materials and the role of polymer-clear reaction sites in biological

processes [24]. Manoj er al. investigated temperature dependence of magnetic

susceptibility and EPR characteristics which appeared relevant to the

coordination chemistry of potential class of carbohydrazone ligands [25].T
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1.4.2 Hydrazones in nonlinear optics

Aromatic hydrazones are known to exhibit good NLO activity.

Hydrazones and their metal complexes have been studied with regard to their

physical properties, reactivity patterns and application in a variety of processes,

including non linear optics and molecular sensing [26].

Electronic materials, which have been at the heart of the
telecommunication industry, are fast approaching their limitations, and soon,

photonics will be the key in revolutionizing the telecommunication industry. The

area of nonlinear optics (NLO) is a rapidly progressing field of science and

technology that has the potential to offer unparalleled switching speed and

bandwidth for optical signal processing. One of the major hurdles to the

realization of second-order NLO polymer devices, has been overcoming the loss

of noncentrosymmetric order at elevated manufacturing and operating

temperatures.

Hydrazone derivatives are an attractive class of non-linear optical (NLO)

crystalline materials because of their large molecular nonlinearities and their

remarkable propensity to form non-centrosymmetric crystal systems [27]. The

current approach to the development of practical NLO materials has focused on

the use of a dihydroxy —functionalised hydrazone chromophore that can be

easily synthesized and subsequently incorporated into a commercial epoxy

polymer system

The synthesis and properties of six hydrazone-functionalized crosslinked

polymers possessing stable nonlinear optics (NLO) properties were presented

[28]. The NLO activity of hydrazone derivatives has been investigated in detail

as crystals and as Langmuir—B|odgett films, as characterized by Kurtz and Perry
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[29]. Second—order nonlinear optical properties of copper and palladium

complexes of N-salicylidene-N"-aroylhydrazones were studied and the results

showed that the complexes have considerable nonlinearity [30].

1.4.3 Hydrazones in supramolecular chemistry

Supramolecular chemistry is by nature a dynamic chemistry in view of

the lability of the noncovalent interactions connecting the molecular components

of a supramolecular entity [3]]. Supramolecular architectures of the coordination

complexes through hydrazone ligand-based hydrogen-bonding interactions are

explored [32]. Chattopadhyay and his group have shown how the
supramolecular architecture of manganese(II) aroylhydrazone complexes can be

controlled by slight modification of the substituents attached to the ligand

framework [33]. The self-assembly of multimetallic assemblies held together by

intermolecular forces (hydrogen bonds, van der Waals forces etc.) is greatly

dependent on the metal ions [34]. Metal ions can read the information coded in

the organic ligands according to their coordination algorithm [35] and thereby

give rise to metal—organic ligand complex species that are simultaneously

assembled via complementary interligand hydrogen bonding forming

supramolecular multimetallic assemblies. Quinolyl hydrazones are known to

function as chelating agents and have versatile modes of bonding [36].

1.4.4 Metal complexes of hydrazones as catalysts

Hydrazones are able to change their coordination behaviour depending

on the starting reagents, pH of the medium and reaction conditions. Metal

organic frameworks containing channels or pores with various sizes and shapes

have attracted much attention because of their potential applications in catalysis,

separation and gas sorption and storage [37,38]. According to Mahmudov et al.,
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a coppertll) dimer with 3-(2-hydroxy-4-nitrophenylhydrazo)pentane-2,4-dione

exhibits a good catalytic activity in the peroxidative oxidation ofcyclohexane by

aqueous H303, under mild conditions. to afford cyclohexanol, cyclohexanone

and cyclohexyl hydroperoxide [39]. Transition metal complexes derived from

hydrazones are proved to be efficient catalysts for the epoxidation of alkenes by

Na0C I under phase transfer condition. Hydra7.one complexes show remarkable

catalytic activity in various organic reactions. Monfared er al. studied the

catalytic abilities of some oxo- and dioxovanadium(V) complexes of tridentate

hydrazones towards the oxidation of various hydrocarbons and found that the

complexes are effective catalysts [40].

1.4.5 Hydrazonesz Biological and Medicinal studies

Aroylhydrazones of various aldehydes and ketones occupy a special

place among the biologically important organic ligands containing a variety of

donor groups. .-V—aroylhydrazones which include the fragment (—CO—NH—

?\l—CH—). have attracted much attention in the last 20 years because of their

biological properties as well as their chclating properties toward metal ions.

Many of them have been reported to possess a broad spectrum of biological

activities. such as antifungal [4|], antimalarial [42], antitubercular [43].

antiplatelet [44] activities and have been studied extensively as potential

therapeutic agents in a number of pharmaceutical contexts. Some hydrazone

analogues such as pyridoxal isonicotinoyl hydrazone derivatives have been

investigated as potential iron chclating drugs in w't-'r) and in mm and could be

used in the treatment of iron overload [45].

The search for new lllV-l CA assembly inhibitors has led to the

synthesis and antiviral evaluation of new N-acylhydraz()nes containing glycine

residue which show potent antiviral activities. Th'ey can bind lllV-l capsid

Department of Applied fhemistry, (orhin University of Sriente and Ierhno|egy——————— m
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1.4.6 Other applications

Aromatic hydrazones dispersed in a binder polymer possess hole

transporting properties and are used in electro photographic photoreceptors of

laser printers [51]. Some of the arylhydrazones can act as herbicides,

insecticides, nematocides, rodenticides and plant-growth regulators.

Hydramethylnon is an amidinohydrazone insecticide which is used against

cockroaches [52]. Metal complexes of hydrazones proved to have potential

applications as luminescent probes [53] and molecular sensors [54]. Hydrazones

of 2-methylphthalazone are effective sterilants for houseflies [55]. Many

hydrazones are found to be effective corrosion inhibitors of metals. The effect

of 2-hydroxyacetophenone aroylhydrazone derivatives on the inhibition of

copper was studied and found that the corrosion is significantly decreased in

presence of the investigated compounds [56].

1.5 Scope and objectives of the work

The ability of aroylhydrazones to engage in coordination to transition

metals is a developing area of research interest and a great variety of complexes

can be attained by attaching different donor groups to the hydrazone.

Aroylhydrazones have continued to attract extensive attention from chemists

because of their widespread uses in biology, pharmacology, catalysis, analytical

chemistry and optics. Hydrazones, a member of the Schiff base family with

triatomic >C=N—N< linkage, takes the forefront position among other organic

ligands. Also these compounds contain the basic unit of peptide linkage

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

The coordination chemistry of transition metal complexes that contain

polydentate ligand moieties including heterocyclic bases and anions is of current:,: -:: ».13
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research interest. Syntheses, spectral and structural studies of mixed-ligand

metal complexes based on heterocyclic bases like 1,10-phenanthroline, 2,2’

bipyridine (the classical N,N donor ligands) and 4—picoline (the N donor ligand)

can reveal different bonding modes, spectral properties and geometries in

coordination compounds. Incorporation of anions like azide, thiocyanate and

perchlorate in the complexes may demonstrate coordination modes of various

combinations of the coligands.

The coordination properties of hydrazones can be tuned by the

appropriate choice of parent aldehyde or ketone and hydrazide and the

substituents attached to them. So in the present investigation we selected five

different ONO/NO donor hydrazones as principal ligands. We selected 2

hydroxy-3-methoxybenzophenone and 5-bromo—3—methoxy—salycilaldehyde as

the carbonyl part as it can provide an additional binding site for metal cation and

thus increase the denticity.

The importance of aroylhydrazones and their transiton metal complexes

in the application level and their interesting coordination abilities kindle our

interest in the investigation of transition metal complexes with ONO/NO donor

hydrazones with the following objectives.

)> To synthesize some ONO/NO donor aroylhydrazones by the

condenzation of 2-hydroxy—4-methoxybenzophenone, furan-2

carboxaldehyde and 5-bromo-3—methoxysalicylaldehyde with nicotinic

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

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

spectroscopic techniques like UV, IR and NMR.
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> To analyse the crystal structures of aroylhydrazones. A systematic

crystal structure analysis of the compounds may provide further

information concerning the structural characteristics required ' for

different applications.

> To synthesize different transition metal complexes using the synthesized

hydrazones as principal ligands and some heterocyclic bases and anions

as coligands. Oxido/dioxidovanadium(IV/V), manganese(ll/IV),

cobalt(II/Ill), copper(ll), zinc(lI) and cadmium(II) complexes are to be

synthesized.

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

XRD studies.

> To study the coordination modes of different hydrazones in metal

complexes by using physicochemical methods like molar conductance

measurements, magnetic susceptibility measurements, cyclic

voltammetry, thermogravimetry and by different spectroscopic

techniques like UV, IR and EPR.

1.6 Physical measurements

Details of physicochemical techniques employed for the present study is

discussed below.

1.6.1 Elemental analyses

Microanalysis for carbon, hydrogen and nitrogen in the synthesized

aroylhydrazones and in their metal complexes were carried out on an Elementar

model Vario EL Ill CHNS analyzer at the Sophisticated Analytical Instrument

Facility (SAIF), Sophisticated Test and Instrumentation Centre (STIC), Kochi.

Vi.
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1.6.2 Conductivity measurements

Molar conductivities of the complexes in dimethylformamide (DMF)

solutions (10'3 M) were measuredlat 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,

CU SAT, Kochi, India. The compound used as calibrant was HgCo(SCN)4_

1.6.4 Thermogravimetric analysis

TG-DTG analyses of the complexes were carried out in a Perkin Elmer Pyris

Diamond TG / DTA analyzer at a heating rate of 10 °C per minute in an atmosphere of

nitrogen, at the Department of Applied Chemistry, CUSAT, Kochi, India.

1.6.5 Cyclic voltammetric analysis

Cyclic voltammograms were recorded on a CHI 608D electrochemical

analyzer at Bharathiar University, Coimbatore, India. Electrochemical properties

of complexes were studied in DMF/ DMSO medium with tetrabutylammonium

phosphate as supporting electrolyte at a scan rate of 100 mV s" with platinum

wires as working and counter electrodes and Ag/Ag+ as a reference electrode.

1.6.6 Infrared spectroscopy

Infrared spectra of the compounds were recorded on a JASCO FT IR

4100 Fourier Transform Infrared Spectrometer using KBr pellets in the range of

4000-400 cm'] at the Department of Applied Chemistry, CUSAT, Kochi, India
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and also on a Thermo Nicolet AVATAR 370 DTGS model FT IR Spectrometer

using KBr pellets in the range of 4000-400 cm" and ATR technique at

Sophisticated Analytical Instrument Facility (SAIF), Sophisticated Test and

Instrumentation Centre (STIC), Kochi.

1.6.7 Electronic spectroscopy

Electronic spectra of all the compounds were taken on a Spectro UV-vis

Double Beam UVD-3500 spectrometer in the 200-900 nm range at the

Department of Applied Chemistry, CUSAT, Kochi, India. The solvents used

were dimethylformamide and acetonitrile.

1.6.8 N MR spectroscopy

‘H NMR spectra of the hydrazones and some complexes were recorded

using Bruker AMX 400 FT-NMR Spectrometer with DMSO-d6 as the solvent

and TMS as internal standard at the Sophisticated Analytical Instrument Facility

(SAIF), Indian Institute of Science, Bangalore, India and also on a Bruker

Avance DPX-300 MHZ NMR Spectrometer at NIIST Trivandrum.

1.6.9 EPR spectroscopy

The EPR spectra of the complexes in the solid state at 298 K, in DMF at

298 K and at 77 K were recorded on a Varian E-112 spectrometer using TCNE

as the standard, with 100 kHz modulation frequency, modulation amplitude 2 G

and 9.1 GHZ microwave frequency Qt the SAIF, IIT Bombay, India.

1.6.10 Mass spectroscopy

Mass spectra were recorded by direct injection on Waters 3100 mass

detector using electron spray ionization technique at the Department of Applied

Chemistry, CUSAT, Kochi, India. Mass spectroscopy is used to measure relative

n , lg    ¥3f¥
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molecular masses. A mass spectrum is a plot of relative abundance against the

ratio mass/charge.

1.6.11 Single crystal XRD

The Single crystal X-ray diffraction data of six of the compounds, say

two aroylhydrazones, two vanadium complexes, copper and cobalt complexes

one each were collected on an Oxford Xcalibur Eos (Mova) Diffractometer at

100 K using Mo K0: radiation (7t=0.7l 07 A)with X-ray generator operating at 50

kV and 1 mA [57]. The structures were solved and refined using SHELX97 [S 8]

module in the program suite WinGX [59]. The molecular diagrams were

generated using ORTEP-3 [60] and the packing diagrams were generated using

Mercury 2.3. The geometric calculations were carried out by PARST95 and

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

Single crystal X-ray diffraction data of one of the aroylhydrazones,

Furan-2-carboxaldehyde nicotinoylhydrazone was collected on a CrysAlis CCD,

Oxford Diffraction Ltd. diffractometer, equipped with a graphite crystal,

incident—beam monochromator, and a fine focus sealed tube, Mo Kot (K =

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 F2 using

SHELXL—97 [S8], and all the hydrogen atoms were fixed in calculated position

Single crystal X-ray diffraction analyses of two copper complexes were

perfonned with a Bruker SMART APEX CCD X-ray diffractometer at the

University of Hyderabad, using graphite monochromated Mo Ka radiation

(k=0.7l073 A, cp and (D scans). The data was reduced using SAINTPLUS [62].

The structure was solved using SHELXS-97 and fiill matrix least squaresf
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refinement against F2 was carried out using SHELXL-97 in anisotropic

approximation for non-hydrogen atoms [63]. All hydrogen atoms were assigned

on the basis of geometrical considerations and were allowed to ride upon the

respective carbon atoms.

The single crystal X-ray diffraction data of two aroylhydrazones and

two copper complexes, were collected were collected using Bruker SMART

APEX diffractometer, equipped with graphite —crystal, incident-beam

monochromator, and a fine focus sealed tube with Mo Ka (1 = 0.71073 A ) as

the X-ray source at SAIF, Kochi, India. Single crystal X-ray diffraction data

were collected at 296(2) K. The Bruker SAINT software was used for data

reduction and Bruker SMART software for data acquisition [64]. The structure

was solved using SHELXL-97 by direct methods and refined by full-matrix

least- squares calculations with the SHELXL-97 software package. All non

hydrogen atoms were refined anisotropically, and all hydrogen atoms on carbon

were placed in calculated positions, guided by difference maps and refined

isotropically. The molecular diagrams were generated using ORTEP-3 [60] and

the packing diagrams were generated using Mercury 2.3. and DIAMOND

version 4.2g [65].
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SYNTHESIS, CRYSTAL STRUCTURES AND SPECTRAL
CHARACTERIZATION OF SOME AROYLHYDRAZONES

2.1 lntroduttion

2.2 2-Hydroxy-4-methoxybenzophenone benzoylhydrozone (H288)

2.3 2-Hydroxy-4-methoxybenzophenone nitolinoylhydruzone (HzBN)

2.4 N-2~hydroxy-4~metlioxybenzophenone-N’-4-nitrobenzoylhydrazone (HzBF)

2.5 Futon-2-turboxuldehyde nico1inoy|hydruzone(HFN}

2.6 5-Bromo—3~methoxysolitylaldehyde benzoylhydruzone (H258)
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2.1. Introduction

Aroylhydrazones are known to be a class of versatile ligands, capable of

generating varied molecular architectures and coordination polyhedra.

Aroylhydrazones with ONO donor atoms are most noteworthy for their excellent

fungicidal [1], bactericidal [2,3], anticonvulsant [4], analgesic and anti

inflammatory activities [5,6]. A series of aroylhydrazones have displayed

modest antitumor activity both in vitro and in vivo [7~9]. Hydrazones,

RR’C=N—NR”R’”, are used as intermediates in syntheses [10], as functional

groups in metal carbonyls [l 1], in organic compounds [12,13] and are employed

as catalysts [14]. Furthennore, hydrazones exhibit physiological activities in the

treatment of several diseases such as tuberculosis [l5,l6], which is attributed to

the formation of stable chelate complexes with transition metals which then

catalyze physiological processes [17,18]. Aroylhydrazones exhibit interesting

electric and magnetic properties [19-21]. They can act as effective catalysts in

alkene epoxidation reaction [22].
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Hydrazides condense with aromatic aldehydes or ketones to form

hydrazones which belong to the general family of Schiff bases. Condenzation

results in an extended electron delocalization along the azometliine bond. Also

these compounds contain the basic unit of peptide linkage [—C(=O) —NH—] group

closely related to the primary structure of proteins. So research interest in the

biological properties of their metal complexes has been growing in recent years

[23] and were widely investigated with regards to their function as model

compounds for biological enzymes [24—25].

Many of their properties are a function of the parent aldehyde or ketone and

hydrazide and these properties can therefore be elegantly tuned by the appropriate

choice of parent. The flexible design and synthesis of aroylhydrazine or

aroylhydrazone type ligands with an appropriate nature is crucial for the synthesis

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

From a structural perspective, aroylhydrazones attract attention as

interesting ligands due to their tendency to undergo tautomerism and form

planar, highly rigid hydrazine systems capable of imposing a variety of mixed

donor coordination environments about metal cations [27].

We are particularly interested in the ability of the aroylhydrazone of 2

hydroxy—4-methoxybenzophenone to form complexes of high coordination

number, mono and dinuclear structures. We have synthesised five

aroylhydrazones for investigating their structural chemistry and for assessing

their perfonnance as chelating ligands in metal complexes. Fortunately crystals

suitable for single crystal XRD studies were obtained for all the five compounds.

A systematic crystal structure analysis and other spectrochemical
characterisation of the compounds may provide further information concerning
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the structural characteristics required for their antitumor, cytotoxic, catalytic,

magnetic, nonlinear optical activities and chelating behavior.

Aroylhydrazones from 2-hydroxy-3-methoxybenzophenone are not

reported and that from fiJran—2—carboxaldehyde and 5—br0mo-3-methoxy

salicylaldehyde are not studied much. Benzophenone based hydrazone systems

have a special structure constituted with a larger it-bond conjugated system [28].

In this chapter the crystal structure and spectral perspectives of the

aroylhydrazones are discussed. The newly synthesised dynamic ligand systems

consist of ONO and NO donor acylhydrazones. The ligand systems of our interest

and their abbreviations are as follows

1. 2—Hydroxy—4-methoxybenzophenone benzoylhydrazone (H2BB)

2. 2-Hydroxy-4-methoxybenzophenone nicotinoylhydrazone (HZBN)

3. N-2-hydroxy-4-methoxybenzophenone-N’ -4-nitrobenzoylhydrazone (HZBF)

4. Furan—2-carboxaldehyde nicotinoylhydrazone (HFN)

5. 5-Bromo-3-methoxysalicylaldehyde benzoylhydrazone [H2SB]

2.2. 2-Hydroxy-4-methoxybenzophenone benzoylhydrazone (HZBB)

The compound 2—hydroxy—4—methoxybenzophenone benzoyl hydrazone was

prepared from 2-hydroxy-4-methoxybenzophenone and benzhydmzide.

X /NHNOOH

2-Hydroxy-4-methoxybenzophenone benzoylhydrazone

O

in

'B".'f£1“... .~ /"IC'»TC>'o ., .,
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2.2.]. Experimental

2.2.1.1. Materials

2-Hydroxy-4-methoxybenzophenone (Aldrich), benzhydrazide (Aldrich)

and DMF (S.D.Fine) were used as received. Solvents were purified by standard

procedures before use.

2.2.1.2. S ymhesis

The compound was synthesized by the reported procedure [29]. 2

Hydroxy-4-methoxybenzophenone (0.228 g, 1 mmol) and benzhydrazide (0.136

g, 1 mmol) were dissolved in 50 mL of absolute EtOH. Three drops of cone.

HCI were added and the resulting solution was refluxed for 3 h. The compound

precipitated upon cooling to room temperature, was collected by filtration and

recrystallized from EtOH. Colorless block shaped crystals suitable for single

crystal X-ray diffraction studies were obtained by slow evaporation of its

solution in ethanol and carefully separated. The scheme for the reaction is

shown below (Scheme 1). Yield: 45%, M. P.: 205° C. Elemental Anal. Found

(Calcd.) (%): C: 72.42 (72.82) H: 5.56 (5.24) N: 8.07 (8.09).O I‘o /
0 + >_© reflux, 3 h+-'—?-?} \ NH,.2,.__,,,, H , ethanol N/’OH 0O . ..

0\
CH3

I

CH3

2-hyd;oxy-4-methoxy benzhydrazide 2-hydroxy—4-methoxybenzophenonebenzophenone benzoylhydrazone

Scheme 1. Synthesis of 2-hydroxy-4—methoxybenzophenone benzoylhydrazone

..:.':'--—-.:~.«...._----«:\,.<.:,-:w-  .«.........- "‘°.':'-v-u'¥3ét°;o¢w..::'*--»....‘-o...\;_I»}:A,_,».; I . . . . ~ , ~ ( -.
2-31" '~A-..\"" ' AC4’:
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2.2.2. Single crystal XRD studies

The Single crystal X-ray diffraction data of H3BB were collected on an

Oxford Xcalibur F..os (Mova) Diffractometer at 100 K using Mo Koc radiation

(?.=0.7l07 A) with X-ray generator operating at 50 l<V and 1 mA. The structures

were solved and refined using SHELX97 module in the program suite WinGX.

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

diagrams were generated using Mercury 2.3. The geometric calculations were

carried out by PARST95 and PLATON and all the hydrogen atoms were fixed in

calculated positions.

2.2.2.1. Crystal structure of H333

H3BB crystallizes in space group P-I with Z=2. Colorless block shaped

crystals suitable for diffraction analyses were grown by slow evaporation of a

saturated solution of ll3BB in ethanol. A view of the molecule showing the

atom labeling scheme is shown in Fig. 2.1 and selected structural refinement

parameters are given in Table 2.1.

The C l 5-03 bond {1.2l96(l9) A) has a double bond character [30] which

shows that the molecule exists in amido fomi in the solid state. The torsion angle of 

8.8(2)° perceived by .\ll—C8—C5—C6 moiety supports the (.'lS configuration with

respect to C8»~»~C‘5 bond in the ligand. So the potential donors 0?. and N] are found in

syn disposition. This arrangement enables the O(2}~-H to involve in H—bonding (Fig.

2.2) with azomethine NI atom of the aroylhydrazone resulting in a six membered

pseudo-aromatic ring (iNl—C8—C5—--C62 02- H) which is enhanced by electron

delocalization as it is seen easily from the bond lengths within the ring (Table 2.2).

Such resonance assisted hydrogen bonds seem to be the general feature of the crystal

structures ot’Schiff bases derived from salicylaldehyde [31].

Department of Applied (l1emistry,(ochin University of Science and lechno|ogy——_......  9
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Table 2.1. Crystal data and structure refinement for HZBB

Empirical formula

Formula weight

TemperatureiK

Crystal system

Space group

arix, bui, crii

oii°. 61°. 71°

Volumelfla

Z

Pcalcimg mm‘

pimm“

H000)

Crystal sizelmma

(9 range for data collection

Index ranges

Reflections collected

Independent reflections

0atalrestraintslparameters

Goodness-of-fit on F2

Final 8 indexes 11> 20 ill]

Final R indexes [all data]

Largest diff. peakiholeie fl“

C21 Hrs N2 03

‘ 345.37

29312)

triclinic

P-1

7.5957(3). l0.6146(4l, 11.238514)

97.96713). 90.056(3). 99.093(3i

885.846)

2

1.299

0.088

364

0.20 x 0.20 x 0.20

2.49 to 25.99°

-9ShS9,-13Ek‘_<_13,-1351313
19806

3479[H(int) = 0.0323]

3479i0i245

1.036

Br = 0.0445, wR2 = 0.1168

R: = 0.0616, wR2 = 0.1276

0.1661-0.140

R. = EiiFoi - iFcii / 2112,: wk. = r>:»»<F.3-I=£)2/ >:w(F.3)’1”’

The strong intramolecular 0-H---N hydrogen bond (1.78 A, and 148.2°)

locks the molecular conformation. However, any strong classical intermolecular

hydrogen bond is absent in the crystal structure. Instead, a variety of C—H-~~O

interactions that is present in the structure supports building up the

supramolecular assemblage (Fig. 2.3).

£5::;_5E5?,;{;';>I(iJ1?'\:T.;._‘f:3>.\?f:;-V.:, '>
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Mass spectrum is used for determining masses of particles, for determining

the elemental composition of a sample or molecule, and for elucidating the chemical

structures of molecules. MS works by ionizing chemical compounds to generate

charged molecules or molecule fragments and measuring their mass-to-charge ratios

[38]. MS [ES[(M+l)] exact mass calculated for [M]+ (C21 H13 N2 03) requires m/z

346.37, found m/z 347 (Fig.

2.3. 2-Hydroxy-4—methoxybenzophenone nicotinoylhydrazone (H2BN)

The compound 2-hydroxy-4—methoxybenzophenone nicotinoylhydrazone was

prepared from 2-hydroxy—4-methoxybenzophenone and nicotinic hydrazide.

2-Hydroxy-4-methoxybenzophenone nicotinoylhydrazone

2.3.1. Experimental

2.3.1.1. Materials

2-Hydroxy-4-methoxybenzophenone (Aldrich), nicotinic hydrazide (Aldrich)

and DMF (S.D.Fine) were used as received. Solvents were purified by standard

procedures before use.

2.3.1.2. Synthesis

The compound was synthesized by the reported procedure [29]. 2

Hydroxy-4-methoxybenzophenone (0.228 g, 1 mmol) and nicotinic hydrazide
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(0.137 g, 1 mmol) were dissolved in 50 mL of absolute EtOH. Three drops of

cone. HCI were added and the resulting solution was refluxed for 3 h. The

compound precipitated upon cooling to room temperature, was collected by

filtration and recrystallized from EtOH. Colorless block shaped crystals suitable

for single crystal analyses were obtained by slow evaporation of its solution in

ethanol and were carefully separated. The scheme for the reaction is shown

below (Scheme 2). Yield: 45%, M. P.: 210 °C. Elemental Anal. Found (Calcd)

(%): C: 68.76(69.l5) H: 4.99(4.93) N: l2.08(l2.1).

O O -— /\ reflux, 3 h0 + ,_\ / H* th I \ NH2N—NH N =9 am
0 °“

0\
CH3

2-hydroxy-4-methoxy nicotinic hydrazide ZjhyflVOXY-4°'m9th0XYb€‘"Z0Phe“0"ebenzophenone nicotinoylhydrazone
Scheme 2. Synthesis of 2-hydroxy-4—methoxybenzophenone nicotinoylhydrazone

2.3.2. Single crystal XRD studies

The Single crystal X—ray diffraction data of HZBN were collected on an

Oxford Xcalibur Eos (Mova) Diffractometer at 100 K using Mo Ka radiation

(7L=0.7l07 A) with X—ray generator operating at 50 kV and 1 mA. The structures

were solved and refined using SHELX97 module in the program suite WinGX.

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

diagrams were generated using Mercury 2.3. The geometric calculations were

carried out by PARST95 and PLATON and all the hydrogen atoms were fixed in

calculated positions.

573:‘-.»’5’='?-235$£?"‘°3f"f"5?7'S??§s?*-£;;E§’-I é.E-,‘-i.=~:.=,=2;’§:'=I§-;';~.I_=£ s‘: . :55. €:€§;3- 5.‘-:1’.:~:.=.<;;; 5:53 I?§.i;~':
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The molecular structure of H3BN with atom labeling scheme is shown in

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

The Cl5—O3 bond distance (l.2l5(2) A) agrees well with similar bonds in

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

in the solid state.

Table 2.4. Crystal data and structure refinement for H3BN

Empirical formula

Formula weight

Temperature/K

Crystal system

Space group

a../fl, bi-"ll, c/‘ll

al°. Bl°, vl°

Volume»-"53

Z

pm/‘mg mm“

it/"mm"

FlUUUl

Crystal size/mma

20 range for data collection

Indexranges

Reflections collected

lndependentreflecuons

Datalrestraintslparameters

Goodness-of-lit on F2

Final R indexes [I > 20 (|)]

Final R indexes [all data]

Largest diff. peaklholeie I13

020 H17 N3 03

347.37

293l2l

triclinic

/7-1

7.1555{l0l. 10.5550l14l. 11.5235l5l

95.75ll3l. 95.368l3l. 97.43011 ll

854.57l17l

2

1.350

0.093

354

0.20 X 0.20 X 0.10

4.9302 to 51.5792°

-9ShS10,-14SkS15,-1551515
22495

3353lHlln’[l = 0.0355]

3353l21l239

1.108

Flt = 0.0555, WR2 = 0.1613

R1 = 0.0704, WR2 = 0.1715

0.3591-0.289

R. :!IF.; - IF-.l  X|F...u'R-_~ = l£~i=i+‘..3-F53  :w<r.3f1”

42 -——-—-Department ol Applied Chemistry, [orhin University of Sriente and Technology
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The N1-N2 and N2—Cl5 bond lengths (Table 2.5) are indicative of some

double bond character suggesting delocalization of TE electron density over the

hydrazone portion of ‘the’ molecule. Atoms N2—Nl—C8—C5—C9 are coplanar

with a maximum deviation of 0.010(2) A for C8 from the plane which also

enhances the delocalisation.

Table 2.5. Selected bond lengths (A) and bond angles (°) for HZBN

C15—N2 1.354(2) N2—l\l1—B8 117.59(15)
N2—N1 1.380(2) C5—C5—C8 122.68(16)
N1—C8 1.295(2) N1—C8—C5 116.88(16)
C8-C5 1.465(2) N1—C8—C9 121.68(16)
C15—C16 1.492(3) 03-815-N2 122.77(18)
C2-01 1.362(2) 03—C15— 12269117)
(26-02 1.359(2) C16 116.B8(16)
C5-C6 1.414(2) C6-C5-C4

The configuration about C8-C5 bond is cis with respect to N1 and C6 as

shown by the torsion angle of 8.3(3)° perceived by Nl—C8—C5—C6 moiety and the

configurations about Nl—C8 and N2—C1S are also Z which are supported by the

torsion angles N2—N1—C8—C9, 0.5(3)° and Nl—N2—Cl5—O3, -l.5(3)° respectively.

This arrangement enables the O(2)—H to involve in I-I-bonding with azomethine N2

atom of the ligand resulting in a six membered pseudo-aromatic ring (N 1—C8—C5—

C6—O2—H) which is enhanced by electron delocalization as can be seen easily from

the bond lengths within the ring (Table 2.6). Such resonance assisted hydrogen

bonds seem to be the general feature of the crystal structures of Schiff bases derived

from salicylaldehyde [39]. The strong intramolecular 0-H---N hydrogen bond (1.76

A, and l46.2°) locks the molecular confonnation (Fig. 2.11) and minimizes the

rotational freedom about the C5-C8 bond.
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The salicyl-hydrazone part of the molecule is essentially planar due to

the presence of this hydrogen bond. The maximum deviations from the least

squares planes calculated for the hydrazone moiety i.e. N2—Nl—C8—C5—C9, is

0.010(2) A for C8 and Nl—N2—Cl5—Cl6—O3, is 0.019(2) A for N2.

The above said planarity and bond distances indicate significant

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

The ligand molecule as a whole has no planarity. The methoxysalicyl

ring and pyridyl ring make dihedral angles of 9.43(l0)° and l7.07(l3)° with the

hydrazone bridge. The phenyl substituent is attached nearly orthogonal to the

central hydrazone moiety as proved by the dihedral angle between the two,

71 .23(l l)°. The dihedral angle between the phenyl ring and the pyridyl ring is

80.9l(2)° and that with methoxysalicyl ring is 76.49(l0)°. These dispositions

are to cope up with steric factors mainly around C8. The steric repulsion

between the phenyl ring and the methoxysalicyl group contracts the Nl—C8—C5

and C6——C5—C4 angles to l16.88(l 6)° and l l6.68(l6)° respectively [40].

The above observations indicate nonplanarity of the aroylhydrazone

although the hydrazone part itself is planar. The molecule exists in an anti

configuration with respect to the C8—Nl and C15-N2 bonds. This is confirmed

by the torsion angles of 179.88(l2)° and —l77.57(l2)° respectively for N2—N1-—

C8-C5 and Nl—N2-C15—Cl6 moieties.

As in case of H2BB, the strong intramolecular 0-H-»-N hydrogen bond

(1.76 A, and l46.9°) locks the molecular conformation. The main structural

feature that facilitate the crystal packing is the stacking of molecules along

crystallographic a direction by means of 1t"-It interaction (3.72 A) and

intermolecular C—-H---O interaction (2.35 A, and l72.6°) which act in a
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The assignments are confirmed by the deuteriated proton spectrum in which

the intensity of these signals are considerably reduced. Multiplets observed in the

6.2-8.7 ppm range are assigned to the aromatic protons. A singlet at 3.8 ppm

conesponds to the methoxy proton. Fig. 2.18 shows the ‘H NMR spectrum of HgBN.

2.3.3.4. Mass spectrum

Mass spectrometry (MS) is an analytical technique that measures

the mass-to-charge ratio of charged particles. MS works by ionizing chemical

compounds to generate charged molecules or molecule fragments and measuring

their mass-to-charge ratios [38]. MS [ESl(M+l)] exact mass calculated for [M]+

(C20 H17 N3 03) requires m/2 347.37, found m/z 348.2 (Fig. 2.19).

Match Plot348.2  «- {.25‘ Pecilk
71 94.14

gr 1.51610]
as 1 370.2
g 1-020071

‘lsrmofifi I1

0. -1  ‘T1 l‘lfi7#T1—]‘I‘I TT‘fi*1‘i'Ifi_T 1 T1"r‘Fl T7 T 1‘ I"F‘FI‘OQCI} ZIXIID 33100 4C0.00 moo €10.31 703.00 800.03
In‘:

Fig. 2.19. Mass spectrum of HZBN (M+l ).

2.4. N—2-Hydr0xy—4-methoxybenzophenone-N’-4
nitrobenzoylhydrazone (H;BF)

The compound N-2-hydroxy-4-methoxybenzophenone-N’-4

nitrobenzoylhydrazone was prepared from 2—hydroxy-4—methoxybenzophenone

and N’-4-nitrobenzoyl hydrazide.5 0
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O

N-1*\\o
\ /NH

NH30 0\o OH
N-2-Hydroxy-4-methoxybenzophenone-N’-4-nitrobenzoylhydrazone

2.4.1. Experimental

2. 4.1.1. Materials

2—Hydroxy-4—methoxybenzophenone (Aldrich), and N’-4

nitrobenzoylhydrazide (Aldrich) and DMF (S.D.Fine) were used as received.

Solvents were purified by standard procedures before use.

2.4.1.2. Synthesis

The compound was synthesized by adapting the reported procedure [29].

2-Hydroxy—4-methoxybenzophenone (0.228 g, 1 mmol) and N’ -4

nitrobenzoylhydrazide (0.181 g, 1 mmol) were dissolved in 50 mL of absolute

EIOH. Three drops of cone. HCl were added and the resulting solution was

refluxed for 3 h. The compound precipitated upon cooling to room temperature,

was collected by filtration and recrystallized from EtOH. Colorless block

shaped crystals suitable for single crystal analyses were grown from a solution

of the compound in a mixture of DMF and ethanol (1 :1 v/v). The scheme for the

reaction is shown below (Scheme 3). Yield: 45%, M. P.: 207 °C. Elemental Anal.

Found (Calcd.) (%): C: 64.27 (64.45) H: 4.52 (4.38) N: 10.57 (10.74).5 1
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_Z°§§3:;

O

H.0 .9 *0‘0 + \ N+ reflux, 3 h\ ‘ + SH2N_NH 0 H , ethanol N
OH

‘E0 CH\ 3
2-Hydroxy-4-methoxy- N'~4-nitrobenzhydrazide N-2-Hydroxy-4-methoxy-benzophenonebenzophenone N‘-4-nitrobenzhydrazone

Scheme 3. Synthesis of N-2-hydroxy—4-methoxybenzophenone
N’-4-nitrobenzoylhydrazone

2.4.2. Single crystal XRD studies

The single crystal X-ray diffraction data of H2BF, were collected using

Bruker SMART APEX diffractometer, equipped with graphite —crystal,

incident-beam monochromator, and a fine focus sealed tube with M0 K0. (1 =

0.71073 A ) as the X-ray source. The structure was solved by direct methods

and refined by full-matrix least- squares calculations with the SHELXL-97

software package and all hydrogen atoms on carbon were placed in calculated

positions, guided by difference maps and refined isotropically. The molecular

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

generated using Mercury 2.3. and DIAMOND version 4.2g.

‘ 7.311‘-.$?.:“." ’
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bond character which

54

Table 2.7 Crystal data and structure refinement for H3BF

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group
Unit cell

Volume

2

Calculated density

Absorption coefficient
Fl000l

Crystal size

Theta range for data collection

Limiting indices

Reflections collected

Independent reflections

Absorption correction
Max. and min. transmission

Refinement method

Data 1 restraints 1 parameters
Goodness-of-fit on F2

Final Fl indices [I > Zsigmallll

R indices (all data}

Largest diff. peak and hole

C21 H17 N3 05

391.38

296(2) K

o.71o73Zr

Monoclinic Plrln

a =1i.2512(1oir°t
b= 24.ro5(2)lr°l
c =13.9105l11ll°t
ct = 90°

[3 = 93.204(3l°

y = 90° O
3766.815) A3

8

1.380 Mg! in“
0.101 mm"

1632.0

0.35x0.30 x 0.25 mm3

2.24 to 25.00°.
-13shs13
-28sks28
1651514
56673
6644

Semi-empirical from equivalents
0.9792 and 0.9711

Full-matrix least-squares on F2
6627141542
1.045

R1 = 0.0505, wR2 = 0.1205
Flr = 0.1099, wR2 = 0.1648
0.529 and -0.265 e. A3

R, = zg|F_| - ‘RH  £lF0 WR3 '=[Zlt‘{Fi,:-Ff)?"z1t'(FU3)3]l:

The C”/—Nl bond length of l.298(3) A confirms its significant double

indicates the formation of azomethine bond by

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

Department of Applied Ehemistry, (ochin University of Science and Tedtnology
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N1—N2 and N2—C 14 respectively. are greater than the value for a double bond and

less than the value for a single bond. which indicate significant delocalization of 7!‘

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

Table 2.8 Selected bond lengths (A) and bond angles (0) for H3BF

Bond lenggs Bond angles
O11 )—C(3) 1.363(4) C(7)—N(1)—N(2) 117.5(2)
C(5)—C(6) 1.405(3) C(14)—N(2)-N11) 120.4(2)
0(2)—C(5) 1.349(3) C(5)—C(6)—C(1) 1 16.612)
(316) —C(7) 1.459(4) N11)-[3l7)—C(6) 116.8(2)
C17) — N11) 1.298(3) N(2)—C(14)~D(3) 122.7(3)
N11)-N12) 1.372(3)

N(2)—C(14) 1.343(3)
C(14)~0(3) 1.220(3)

The formation of strong intramolecular O(‘2)—H(2)---N(l) hydrogen bond

(1.80(3) /51 and 146(3)") locks the molecular conformation resulting in a six

membcrcd pseudo-aromatic ring (Nl~C8—C5--C6 O1-—H) which is enhanced by

electron delocalization as can be seen easily from the bond lengths within the

ring (Table 2.3). This is also supported by the crls configuration of C6-C7 bond

with respect to N1 and C5 as shown by the torsion angle of-5.2(4)° perceived by

N1—(_'7—C6—C5 moiety. N2—Cl4 and C14 C15 are also in (its configuration

with respect to N1 and 03. N2 and C20 respectively as shown by the torsion

angles .\11—N2—C14~03, 4.0(4)° and N2-C14 ~C15—C20, 23.5(4)°. The

maximum deviation from the least—squares plane calculated for atoms 03. N1,

N2. C14 and C15 is 0.036(2) A for the N2 atom. The 4-methoxysalicyl ring is

syn—periplanar to 4—nitro phenyl ring as seen from the dihedral angle of 7_65°

between the rings. These facts support the planarity and delocalization of 2r

electron density over the central hydrazone moiety.
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2.5. Furan-2-carboxaldehyde nicotinoylhydrazone (HF N)

The compound furan-2-carboxaldehyde nicotinoylhydrazone was

prepared from furan-2-carboxaldehyde and nicotinichydrazide.

Furan-2-carboxaldehyde nicotinoylhydrazone

2.5.1. Experimental

2.5.1.1. Materials

Furan-2—carboxaldehyde (Aldrich), nicotinichydrazide (Aldrich) and

DMF (S.D.Fine) were used as received. Solvents were purified by standard

procedures before use.

2.5.1.2. Synthesis

The compound was synthesized by adapting the reported procedure [29].

Furan-2-carboxaldehyde (0.08 mL, 1 mmol) and nicotinic hydrazide (0.137 g, 1

mmol) were dissolved in 50 mL of absolute EtOH and the resulting solution was

refluxed for 3 h. The compound precipitated upon cooling to room temperature,

was collected by filtration and recrystallized from EtOH. Colorless block

shaped crystals suitable for single crystal analysis were grown by slow

evaporation of a saturated solution of HFN in ethanol. The scheme for the

reaction is shown below (Scheme 4). Yield: 45%, M. P.: 210° C. Elemental Anal.

Found (Calcd.) (%): C: 61.21(61.39) H: 4.12 (4.22) N: 19.38 (19.53).

fl..A"".?'§.I‘£3£$‘(:3.E--"$38532;(:1 ‘J .',(';.'.I '.E-I . '.4. \.o~\--o-9-us...-......,~*§ 1‘.
m-misc:.11-:.?3.€-3.§Si§E?‘.‘?E€5?’§?§‘?5:-:j-'?'f'.‘31??§?T?sf .j;i



Ehapler 2 0 0
\ \0 H N

\ + 2 \N” \ F-cfl"ux’—i'ii [’§\/“NH \O methanol 0  // NN

furan-2-carboxaldehyde nicotinichydrazide furan—2~carboxaldehyde

nicotinoylhydrazone

Scheme 4. Synthesis of furan-2-carboxaldehyde nicotinoylhydrazone.

2.5.2. Single crystal XRD studies

Single crystal X-ray diffraction data of aroylhydrazone (HFN) is collected

on a CiysAlis CCD, Oxford Diffraction Ltd. diffractometer, equipped with a

graphite crystal, incident-beam monochromator, and a fine focus sealed tube, Mo

K0t,(?L = 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 2 using SHELXL-97, and

all the hydrogen atoms were fixed in calculated positions.

2. 5. 2. I . Crystal structure of HF N

Pale pink block shaped crystals suitable for diffraction analyses were

grown by slow evaporation of a saturated solution of HFN in ethanol. The

aroylhydrazone crystallizes in triclinic space group P—1. There are two

independent molecules (Fig. 2.27) in the asymmetric unit with almost the same

bond length and bond angle, and therefore the detailed description can be limited

to one of these molecules. Fig. 2.28 shows the centrosymmetric dimers linked

through H bonding.

The molecule adopts an E configuration with respect to C7=N3 bond

and it exists in the keto form with C6=Ol bond length of 1.226 (2) A which is

-..:.;..':',; ---H;. _ ::_: -_;;-::;_.5... ..,. :_‘-3;‘:62



Chapter?

Table 2.10. Crystal data and structure refinement for HFN

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

2, Calculated density

Absorption coefficient
F(000l

Crystal size

Theta range for data collection
Limiting indices

Reflections collected l unique

Completeness to theta
Absorption correction
Max. and min. transmission

Refinement method

Data 1 restraints l parameters
Goodness-of~fit on F2

Final R indices [1 > 2sigma{l)]

R indices (all data)

Largest diff. peak and hole

C22 H13 Na 04

430.42

15012) K

0.71073 it

Triclinic, /’-1

a = 9.4411215
or = 75.10l2l°.
b = 1023713151

8 = 85.413(19l°
c = 11.023121 it

y = 84.11
1022.514) £13

2,1.398 Mglm3
0.100 mm“

448
0.26 x 0.21 x 0.18 mm

2.98 to 25.00 deg.
-11< =h< =11,-12< =k< =11,-12< =|< =13
94301 3589 lR(intl = 0.0230]
= 25.00 99.7 %
Semi-empirical from equivalents
0.9822 and 0.9744

Full-matrix least-squares on F2
3589101 297
0.893

R1 = 0.0408, wR2 = 0.1150

R: = 0.0570, wR2 = 0.1255
0.213 and -0.329 e. A3

R. = E|iF,. - F,.|l  E!F,,|n-R3 = [Z11-(Ff-F,.3]3="Zn'tF,,:l:J' 3

The molecules shown participate in C—H'“1t interactions formed between

the H atoms attached at the C10 and C12 atoms and the fltran rings (Table 2.12).

The presence of 11-112 interactions. with centroid centroid distances of 3.7864( I 5).

3.7864(l5). 3.7274( 1 5) and 3.7273(l5) A between the rings. is also noted [48].

--—-—-—-Department of Applied Chemistry, {othin University of Science and 1ethno|ogy——_—_
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their mass-to—charge ratios [3 8]. MS [ESI(M+l)] exact mass calculated for [M]+

(CH H9 N3 02) requires m/z 215, found m/z 216.2 (fig. 2.34).
§

Match Plot5 :07 .X E Perm 4‘-.5 “I
4x107-3

4

3xIo7€

mtensnry M073 238-2
M075

3G I I I‘ I f'I I I I I ‘F ' I I I I 1% I I I I fiér I 1106.00 2(X[}.03  43103 _ IID  7113.00 KXICO
mfz

Fig. 2.34. Mass spectrum of HFN (M+1).

2.6 . 5-Brom0-3-methoxysalicylaldehyde benzoylhydrazone (HZSB)

The compound 5—bromo-3—methoxysalicylaldehyde benzoylhydrazone (H288)

was prepamd from 5—bromo-3-methoxysalicylaldehyde and benzhydrazide.

5-Bromo—3-methoxysa!icylaldehyde benzoylhydrazone2 7 0
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2.6.1. Experimental

2.6. I. 1. Materials

5-Bromo-3—methoxysalicylaldehyde (Aldrich). benzhydrazide (Aldrich)

and DMF (S.D.Fine) were used as received. Solvents were purified by standard

procedures before use.

2.6.1.2. Synthesis

The compound was synthesized by adapting the reported procedure [29].

5—Bromo—3-methoxysalicylaldehyde (0.231 g, 1 mmol) and benzhydrazide

(0.136 g, 1 mmol) were dissolved in 50 ml. of absolute Et0lI. The resulting

solution was refluxed for 3 h. The compound precipitated upon cooling to room

temperature. was collected by filtration and recrystallized from EtOH. Colorless

block shaped crystals suitable for single crystal analyses were grown from a

solution of the compound in a mixture of DMF and ethanol (lzl \-':"v). The

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

Elemental Anal. Found (Calcd) (9/0): C: 51.22 (51.60) H: 3.42 (3.75) N: 7.88 (8.02).

H3(.\o
H L”3 \0 UHOH O reflux 3 h 0+ _ ' ,. /N>‘ lfl ethanol Br \NH/0 H2t\'—\iHBr

5—bromo-3-methoxysalicyl benzhydrazide 5-bromo-3—methoxysalicylaldehydeamehyde benzoylhydrazone
Scheme 5. Synthesis of 5-bromo-3-methoxysalicylaldehyde benzoylhydrazone

2.6.2. Single crystal XRD studies

The single crystal X—ray diffraction data of H_»BF, were collected using

Brukcr SMART APEX diffractometer. equipped with graphite —crystal,

Department of hpplied Ihemistry, (othin University of Stience and Technology-—:—
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The bond angles and bond lengths are summarised in Table 214. They

are similar to those reported for substituted aroyl hydrazones [44]. The C8—O3

bond has a significant double bond character, 1.214(7) A shows‘ the existence of

the ligand in amido form in the solid state. The C7—Nl bond length of 1.273(9)

A confirms its significant d0uble—bond character.

Table 2.13. Crystal data and structure refinement for HZSB

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

2, Calculated density

Absorption coefficient
F1000}

Crystal size

Theta range for data collection

Limiting indices

Reflections collected 1 unique

Completeness to theta

Absorption correction
Max. and min. transmission

Refinement method

Data 1 restraints I parameters
Goodness-of-fit on F2

Final R indices [1 > 2sigmall)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

C15 H15 Br N2 04

367.19

29312) K

0.71073 A
Urthorhombic, P2: 2: 21
a = 4.7223(5) A a= 90°

in 1093571171 A p= 90°.
0 = 23.02813) 71 7 = 90°.
1515.413} 11°

4.1.609 Mglma
2.732 mm"

744.0
0.32 x 0.25 x 0.22 mm
1.71 to 26.00°

-5< =h< =5, -17< =k< =17, .22< =l< =28
127691 2969 [R(int) = 0.0899]
= 26.00 99.9 %
Semi-empirical from equivalents
0.549 and 0.446

Full-matrix least-squares on F2
2968131208
1.070

H1 - 0.0541, wR2 = 0.1390
R1 -—- 0.0798, wR2 = 0.1680

0.0012)

1.210 and -0.372 e.A'3

R: = F~|lFol - lFcll / EIFOIWR2 = [EW(Fo2'Fc2)2/ EW(Fo2)2]'/27La»)
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The values of 1.378(7) and 1.353(7) A for the bond distances ofNl—N2

and N2—C8 respectively, are greater than the value for a double bond and less

than the value for a single bond, which indicate significant delocalization of 7r

electron density over the hydrazone portion of the molecule.

The configuration of C6-C7 bond is cis with respect to N1 and Cl as

shown by the torsion angle of -1.0(9)° perceived by N1—C6—C7—C1 moiety.

This arrangement enables the 0(1)-H to form strong intramolecular H-bond

with azomethine N1 atom (1.93 A and 145°) resulting in a six membered

pseudo-aromatic ring (N1—C8—C5—C6—Ol-H) which is enhanced by electron

delocalization as can be seen easily from the bond lengths within the ring (Table

2.15) configuration about N2—C8 and C8-C9 are also cis with respect to N1

and 03, N2 and C10 respectively which is supported by the torsion angles N1

N2—C8—O3, — 0.6(8)° and N2—C8—C9—C10, 4.9(8)°. This supports the

disposition of 03, N2 and C10 to involve in H-bonding with water molecules on

either side of the hydrazone moiety (Table 2.15).

The molecule as a whole is roughly planar with a maximum dihedral

angle of 5.2(3)° between the rings formed by the atoms C1, C2, C3, C4, C5, C6

and C9, C10, C11, C12, C13, C14 respectively. The maximum deviation from

the least-squares plane calculated for all non hydrogen atoms is 0.095(7) A for

the C13 atom. The torsion angle values, l79.7(5)° and 179.4(5)° attained by C8

N]—N2—C7 and N1-N2—C8—C9 suggest the existence of the ligand in trans

configuration along the N1—N2 which supports the possibility of intermolecular

C7—H7---01W weak hydrogen bonding (2.50 A, 146°) and trans along N2— C8

which supports the possibility of intermolecular C10—H10--°OlW weak

hydrogen bonding (2.42 A, 166°). The structure of the compound is given in

Fig. 2.35.
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Table 2.14. Bond lengths [A] and angles l“] for H_»SB

Bond lengths (9) Band anglis 1°)
C(1l—Dl1l 1.337(7) C(7)—N(1)-N(2l 116.2(6)
C(2)—U(2l 1.383(7) C(8)—N(2l—l\l(ll 119.1(5)
Cll )—C(6l 1.398(8) C(5l-C(6)—Cl1l 119.7(5)
13(6) —|3(7) 1.441(9) N(l)~C(7l—C(6) 122.3(6)
Cl7) — l\l(1) 1.273(9) N(2l—E(8)—C(9) 115.3(5)
N(1)—N(2) 1.378(7)
Nl2l—Cl8l 1.353(7)
C(8)—0(3) 1.214(7)

The principal feature of the crystal packing is the formation of a

supramolecular chain mediated by a network of hydrogen bonds (Fig. 2.36 and Table

2.15). The water molecules present in the lattice are involved in a double donor-single

acceptor hydrogen bond (Fig. 2.38). The novelty about this crystal lies in the packing;

three molecules are involved in intemiolecular hydrogen bonding interactions with

one water molecule. H( 1A) from water is connected to 03 of one hydrazone molecule.

H(lB) of the same water molecule is bonded to 01 ofa second molecule and 01W of

the water molecule is attached to -.\l2—H(2.\l) of a third hydrazone moiety through

intemioleeular hydrogen bonding interactions. Finally these chains are linked in to

highly ribbed 3D array by extensive hydrogen bonding interactions including C ~H---O

contacts (Fig. 2.37).

Molecules are stacked one dimensionally along ‘a’ axis (Fig..-2.36).

C—H---O, C-11---rt and very \-veak Cg---Cg interactions support this (Table 2.15). The

molecules form separate slanding layers in a zig—zag fashion progressing along

crystallographic ‘b" axis (Fig.2.39). Neighboring molecules in each layer are linked

through a water molecule by H—bonding interactions. This linking continues

infinitely in the direction of the crystallographic ‘If axis as shown in Fig. 2.39.
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SYNTHESES, CRYSTAL STRUCTURES AND SPECTRAL STUDIES DE

OXIDO/DIOXlDOVANADlUM(lV/V) COMPLEXES DERIVED FROM
TRIDENTATE AROYLHYDRAZONES

3.1 Introduction

3.2 Experimental
3.3 Results and discussion

Referenres
Cantento

3.1 Introduction

Nowadays, one of the major research goals of a chemist is to find new

and efficient catalysts for the industrially important reactions.
Oxido vanadium(IV) Schiff base complexes have obtained much attention due

to their catalytic properties [1]. The metal ions and their biomolecular

complexes are essential for life on earth and are important not only in

metalloproteins and metalloenzymes but also in gene expression [2]. Vanadium

is normally present in very low concentrations (<l0'8 M) in all plant and animal

cells. Vanadium complexes containing diazo and hydrazido group attracts

attention as they are useful in understanding the mechanism of
metalloenzymatic reduction of nitrogen. Vanadium has an electronic

configuration of [Ar]3d34s2, and the common oxidation states of vanadium

include +2, +3, +4, and +5. The +1 oxidation state is rarely seen. Under

physiological conditions, both the +4 and +5 oxidation states of vanadium are

accessible kinetically and thermodynamically.
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Vanadium exists in a plethora of oxidation states 3, 4 and 5. It readily

forms V-0 bonds and comfortably binds N and S, forming chemically robust

coordination compounds. Vanadium(V) in particular, exhibits stereochemically

flexible coordination geometries ranging from tetrahedral and octahedral to

trigonal pyramidal and pentagonal bipyramidal [3]. The potential for redox

interplay, whether V”)/VW) or Vim/Vim), increases the versatility of this

element in the biological milieu [4]. Coordination chemistry of vanadium is

interesting because of its involvement in the inhibition of phosphate

metabolizing enzymes, stimulation of phosphomutases, anticancer activity,

insulin mimetic activity etc. One of the most widespread lifestyle-related

diseases in the 215' century is thought to be diabetes mellitus (DM). To treat

DM, several types of insulin preparations are in clinical use, but have several

side effects. Thus, the disease demands extraordinary effects to define

pathobiochemical pathways and strategies for prevention. For this purpose,

oxido vanadium(1V) (vanadyl, V02‘) containing complexes have been explored

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

Vanadium coordination chemistry is further enthused as it can originate

structural and/or functional models for vanadate-dependent haloperoxidases, for

vanadium nitrogenases and other biologically active vanadium compounds [6,7].

The active site structures of the vanadate-dependent haloperoxidases have been

revealed by X-ray diffraction studies. N—Salicylidenehydrazides are versatile

tridentate ligands and several types of VWO-, VVO- and VVO2-complexes have

been obtained [8]. Some of these complexes have been reported as, structural as

well as functional mimics of vanadiumbromoperoxidases [9]. Maurya et al.

reported the synthesis and characterization of the binucleating hydrazones of

oxidovanadium(IV) and di0xidovanadium(V) complexes as well as their

catalytic and reactivity patterns [10].
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The coordination chemistry of vanadium compounds with polydentate

ligands acquired a special status in the last decade because of its catalytic

[11,12] and medicinal [l3—l6] input. Complexes of vanadium exhibit

significant role in nitrogen activation and fixation and are also important in

normal mammalian metabolism [17]. At pharmacological concentrations,

vanadium acts as a potential therapeutic agent [18,19]. Maurya et al. reported

VO2+ complexes of aroylhydrazones, in search of vanadium compounds with

neutral charge [20] (one of the desirable qualities of vanadium compounds to be

useful as biomimetic drugs include neutral charge ). Thus vanadium complexes

are important in catalytically conducted redox reactions [21], potential

pharmaceutical applications [22-24] and in the studies on the metabolism and

detoxification of vanadium compounds under physiological conditions [25]

which initiates much interest in the structural elucidation of its coordination

compounds. It is interesting to note that Kuriakose et al. have synthesized the

oxidovanadium compound VOL(OCH3), crystallized as a dioxidoovanadium

species due to aerial oxidation into a monoclinic lattice with P21/c symmetry

[26].

The heterocyclic adducts of V0” complexes of ONO donor (1-amino

acid Schiff bases with NN donor phenanthroline bases display efficient DNA

binding tendancy [24]. A series of oxidovanadium(IV) complexes incorporating

heterocyclic bases have been synthesized in the presence of a heterocyclic base

2,2’-bipyridine [27]. Oxid0vanadium(lV) and dioxidovanadium(V) complexes

are commonly synthesized (i) by the reaction of vanadates with ONO-functional

ligands in aqueous solution [28] (ii) by the reaction of [VO(OEt)3] with

appropriate ligands [29] and (iii) by the reaction of [VO(acac)3] (acacH =

acetylacetone) or VOSO4 with the ligands in non-aqueous or mixed solvent

media followed by oxidation with 02 [30,31].
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Herein we report the synthesis and characterization of some new

vanadium(lV/V) complexes including mixed ligand compounds. Fortunately we

could isolate X-ray quality single crystals of two compounds, one each of

oxidovanadium(V) and dioxidovanadium(V). It is interesting to note that the

dioxidov vanadium compound crystallizes into channels which may tend to

accommodate other molecules, atoms or ions and can possess good catalytic

properties.

3.2 Experimental

3.2.1 Materials

All chemicals and reagents are of reagent grade quality. 2-Hydroxy-4

methoxybenzophenone (Aldrich), furan-2-carboxaldchyde (Aldrich), nicotinic acid

hydrazide (Aldrich), benzhydrazide (Aldrich), vanadyl sulphate monohydrate

(Aldrich), 4-picoline (Qualigens), 2,2’-bipyridine (Qualigens), 1,10-phenanthroline

(Ranchem) and DMF (S.D. Fine) were used without further purification. Methanol

and ethanol were used as solvents.

3.2.2 Syntheses of aroylhydrazones

The aroylhydrazones, 2-hydroxy-4-methoxybenzophenone benzoylhydrazone

(H2BB), 2-hydroxy-4-methoxybenzophenone nicotinoylhydrazone (HZBN) and furan

2-carboxaldehyde nicotinoylhydrazone (HFN) were synthesized as described in

Chapter 2.

3.2.3 Syntheses of vanadium complexes

[VO(BB)]2 (1): To a hot methanolic solution of HZBB (0.346 g, 1

mmol), vanadyl sulfate (0.163 g, 1 mmol) dissolved in hot methanol was added.

The resulting solution was refluxed for 5 h. and then kept at room temperature.
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The reddish brown crystalline precipitate of 1 that separated out was filtered,

washed with ether and dried over P4010 in vacuo. Elemental Anal. Found

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

[VO(BB)(bipy)]~H;O (2): Methanolic solutions of 2,2’—bipyridine (0.156

g, 1 mmol) and HZBB (0.346 g, 1 mmol), were added to methanolic solution of

VOSO4-H20 (0.163 g, 1 mmol). The resulting dark brown solution was refluxed for

4 h. On cooling brown crystalline precipitate was separated, filtered, washed with

methanol, followed by ether and dried over P40”) in vacuo. Elemental Anal. Found

(Calcd.) (%):C: 63.82 (63.59), H: 4.19 (4.43), N: 9.43 (9.57).

[VO(BB)(phen)]~HzO (3): To a methanolic solution of VOSO4-H20

(0.163 g, 1 mmol), were added methanolic solutions of l,l0—phenanthroline

(0.198 g, 1 mmol) and H283 (0.346 g, 1 mmol). The resulting dark brown

solution was refluxed for 4 h. Kept at room temperature for cooling, brown

crystalline precipitate was separated, filtered, washed with methanol, followed

by ether and dried over P4010 in vacuo. Elemental Anal. Found (Calcd.) (%):C:

64.61 (65.03), H: 4.44 (4.30), N: 8.78 (9.19).

[VO(BB)(OCH3)] (4): Methanolic solution of H_5_BB (0.346 g, 1 mmol)

was added to VOSO4-H20 (0.163 g, 1 mmol) dissolved in a mixture of methanol (20

mL) and dimethylfonnamide (2 mL). The resulting dark brown solution was

refluxed for 4 h. On cooling brown crystalline precipitate was separated, filtered,

washed with methanol, followed by ether and dried over P4010 in vacuo. Dark

brown blocks suitable for single crystal X-ray diffraction studies were obtained by

slow evaporation of its solution in methanol and DMF (l0:l ratio v/v). Elemental

Anal. Found (Calcd.) (%):C: 59.66 (59.87), H: 4.02 (4.1 1), N: 6.21 (6.35).

[VO(BN)]2 (5): To HZBN (0.347 g, 1 mmol) dissolved in methanol,

were added methanolic solutions of 2,2’-bipyridine (0.156 g, 1 mmol) and

"$9.3;-‘,'>~’=5?I7E£E§££3'€?‘§:'f$£ifii?§?iTif57“5:?‘?‘;?~§1‘3§3}?5§.§§‘}'-E'3-§"E"'::*' * ‘   %-parfznenrofjl, . o < -:';<_""-::’::‘:'_' . . I.” 4 2 ‘ ( . °...:..:‘.;._....-, -:..y-._»_~_;:_-WE;---'__‘:
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VOSO4-H20 (0.163 g, 1 mmol). The resulting dark brown solution was refluxed

for 4 h. On cooling brown crystalline precipitate was separated, filtered, washed

with methanol, followed by ether and dried over P4010 in vacuo. Elemental

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

[VO(BN)(phen)] (6): To a methanolic solution of VOSO4-H20 (0.163

g, 1 mmol), were added methanolic solutions of 1,10-phenanthroline (0.198 g, 1

mmol) and l-IZBN (0.347 g, 1 mmol). The resulting dark brown solution was

refluxed for 4 h. Kept at room temperature for cooling, brown crystalline

precipitate was separated, filtered, washed with methanol, followed by ether and

dried over P4010 in vacuo. Elemental Anal. Found (Calcd.) (%):C: 64.73

(65.13), 1-1: 3.89 (4.47), N: 11.7 (11.5).

[VO;(HBN)]-H20 (7): To H2BN (0.346 g, 1 mmol) dissolved in

methanol, methanolic solution of 4-picoline (2-3 mL) and VOSO4-H20 (0.163 g,

1 mmol) dissolved in a mixture of methanol and DMF ( 10:1 v/v) were added.

The resulting dark brown solution was refluxed for 4 h. On slow evaporation by

keeping at room temperature yellow needle shaped single crystals suitable for

single crystal X—ray diffraction studies were obtained, 2-5 crystals separated and

the remaining filtered, washed with methanol, followed by ether and dried over

P4010 in vacuo. Elemental Anal. Found (Calcd.) (%):C: 55.64 (55.95), H: 3.55

(3.76), N: 9.54 (9.79).

[VO2(7: iFN)i(H;Oj1(8): To HFN (0.215 g, 1 mmol) dissolved in

methanol, was added methanolic solution of VOSO4-H20 (0.163 g, 1 mmol).

The resulting dark brown solution was refluxed for 4 h. On cooling brown

crystalline precipitate was separated, filtered, washed with methanol, followed

by ether and dried over P4010 in vacuo. Elemental Anal. Found (Calcd.) (%):C:

41.56 (41.92), H: 3.49(3.20), N: 14.72 (13.33).
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3.3 Results and discussion

We synthesized and characterized eight vanadium complexes which are

found to be stable. The complexes are soluble in organic solvents like

acetonitrile and DMF. The hydrazones coordinate to the central metal ion in the

amide form in compound 7 and in iminolate form in all other complexes. The

elemental analyses values showed that the found and calculated values are in

close agreement with the general formula of the complexes. All the complexes

are characterized by various physicochemical techniques such as elemental

analyses, FT—lR, EPR, electronic spectral studies, single crystal XRD studies,

thermogravimetric analyses, conductance and magnetic susceptibility

measurements. Compounds [VO(BB)(OCH3)] (4), [VO3(HBN)]-H20 (7) and

[VO2(FN)(H2O)] (8) are vanadium(V) with do configuration and are diamagnetic

in nature and the remaining five compounds are paramagnetic with central

vanadium ion in +4 oxidation state. Complexes 1 and 5 exhibit subnormal

magnetic moments (tier: = 1.34 and 1.42 B.M. at room temperature) due to the

strong antiferromagnetic coupling, which proposes a dimeric nature to these

complexes. Magnetic susceptibility values for complexes [VO(BB)(bipy)]-H30

(2), [VO(BB)(phen)]-H20 (3) and [VO(BN)( plie'n;)] (6) are near to the spin only

value for a d1 system. The molar conductivity values for all the complexes in 10'

3 M DMF solution are found to be in the range 4-12 ohm'1 cmz mol‘1 which is

less than the value of 65-90 ohm" cmz mo1'l reported for a 1:1 electrolyte in the

same solvent. This confirmed the non—electrolytic nature of the complexes. The

magnetic susceptibility and molar conductivity values of the complexes are

listed in Table 3.1.

X—ray quality single crystals of compounds [VO(BB)(OCH3)] (4) and

[VO2(HBN)]-H20 (7) were grown and analysed by single crystal XRD studies.

'.»%i‘é.'}zsg
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The coordination geometry of the complexes are found to be distorted square

pyramidal. Crystal packing shows that compound 7 polymerises to form one

dimensional channel like molecular architecture. EPR spectra ‘of the compounds

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

complexes the g" < g and A” > A i relationship, show an axially compressed diy

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

field signal due to spin~spin interaction.

Table 3.1 Molar conductivities and magnetic susceptibilities of
vanadium complexes

g 2-?compoundJ l 1 i Jul.”-;ié?:'-i32*ueni§.m.>~;':?I:§‘
[VUlBBll2 (1) 5 1 .34
[llU(BB)(bipvll'H20 (2) 10 1.31
[V0(BBlllJherIll'H20 (3) 8 1.76
lVUlBBllUCH3ll (4) 7 Diamagnetic[V0(BN)l2 (5) 4 1.42
[V0(Bl\lllphen)l (5) 5 1.79
[V02(HBl\l)]-H20 (7) 6 Diamagnetic
[V02("FN)-(H2018) 7 Diamagnetic
‘molar conductivity (in ohm" cmz mo|“} taken in lEl'3M DMF solution.

3.3.]. X-ray crystallography

The Single crystal X-ray diffraction data of two vanadium complexes,

[V0(BB)(OCH3)] (4) and [VO2(HBN)]°H2O (7) were collected on an Oxford

Xcalibur Eos (Mova) Diffractometer at 100 K using Mo K0. radiation (7l.=0.7l07

A)with X-ray generator operating at 50 kV and 1 mA. The structures were solved

and refined using SHELX97 module in the program suite WinGX. The molecular

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

using Mercury 2.3.The geometric calculations were carried out by PARST95 and

PLATON and all the hydrogen atoms were fixed in calculated positions.
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Table 3.2. Crystal data and structure refinement parameters for
[V0(BB)(OCHz)] (4)

Empirical formula

Formula weight

Temperature (Tl K

Crystal system

Space group

a (to, b (iii, c iii)

t1l°l.Bl°l.yl°l
Volume (1113)

Z

pmdmgmmfl

ll (mm"l

F1000)

Crystal size (‘mm3l

2® range for data collection

lndexranges

Reflections collected

lndependent reflections

Datalrestraintslparameters

Goodness-of-fit on F2

Final R indexes [I > 20 (Ill

Final R indexes [all data]

C22Hi9N5U5V

442.34

298121

monoclinic

P2110

11.141315), 8.7739(4), 21.320819)

90.00, 102573141, 90.00

203419116)

4

1.444

0.524

912

0.30 x 0.20 x 0.20

4.8 to 52°

-13ShE13,-10Sk'£10,-2651326
23362

4000[Rlintl = 0.0433]

4000101273

1.041

R1 = 0.0425, wR2 = 0.1051

R1 = 0.0543, wR2 = 0.1111

0.3071-0.256Largest diff. peaklhole e (143)

R. -—-- sum - §F,:  2 F(,|wR3 = [Zl1'(Fl,:-Ff): = zut if F1‘ 3

The fourth and fifth coordination positions are occupied by one methoxy

oxygen (05) and one terminal oxo group (04). Comparing the bond angles and

bond lengths, it is evident that the square pyramidal geometry is considerably

distorted, with the axial site taken up by the terminal oxo atom (04). The V-

O.,,,...z,. distance l.5823(18) is comparable to that in similar compounds [32]. The

94 T flepartmenl of App/ice’ (lwmisfry, (or/Ii/I I//river://y a/frie/Ire and fer/ma/agy
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V-02, O3, and O5 bond lengths are less than 2 A and that of V—Nl is 2.093(l8)

A indicating a strong coordination of the methoxy group and the ligand to the

metal centre. The relatively short C8~N| and C l5—N2 bond distances of

1.311(3) A and 1.292(3) A coupled with the N1 —N2 distance of 1.396(3) A,

indicate that there is conjugation along the backbone of the tridentate ligand and

it is coordinated to the vanadium ion in the iminolate form [33]. The bond

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

Table 3.3 Selected bond lengths (A) and bond angles (°) of1VO(Bl-3)(OCH_~,)] (4)

Bond lengths Bond angles
11111-N111 2.09031181 0141-11111-0151 104.3316}
11111-0121 1.829911 61 0121-11111-0131 135.35171
11111-0131 1 .908111 61 0141 -11111-0151 108.03191
11111-0141 1 .58231l 81 0121-1111 1-0141 108.3319)
11111-0151 1.7607111 0141-11111-0131 1 1 1.83191
(2141-0121 1.340 131 0131-11111-0151 88. 78181
C1151-0131 1.317131 0151-1111 1-0121 98.33181
C1221-0151 1.415141 0151-11111-N111 157.3318}
C121-0111 1.355131 0131-1111 1-N111 75.02171
C141-C151 1.408131 0141-11111-N111 94.83191
C151-C181 1.448131 0121-11111-N111 83.06171
N111-C181 1.311131 0151-11111-015a} 74.99151
N111-N121 1.396131 11111—0131—C1l 51 118.391141
111121-011 51 1.292131 C1151-N121-N111 108.451171

The vanadium(V) ion in the live Coordinate complex adopts a distorted

square pyramidal structure with O2, O5. O3 and NI atoms defining the

equatorial plane and terminal oxo atom (04) at the apical position. The trans

angles 02--Vl—O3. 135.3517)" and ()5-V1-.\1l. 157.3318)” are practically

compressed. The apical V----O4 bond is not exactly perpendicular to the basal

square plane as seen from the bond angles of O4—V1—O3. l 1 l'.83(9)" and O4

Vl-—O2, l08.33(9)". The equatorial bond angles deviate much from the expected

value of 900". When these bond angles are summed it comes below 360.0“

Department of Applied (llemirlry, (or/I/'11 1/niverriry affr/‘ante and for/ma/ogy 4
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The V(V) centre is surrounded by two fused five and six membered

chelate rings Cg(l){V, N1, N2. 05. O3} and Cg(_2) {V, N1, C8, C5. C4,02}

with a dihedral angle ol‘ 2] 00(8)" between them which indicates deviation ofthe

basal portion from planarity. The five membered chelate rings C g( l) and C g(2)

make dihedral angles of 62.08(l2)“ and 43.84(l I)“ with the ring Cg(4) {C9

C14} indicating that the ring Cg(4) twists significantly out of planarity. The

mean plane deviation calculation shows that from the plane containing atoms V,

02, N I , C4, C5, and C8. atoms 03 and 05 show deviations of 0.467(2) A and '

0.038.(2) .7\ respectively. From ring puckering analysis [36] it is clear that the

five membered rings Cg( l) and Cg(2) are puckered with Q values 0.l0l2( 16) A

and O.5207(l5) A and cl) values l.3(l2)" and 194.1(2)" respectively. The five

membered ring Cg(l) exhibits a T (twist boat) conformation and fonns an

envelope on V. the central metal atom [37]. Thus the five coordinate complex

exhibits a distorted square pyramidal geometry, and the significant deviation

from regular square pyramidal geometry is evident from the values of bond

angles and bond lengths as summarized in Table 3.3.

Centrosymmetric molecular dimers are formed via C-H’--N interactions

(2.66 A. and 145.40) and C-H---O interactions (2.65 A, and 153.2°) (Fig. 3.2). In

addition, a different kind of C~H~-0 interaction also occurs between methyl C—H

donor and terminal oxo- oxygen atom acceptor (2.63 A, and l30.7°).This along

with a C,mi,_.., -H»--rt (2.82 A) interaction enhances the stability ofcrystal packing.

It is to be noted that in this case the C.‘.,,m,,_\... --—H hydrogen bond donor is pointed

towards the centre of the C l l—Cl2 bond. Interestingly, weak homonuclear C

H«-«H-C‘ dihydrogen interaction (2.30 A) are formed in a centrosymmetric

fashion (Fig. 3.3} between the dimers formed by C—ll---N and C-H---O

interactions. In this crystal structure. the weak C-H---H-C dihydrogen interaction

can add to the packing stability owing to the absence of any classical hydrogen

Doparlmenl afdpp/fed (fiemirfry, [or/tin l/niversfry offtieme and for/ma/agy fl
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than 2 A and that of VI N1 is 2.175(4) A indicating a strong coordination of the

dioxido group and the ligand to the metal centre.

Table 3.5. Crystal data and structure refinement parameters for

[VO2(HB-V1)]'H2O (7)

Formula C20H1aN3UsV
Formula weight 447.32
Temperature (K) 293(1)
Crystal system TriclinicSpace group P-1am) 5.900(5)1201) 9.057151c111) 20.153151a 1°) 85.164151/31°) 81.88715}1°) 82.61415)
Volume (Z13) 939.6(10)Z 2
Density {gcm'3) 1.5810gr (mm‘) 0.574F (0001 460.9hmin,max -8, 8
kmrn,max -11, 11
1min. max -30, 29
N0. 01 unique reflections 3290
No.01 parameters 284
Hall, Rubs 0.0794, 0.0375
w/Pzau, wflzous 0.1834, 0.1716
Apma. (e 113) 1 .095GOOF -0.936, 1.039

R1 = 2| Fol — FL.“  ZiF.,iu‘R; = [I1-r‘(F\. :_F\_:}:  ZMFn:}:]r 2

I 0 (' 1} T Department ohfpp/fed (/tam/st/y, (or/tin (tam-rsity offrio/Ire and fer/ma/agy
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The relatively short C7—?\11 and C14—N2 bond distances of 1.302(5) A

and 1.296(5) A coupled with the Nl—-N2 distance of 1.410(5) 13., indicate that

there is conjugation along the backbone of the tridentate ligand and it is

coordinated to the vanadium ion in the enolate form [33]. The bond distances

are in the range of those reported in the Cambridge Structural Database for

similar compounds [34].

Table 3.6. Selected bond lengths (A) and bond angles 1") of [VO3(HBN)]-H30 (7)

Bond lengths Bond aItgL§
11111-0111 1.890131 0111-1111 1-0121 145.911141
11111-0121 1.974141 01114111 1-0131 94.881141
11111-0131 1.654131 0111 —11111—0141 1051531151
11111-0141 1.612141 0111-1111 1—N111 82.17113)
11111~N111 2.175141 0121-1111 1-0131 91.391131
13111-0111 1.330151 0121—1111 1-0141 103.791151
D1141~0121 1 309151 0121~11(11~N111 73.3 711 2-1
C181-C171 1.504161 0131-1111 1-0141 109.181161
N111-N121 1.410151 0131—11111—N111 143.911151
N111-C171 1.302151 0141—11111—N111 106.211141
C1141-N121 1.296151 11111-0111-C111 130.0131
C1141-C1151 1.487161 11111-0121-C1141 118.3121
D111-C161 1.404161 11111—0131—C1371 142.0141
C161-[I171 1.467161 N111-N121-C1141 107.7131

The vanadium(V) ion in the fivecoordinate complex adopts a square

pyramidal structure with O1. 02. one of the oxygen atoms of the dioxido group

03 and N1 atoms defining the equatorial plane and the other terminal oxo atom

(04) at the apical position. Comparing the bond angles and bond lengths. it is

evident that the square pyramidal geometry is considerably distorted. The trans

angles O1—\/1-02. 145.9l(l4)" and 03 V1 N1, 14391115)“ are practically

compressed. The apical V1—O4 bond is not exactly perpendicular to the basal

square plane as seen from the bond angles of O4—V1—O3._ 10918116)" and O4

fleparlmenl ofdpp//‘ed (/Iemislry, (or/tin I/niversily of friente and fer/ma/ogy —_—fl
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value 0.435(3) /\ and (1) value 287(5)” respectively. The six membered ring Cg( l)

exhibits a S-form conformation with the central metal atom [37]. Thus the five

coordinate complex exhibits a distorted square pyramidal geometry, and the

significant deviation from regular square pyramidal geometry is evident from the

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

Pyridinium moiety in the ligand involves in N—H~-O hydrogen bond

(l.7l8 A. l74.l2 /3.) with the oxo—0xygen atom forming Centrosymmetric

molecular dimers (Fig. 3.6). These dimers are further interlinked via water

mediated O—H-~-O hydrogen bonds assisted by a variety of C—H~--O and

C-—H---It interactions. Water oxygen atom acts as the hydrogen bond acceptor in

one of the C—H~-O interactions, and oxo-oxygen atom in another (Fig. 3.7).

Similarly. hydrogen atoms in the methoxy group are involved in two different

kinds of C-—H---JI interactions, adding to the stability of the crystal. Molecular

packing in [VO3(HB.\l)]-H30 (7) results in channel like assembly as shown in

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

Table 3.7. Interaction parameters of the [VO3(HBN)]'HgO (7)- ll-hontlingflaractions .
D-H"'A n-rm’: o---A17’) H~-Ari AD-H--AP Symmetry codes

01W—HlWB---03 034(7) 2.961(5) 213(7) 152.3(6) x,y,z
0lW—HlWA---D4 0.3417) 3.15515) 2.36l7} 154.5(5) x+l,+y,+z
c2—H2---04 0.9314) 3.391(5) 2.532(3) 153.7(2) x+l,+y,+z
013-1113---01w 0.930(5) 3.387(6) 2.543(4) 135.1(2) -x,-1,),-2+1
N3-H3N---U3 0.3912) 2.507(5) 1.7112) 174.1(2) -x,-y,-2+1
1t~Il: interaction

cg(1)---cgui cg-~-cgirii al°l 01°)
cg(1)---(:g(5) 3.711(8) 9.510) 11.39 l+x,)/,2
Cgl5l  Cgll l° 3.711(8) 9.5(6l 20.56 -1 +x,y,z
Cg (1) = Vlll. 0(3), C(15), M2), M1)

Cg (1) = Cl8l-C(13)

D, Donor; A, acceptor; Cg, centroid; or l°l, dihedral angle between planes l and J; [3 l°l, angle between Bglll-CglJl
vector and normal to plane I.

Department ofdpp/iea’ (/Iemistry, (or/71'/7 University afftiente and fadmo/agy fl
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cation, superhyperfine coupling due to nitrogen atom of the ligand is not

resolved in a typical X-band EPR spectrum as the single electron is residing in a

sigma non-bonding orbital pointing away from the ligands in the equatorial (xy)

plane. The unpaired electron staying in the bgg ((!xy 38; ground state) orbital is

localized on metal for most of the time. excludes the possibility of its direct

interaction with the ligand [39,40]. The V(lV‘) complexes 1, 2, 3, 5 and 6 are

EPR active and their spectra were recorded in polycrystalline state at 298 K and

in DMF solution at 77 K. The spectral parameters are collected in Table 3.8.

V(V) complexes 4, 7 and 8 are EPR silent as vanadium is in +5 oxidation state

with d” configuration and are diamagnetic.

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

P0lV¢"VSt [IMF solution (Tl I0

Compound 2;: 0“ ll 5.; ‘H Al 1:; at '32ms to 9"‘
1.99ll

W0(BB)]2l1l 1.997 1.934 1.993 1.979 157 70 113 -0.5908 -0.8325
9. lg.

W0{BBllbipvll.H.~0l2l 1.990 1.965 1.987 1.980 168 55 93 -0.5600 -1.0651
[l.l0lBBllphenll.H20 31 1.989 1.959 1.990 1.979 159 55 90 -0.6532 -0.9922

1.954

11101311111? 151 1.979 _ __ _ _
9 l 9:

lV0lBl\lllphenll 151 1.934 1.957 1.933 1.977 157 54 38 -0.7290 -0.9843

The molecular orbital coefficients if and ,6“ were also calculated for the

complexes using the EPR parameters g_  A- and A_ and energies of d—d

transitions, by means ofthe following equations:

2 2 (2.00277— g )5“,"’ 81,83

1 ()6 -—-—- De-parfmenl afdpp/fed (/Iemisrry, (or/tin I/nivorsity offdenre and fer/ma/ogy
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3%l[%l+l%l+lg»r—§.el*%el

where P = 128 x 10" cm", /1 = 135 cm" and EM is the energy of d—d transition

EPR spectrum of complex [VO(BB)]3 (1) is recorded in polycrystalline

state at 298 K and in DMF solution at 77 K (Fig. 3.9). In polycrystalline state

the compound is axial with g“ = [.991 and gi = 1.997. At half the field of the

allowed AM. = i1 transition, there occurs a signal corresponding to a forbidden

All/I5: i 2 transition with gm, = 3.823 which indicates the possibility for a dimeric

species and the signal splits into 15 lines [211] + I; n =2; 1 = 7/2]. So it is

evident that the spin-spin interaction in this compound is significant in the

solid state. In the presence of magnetic field, the electronic ground state (S =

1/2) is split into two (m_, = +1/2 and —'/3) and additional splitting occurs

through the different magnetic orientations of the nuclear spin (m,).*3 E
M§"»*~r-» ‘K2’ i I l‘ A "W \~ z:>""«§  l r,

rwz‘ “..«-xf '~.~s.; £5   . Eg    33 .5  3 g 3g
i S   1: ‘Mo s5‘   . r nu" .,9’5;‘ '-( ’

g‘ Adv ",',‘”’s'-,.__,‘x».* er
1"““ 2'

_ _A

:43 " :56 ’ 31% “*3”
B (mT) a

Fig. 3.9. EPR spectrum of [VO(BB)]3 (1) in polycrystalline state at 298 K.
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parent hydrazones disappear in the IR spectra of complexes 1-6. This indicates

the transformation of carbonyl moiety to enolic moiety, deprotonation of the

phenolic group and subsequent coordination to the metal ion througl; enolate

and phenolate oxygens [46] in addition to azomethine nitrogen. The v(C=O)

mode of the carbonyl group observed at ca.l670 cm” in the hydrazone H2BN is

shifted to lower wave numbers and appears at 1570-1600 cm" in the compound

7. This suggests the bonding of the carbonyl oxygen to vanadium in this

complex. In the case of compound 8, hydrazone HFN is coordinated through

enolate oxygen and azomethine nitrogen. This is quite evident from the

disappearance of bands due to v(N—H) and v(C=O) modes at ca. 3440 cm" and

1678 cm] from the absorption spectrum of the complex. This reveals the

bidenticity of the ligand HFN with NO donor sites to coordinate to the metal

center.

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

&¥e¥;:?:'}'iC9n199und4;  i 3 E - 4 1 v1c= Eli 2 'r9i\?(C;#N)‘«J9  ii-'\:’lc;-i-1.0)."ii-.1-¥"Z§?lV§oi  s-(V5919)

1110133112111 1604 1521 951 1245 489 428
[V0(BB)lbipYll'H20 121 1609 1526 966 1269 512 414
[V0lBBlll1l'Ie.flll‘ H20 131 1603 1515 949 1241 435 423
lV0lBBll0CH3ll 141 1602 1534 979 1239 456 429
[VD(BNll2l5) 1692 1532 951 1246 492 436
lVUlBN)lphen)llfil 1695 1513 959 1241 461 425
lVU2lHBNll 171 1696 . 949,899 - 475 421
ivozirnitnzojg 1699 1529 959,933 1229 475 436

' newly formed

IR spectra of complexes show a prominent band in the region 1505

1545 cm‘, which is attributed to newly formed C=N due to enolization of the

ligands during complexation. Bands occuring at the 1230-1285 cm" region in

the metal complexes is assigned to the v(C—O) (enolato) mode. The shifting of

the band at ca. 1620 cm" due to v(C=N) (azomethine) mode of the free
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hydrazones to wavenumbers lowered by 10-20 cm‘l in the metal complexes is

an explicit evidence for the coordination of azomethine nitrogen to the metal. In

complexes there is a symmetric shift in the position of the IR bands in the region

1600-1350 cm" due to C=C and C=N vibrational modes and their mixing

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

In all the complexes of vo“, the v=o (oxidovanadium) stretching frequency

occurs in the range 935-987 cm". These values are observed in the usual range (960 i

50 cm‘) for monomeric VO2+ complexes [47]. The dioxidovanadium(V) complexes

normally exhibit two sharp bands in the 891-980 cm'l range due to sym v(O=V=O)

and asym v(O=V=O) stretches, corresponding to the cis-[VVO2]+ unit. In the present

study monomeric neutral dioxido complexes 7 and 8 exhibit a second strong tenninal

V=O stretching frequency at ca. 870-950 cm] [48] as given in the Table 3.9. The

frequency range observed in complexes indicate that V=O bond is weakened by

strong 0 and TE electron donation by enolate and phenoxy group to the antibonding

orbital of the V=O [49]. A characteristic feature due to the V—O—V bridge vibrations

in the form of a strong band at ca. 833 cm" is also observed for the binuclear

complexes 1 and 5 [43].

A band at ll30 cm‘l due to v(N—N) stretch in the IR spectrum of the

parent hydrazone undergoes a shift to lower wavenumbers due to small increase

in the bond distance of N]—N2. In compound 4, for instance the bond distance

increases from l.3764(l7) A to 1.396(3) A which is due to coordination through

azomethine nitrogen and diminished repulsion between the lone pairs of adjacent

nitrogen atoms on complexation [34]. The bands in the regions 475-515 cm'l

and 420-436 cm‘ can be assigned to the stretching modes of the metal to ligand

bonds, v(V—O) and v(V—N), respectively [50]. In the IR spectra of complexes 2,I 1 1
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SYNTHESES AND SPECTRAL CHARACTERIZATION OF

Mn(||/IV) COMPLEXES OF SOME AROYLHYDRAZONES

4.1 Introduction

4.2 Experimental
4.3 Results and discussion
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4.1 Introduction

Manganese shows versatile coordination chemistry with diverse

Mn(II/Ill/IV/V) oxidation states. Among these different oxidation states, +2 is

the most stable and dominant oxidation state. Mn(II) complexes are primarily

high spin complexes because of the extra stability exhibited by the exactly half

filled d5 system. The most common geometry associated with Mn(ll/IV) is

octahedral, although there are reports on four, five and seven coordination.

Manganese is an essential element in biological systems and it acts as an

effective enzyme activator. It is also an active site in metalloproteins, where

manganese exists in different oxidation states.

Manganese complexes are significant in various fields ranging from

bioinorganic chemistty to solid-state physics. Mn(II) complexes display superoxide

dismutase activity [1] and Mn(l]/HI/IV) ions act as water oxidation center of

photosystem-II [2,3]. Manganese complexes play an important role in industrial

catalysis. Processes of fractionalization of hydrocarbons involving high valent

intermediates are effectively catalyzed by manganese porphyrins [4,5]. Complexes

of manganese with non-heme ligands are found to be effective catalysts in olefin
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epoxidation and alkane hydroxylation [6,7]. Chattopadhyay and his group have

shown how the supramolecular architecture of Mn(II) aroylhydrazone complexes

can be controlled by slight modification of the substituents attached to the ligand

framework [8]. Metal ions can read the infonnation coded in the organic ligands

according to their coordination algorithm [9].

Wcn et al. synthesized one dimensional chiral coordination polymers of

Mn(Il) using azide and a Schiff base (obtained from pyridine—2-carbaldehyde

and l—phenylethyl amine) as the auxiliary ligand [10]. An important goal in the

field of modern inorganic chemistry is to find out new rational routes leading to

materials with expected magnetic properties. Clusters of nanometer-size with

high spin ground states are studied as single molecule magnets [11,12]. The

magnetic properties of the cluster, [Cu4MnL4][ClO4]2 have been investigated in

the temperature range 19-300 K by Tuna et al. [13]. The use of hydrazones in

conjugation with heterocyclic bases and groups viz. perchlorate, azide etc. can

give interesting results. In this chapter we report the syntheses and spectral

characteristics of seven Mn(lI) complexes of aroylhydrazones containing

heterocyclic bases and perchlorate anions.

4.2 Experimental

4.2.1 Materials

All chemicals and reagents are of reagent grade quality. 2-Hydroxy-4

methoxybenzophenone (Aldrich), furan-2-carboxaldehyde (Aldrich), nicotinic

hydrazide (Aldrich), benzhydrazide (Aldrich), manganese(II) acetate tetrahydrate

(E-Merck), 2,2’-bipyridine (Qualigens), 1,10-phenanthroline (Ranchem) and DMF

(S.D. Fine) were used without further purification. Methanol and ethanol were

used as solvents.13 0
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4.2.2 Syntheses of the aroylhydrazones

The syntheses of aroylhydrazones were done as described in Chapter 2.

4.2.3 Syntheses of manganese(lI) complexes

[Mn(BB)2] (9): Methanolic solutions of HgBB (0.692 g, 2 mmol), and

Mn(CH3COO)g-414130 (0.245 g, 1 mmol) were mixed and refluxed for 5 h in

presence of one or two drops of triethylamine. The dark brown colored product

obtained was filtered, washed with methanol, followed by ether and dried over P4010

in vacuo. Elemental Anal. Found (Calcd.) (%): C: 67.39 (67.83), H: 4.41 (4.34), N:

7.52 (7.53).

[Mn(BB)(phen)(CH3OH)]-2CH3OH (10): To a hot methanolic solution of

H2BB (0.346 g, 1 mmol), containing 1,10-phenanthroline (0.198 g, 1 mmol),

Mn(CH3CO0)2-41-I20 (0.245 g, 1 mmol) in methanol was added and the resulting

brown colored solution was refluxed for 5 h. after adding one drop of triethylamine.

The dark brown colored product obtained was filtered, washed with methanol,

followed by ether and dried over P4010 in vacuo. Elemental Anal. Found (Calcd.)

(%): C: 64.58 (64.00), H: 5.52 (5.37), N: 8.07 (8.29).

[Mn(BB)(bipy)(CH3OH)] (11): To a methanolic solution of

Mn(CH3COO)2-4H2O (0.245 g, 1 mmol) methanolic solutions of 2,2’-bipyridine

(0.156 g, 1 mmol) and H3BB (0.346 g, 1 mmol) were added. The resulting dark

brown solution was refluxed for 4 h. after adding a drop of triethylamine and

then kept at room temperature for cooling. Brown crystalline precipitate was

separated, filtered, washed with methanol, followed by ether and dried over

P40"; in vacuo. Elemental Anal. Found (Calcd.) (%): C: 65.01 (65.42), H: 4.62

(4.80), N: 9.45 (9.54).

tllilliftlfllili’/?.l'}?i 23;:    $1.2 1 A
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[Mn(BN)2] (12): To methanolic solution of HgBN (0.694 g, 2 mmol),

methanolic solution of Mn(CH3COO)3-41-120 (0.245 g, 1 mmo1).was added. The

resulting dark brown solution was refluxed for 4-5 h in presence. of

triethylamine. On cooling, brown crystalline precipitate was separated, filtered,

washed with methanol, followed by ether and dried over P4010 in vacuo.

Elemental Anal. Found (Calcd.) (%): C: 63.89 (64.09), H: 4.43 (4.57), N: 10.78

(11.21).

[Mn(BN)(phen)]~112O',.' ( 13) : To a hot methanolic solutions of H3BN (0.347

g, 1 mmol), and l,10—phenanthroline (0.198 g, 1 mmol), Mn(CH3COO)3-41-130

(0.245 g, 1 mmol) in methanol was added and the resulting brown colored solution

was refluxed for 5 h. after adding one drop of triethylamine. The dark brown

colored product obtained was filtered, washed with methanol, followed by ether and

dried over P4010 in vacuo. Elemental Anal. Found (Calcd.) (%): C: 63.94 (64.22),

H: 4.20 (4.21), N: 11.56 (11.7).

[Mn(BN)(H2O)] (14): Methanolic solutions of the 1~I2BN (0.347 g, 1 mmol)

and Mn(CH3COO)3-4H2O (0.245 g, 1 mmol) were mixed in the ratio 1:1 and the

resulting dark brown solution was refluxed for 4-5 h in presence of triethylamine.

On cooling brown crystalline precipitate was separated, filtered, washed with

methanol, followed by ether and dried over P4010 in vacuo. Elemental Anal. Found

(Calcd.) (%): C: 57.72 (57.43), H: 4.31 (4.10), N: 9.85 (10.05).

[Mn(FN)(phen)(ClO4)2]C104 (15): To hot ethanolic solution of the HFN

(0.215 g, 1 mmol) and 1,10-phenanthroline (0.198 g, 1 mmol), Mn(ClO4)2'6H2O

(0.362 g, 1 mmol) in ethanol was added and the resulting brown colored solution

was stirred for 5-6 h. after adding one drop of triethylamine. The dark brown

colored product obtained was filtered, washed with methanol, followed by ether13  .
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and dried over P4010 in vacuo. Elemental Anal. Found (Calcd.) (%): C: 36.52

(36.95), H: 2.31 (2.16), N: 9.12 (9.37).

4.3 Results and discussion

Seven manganese(ll/IV) complexes were synthesized using different

aroylhydrazones out of which four are mixed ligand complexes containing

heterocyclic bases like l,l0-phenanthroline and 2,2-bipyridine as auxiliary

ligands and perchlorate anion is incorporated in one of the compounds. They are

found to be stable, brown in color and soluble in organic solvents like methanol,

acetonitrile, DMF and DMSO. Based on the elemental analyses, conductivity

and magnetic susceptibility measurements and spectral investigations, the

complexes were formulated. The molar conductivities of the complexes in DMF

(l{}'3 M) solution were measured at 298 K with a Systronic model 303 direct

reading conductivity bridge. The molar conductance values lie in the range 4-12

ohm" cmz mol" for complexes 9-14 which shows their non-conducting nature

[14]. The compound [Mn(FN)(phen)(ClO4)2]ClO4 (15) is found to be a 1:1

electrolyte as seen from its conductance value of Km (DMF)(l0‘3 M) = 85 ohm’1 cmz mol 1

The analytical data indicate that the observed C, H, N values of the

complexes were in close agreement with that of the formula suggested and

matched with the stoichiometry containing one molecule of lattice water in

compound [Mn(BN)(phen)l}H2O (13), and one molecule of coordinated water

in [Mn(BN)(H2O)] (14), which is further supported by thermal analysis.

Magnetic susceptibility measurements of the compounds are in agreement with

the spin only value [15], thereby suggesting the paramagnetic nature of the

Mn(II) complexes with a d5 [16] and Mn(lV) complexes with a d3 high spin

configuration. The data obtained from magnetic susceptibility measurements

gi-Wifiii
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and partial elemental analyses are consistent with Mn(lV) oxidation state in

compounds 9, 12 and 15 and Mn(ll) in 10, 11, 13 and 14. Table 4.1 summarizes

the molar conductivities and magnetic susceptibilities of the ‘complexes.

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

Compound Z I _7Lm#' T . ]..l.etttB.M'.):: .[MI'llBBl2l l9l l l 3.9l
lll/lnlBBllDherIllCH30Hll'2CH3U|'l llfll 14 5.86
[lVln(BB)(lllpVllCl'l3UHll ll ll l3 5.53[Mn(BN)2l (12) 8 3.94
[MnlBN)lphenllH20ll ll3l l2 5.37
lMnlBN)lH20)l(14l 9 5.85
[Mn(FNllI1l1enllCIl]4l2]CI04 ll 5l 85 4.1 l

‘molar conductivity {in ohm" cm? mot") taken in 10'“ M DMF solution.

4.3.1 EPR spectral studies

Electron paramagnetic resonance (EPR) of manganese has much

significance as a spectroscopic probe of manganese centers in manganese

proteins and it is one of the few techniques that can selectively sense and

characterize Mn(ll) ions. The Mn(Il) state possesses Kramers doublets and

exhibits characteristic transitions in the normal X-band regime. The spin

Hamiltonian used to represent the EPR spectra of Mn([I) [17] is given by the

equation

H: g/335 + D[sf — S(S +1)/31+ E(sf - Sf )

Where B is the magnetic field vector, g is the spectroscopic splitting

factor, /9 is the Bohr magneton, D is the axial zero field splitting parameter, E is

the rhombic zero field splitting parameter and S is the electron spin vector [l8].

The first two terms represent the electronic Zeeman and the electron nuclear

hyperfine interactions respectively, whereas the last two terms define the zero

field splitting interaction with D and E gauging the axial and the rhombic parts.i 134
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Low intensity lines are observed in between two major hyperfine

splittings in the frozen solution spectra of compounds 10 and 13. These

forbidden lines corresponds to AM = i 1 transitions, due to the mixing of the

nuclear hyperfine levels by the zero field splitting factor D of the Hamiltonian

[27]. The forbidden peaks are not visible in complex 11 due to broadening of

the main hyperfine lines in the spectrum. In the scan range 200-400 mT,

compound [Mn(BN)(phen)]-H20?’ (13) shows a broad low field signal with g

value of ~5.61, which indicates tetragonal distortion, in addition to the

occurrence of a single sextet with g value 1.994.

4.3.2 Infrared spectra

The mode of coordination of the hydrazones to Mn(ll/IV) center has

been suggested by a careful comparison of the characteristic vibrational bands of

the complexes with that of the free ligand. The main stretching frequencies of

the IR spectra of the complexes and together with their tentative assignments are

tabulated in Table 4.2.

Table 4.2 Infrared spectra] assignments (cm") of Mn(II) complexes

‘, 33;‘
:g:g:,5":' ;:5::':E" .’.j..:‘.'.:£:..€;_j;,::- -'---jjji - - ‘;§f;

,'::-_i,_- "M!-',3-A=;nM. ,'f;.';g§s yr,  5.. .“);*§;
’§"_“‘_";_::'::':';“f“"'I"'"A"":"'<\ /3,4 .3u».-43.«\..:34'I.11;.:4-".:;2‘

11inn1BB),1191 1662 1526 1239 512 429
[MalBBllphenllCH30H)l'2CH30H (10) 1594 1519 1239 505 432
1Mn1B6116ipv11cH,oH11 111) 1593 1518 1246 565 429
[Mn(BN),J1121 1661 1514 1238 569 422
lMnlBN}l|Jhen)lH,Ul] 1131 1602 1516 1239 512 422
1Mn16m(H,o111141 1602 1516 12411 513 436
IMn(FN)(phen)1I3I0,1,1c10,1151 1596 1510 1223 505 414

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

bands due to v(C=O), v(N—H) and v(O—H) modes at 1640-1690, 3025-3200 and140
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4.3.5. Cyclic voltammetric studies

Cyclic voltammograms of Mn(ll/IV) complexes were recorded in

DMF/DMSO (103 M) and tetrabutylammonium phosphate as the supporting

electrolyte at a scan speed of 100 mV 5'1. A three-electrode system design is

incorporated in the experiment. In simple cases, the surface is started at a

particular voltage with respect to a reference half-cell such as calomel or

Ag/AgCl, with platinum wires as working and counter electrodes. The solution

in contact with an electrode surface is electrolyzed (oxidized or reduced), and

then making that surface sufficiently positive or negative in voltage to force

electron transfer. The spectral and structural changes accompanying electron

transfer in metal complexes with O, N, O— donor hydrazone ligands can be

scrutinized using cyclic voltammetric studies [36].

The cyclic voltammograms of Mn (ll/IV) complexes 9, 14 and 15 consist

of two or more reversible oxidation peaks and reduction peaks. The relevant

electrochemical data of the hydrazone complexes of Mn (ll/IV) are given in

Table 4.4.

Table 4.4. Cyclic voltammetric data for Mn(ll/IV) complexes

lMn(BB),l {9} 0.2, -1. 0.56,-0.51 20, 7.9 -6.1, -4.6
lMn(FN)lphenl(Cl0,},lCI04 (15) 0.01, -0.48 0.44, 0.49 3.88, 3.46 -2.15,-1.7
[Mn(BNl{H,U)l (14) 0.17,-0.3 0.92, -1.5 4.7, 5.6 -7.1, 7.3

The cyclic voltammogram for the behavior of the Mn(IV) compounds 9

and 15 Show reduction peaks at 0.2, -1.2 and 0.01, -0.48 V which are attributed

to reduction steps involved in the conversion of Mn(IV) to Mn(0). On the

reverse scan the corresponding anodic peak potentials occur at -0.51, 0.56 and 

0.44, 0.49 V which can be attributed to the reverse series of oxidation of Mn(0)148    '
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5.1. Introduction

In view of the growing importance of aroylhydrazone and as their metal

complexes mimic the functional properties of some enzymes, the chemical,

structural and electrochemical properties have been studied in detail by many

researchers [1,2]. A number of cobalt complexes of substituted polypyridine

ligands were synthesized and investigated as possible alternatives to the volatile

and corrosive iodide/triiodide redox couple commonly used as an electron

transfer mediator in dye—sensitized solar cells (DSSCS). Sapp et al. have

recently discovered that the best mediator, based on tris(4,4’—di—tert—butyl—2,2’—

dipyridyl)—cobalt(lI/III) perchlorate, resulted in DSSCs exhibiting efficiencies

within 80% of that of a comparable iodide/triiodide-mediated DSSC [3].

The interaction of transition metal polypyridyl complexes with DNA has

received considerable attention in recent years [4]. Small molecules can interact

with double-stranded DNA in a number of ways [5,6] and in most cases it is

non-covalent, which involves intercalation of planar aromatic molecules

between the base pairs of DNA helix. Barton has reported that chiral
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phenanthroline—cobalt(lll) complexes recognize different local structures of

DNA [7]. Therefore, mixed ligand complexes of cobalt(lll) having

phenanthroline/bipyridine/picoline and aroylhydrazones were prepared and

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

Cobalt(lll) complexes synthesized from symmetrical and unsymmetrical

Schiff bases are quite relevant as biologically active compounds [9]. The central

metal ion of cobalt (ll/III) complexes shows reactivity in the transmethylation

reaction and reversible absorption of molecular oxygen [l0]. Studies on mixed

ligand complexes of cobalt(lll) have been reported [11]. Cobalt(lII) complexes

containing bidentate bases like 2,2’-bipyridine (bipy) or 1,10-phenanthroline

(phen) as auxiliary ligands for coordination with cobalt metal have also been

studied [12]. This was the first structural report of a Co(ll[) In -azido complex

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

Vitamin B12, which is involved in the production of red blood cells is a

cobalt(lll) complex with a substituted corrin macrocycle. Cobalt(lll) complexes

have shown specific hypoxic radiosensitization and thermosensitization as well

as antitumor activity in vivo [13]. As cobalt is a first row transition metal,

dissociation and exchange of ligands may occur rapidly in the case of Co(II). It

is difficult to oxidise divalent cobalt compounds with d7 configuration and are

very stable. However, in basic solutions, oxidation of Co2+ to Co“ takes place

relatively easily. When we consider complex formation, Co(II) complexes are

readily oxidized to Co(lIl) since the overall formation constant is greater for the

higher oxidation state. Also the crystal field stabilization energy of Co(lII) with

a d6 configuration is higher than that for Co(Il) with a d7 configuration. Low

spin six coordinate complexes are widely reported for Co(lII) and are found to

be diamagnetic [12,14]. Reports on high/low spin five coordinate and four.
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coordinate complexes of Co(Il) are common and are paramagnetic in nature

[15]. It is observed that Co(II) complexes exhibit tetrahedral geometry than any

other transition metal ion, except Zn(Il), as d7 configuration, supports a

tetrahedral geometry than an octahedral alignment [16]. The two geometries of

Co(II) are of comparable stability so that there exists an equilibrium between the

two structures [1 7]. Tridentate ligands are expected to improve significantly the

stability of the cobalt complex compared with bidentate ligands.

Azide is a versatile ligand since it exhibits a variety of coordination

modes such as monodentate, end-on bridging mode (;:-l, l), end-to—end bridging

mode (;z—l, 3) etc. among many others [18]. Azide acts as an inhibitor for

several enzymes like ATPases [19]. Hence the study of metal—azido complexes

is very useful for the understanding of biological processes. Cobalt(II) complex

of azide anion and bis(pyrazol-1-yl)methane has been reported [20]. Cobalt(ll1)

complexes with azide anion has been previously reported with 1,10

phenanthroline [21]. In this chapter, we report cobalt(ll/Ill) complexes of

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

5.2. Experimental

5.2.]. Materials

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

grade. 2-Hydroxy-4-methoxybenzophenone (Aldrich), furan—2—carboxaldehyde

(Aldrich), nicotinic hydrazide (Aldrich), benzhydrazide (Aldrich), cobalt(lI) acetate

tetrahydrate (BDH), potassium thiocyanate (Merck), sodium azide (Reidel-De

Haen), 4-picoline, 2,2’-bipyridine (Qualigens), 1,10-phenanthroline (Ranchem) and

DMF (S.D. Fine) were used without fl.lI'Il'l6I’ purification. Methanol and ethanol

were used as solvents.
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5.2.2. Syntheses of the aroylhydrazones

The aroylhydlazones, 2-hydroxy-4-methoxybenzophenone benzoylhydrazone

(HZBB), 2—hydroxy-4-methoxybenzophenone nicotinoylhydrazone (H3BN) and fuI‘dl’l-2

carboxaldehyde nicotirloylhydrazone (HFN) were synthesized as described in Chapter 2.

5.2.3. Syntheses of c0balt(II/III) complexes

[Co(BB)]2 (16) : To a hot methanolic solution of the HZBB (0.346 g, 1 lnmol),

cobalt(l1) acetate tetrahydrate (0.249 g, 1 mmol) in methanol (20 lnL) was added

and refluxed the solution for 4 hours. Then the solution is cooled in room

temperature. The dark brown crystalline precipitate of 16 obtained was washed

with methanol followed by ether and then dried over P4010 in vacuo. Yield:

78.9%. x... (DMF): 7 ohm" cmz mol". fl (B.M.): 4.84. Elemental Anal. Found

(Calcd.) (%): C: 62.32 (62.54), H: 3.78 (4.00), N: 6.9.

[C0(BB)(bipy)N3]'H;O (17): Cobalt(1l) acetate tetrahydrate (0.249 g, 1 mmol)

in methanol (20 mL) was added to a hot methanolic solution of the

aroylhydrazone HZBB (0.346 g, 1 mmol) and 2,2’-bipyridine (0.156 g, 1 mmol).

To this solution, NaN3 (0.065 g, 1 mmol) in methanol (10 mL) was added and

stirred the solution for 4 hours. The dark brown precipitate of 17 obtained was

washed with methanol followed by ether and then dried over P4010 in vacuo.

Yield: 74.5%. km (DMF): 9 ohm‘1 cmz mol". ,u (B.M): 4.89. Elemental Anal.

Found (Calcd.) (%): C: 59.56 (59.81), H: 4.59 (4.70), N: 16.22 (15.75).

[Co(BB)(p11en)N3] (18): Methanolic solutions of H2BB (0.346 g, 1 mmol), and

l,10—phenanthro1ine (0.198 g, 1 mmol) were mixed and cobalt(II) acetate

tetrahydrate (0.249 g, 1 mmol) dissolved in hot methanol was added. To this

solution, NaN3 (0.065 g, 1 mmol) in methanol (10 mL) was added and stirred the

solution for 4 hours. The brown precipitate of 18 obtained was washed with5 l5 6
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methanol followed by ether and then dried over P4010 in vacuo. Yield: 34.9%.

km (DMF): 13 ohm" cmz m0l'1.,u (B.M.): 4.92. Elemental Anal. Found (Calcd.)

(%): C: 63.27 (63.36), H: 3.76 (3.87), N: 15.45 (15.67). ‘

[C0(BB)(4,4’bipy)N3] (19): To a solution of HZBB (0.346 g, 1 mmol) and 4,4’

dimethyI-2,2’-bipyridine (0.156 g, 1 mmol) in methanol, cobalt(ll) acetate

tetrahydrate (0.249 g, 1 mmol) dissolved in hot methanol was added. NaN3

(0.065 g, 1 mmol) in methanol (10 mL) was added and stirred the solution for 4

hours. The brown precipitate of 19 obtained was washed with methanol,

followed by ether and dried over P4019 in vacuo. Elemental Anal. Found

(Ca1cd.)(%): C: 62.29 (62.86), H: 4.43 (4.64), N: 15.29 (15.55).

[C0(BB)(pi)3] (20): A solution of H3BB (0.346 g, 1 mmol) and 4-picoline (2-3

mL) in methanol were mixed with cobalt(ll) acetate tetrahydrate (0.249 g, 1

mmol) dissolved in hot methanol and DMF (1021 ratio v/v) and refluxed for

about 5 hours. The brown colored crystalline product was filtered, washed with

methanol, followed by ether and dried over P4010 in vacuo. Dark brown plate

like crystals suitable for single crystal X—ray diffraction studies were obtained by

slow evaporation of its solution in ethanol and DMF (1011 ratio v/v). Yield:

68.2%. Elemental Anal. Found (Calcd.) (%): C: 68.35 (68.61), H: 4.94 (5.46),

N: 9.79 (10.26).

[Co(BN)(OCH3)(H2O)] (21): This complex was prepared by refluxing cobalt(ll)

acetate tetrahydrate (0.249 g, 1 mmol), H3BN (0.347 g, 1 mmol) and 4-picoline

(2-3 mL) in methanol and DMF ( 10:1 ratio v/v) for about 5 hours. The brown

precipitate of 21 was washed with methanol followed by ether and then dried

over P4010 in vacuo. Yield: 53.4%. at, (DMF): 13 ohm" cmz moi". ,1 (B.M.):

4.85 Elemental Anal. Found (Calcd.) (%): C: 55.39 (55.64), H: 4.08 (4.45), N:

9.10 (9.27).
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[C02(BN)2N3(0CH3)]-2I-I20 (22): This complex was prepared by mixing

c0balt(ll) acetate tetrahydrate (0.249 g, 1 mmol), HZBN (0.347 g, 1 mmol) and

NaN3 (0.065 g, 1 mmol) in methanol (10 mL) and stirred the solution for about

5 hours. The brown precipitate of 22 was washed with methanol followed by

ether and then dried over P40“) in vacuo. Yield: 58.4%. 21,. (DMF): 13 ohm"

cml mo|'}. 11 (RM): 4.85 Elemental Anal. Found (Calcd-) (%): C: 53.27 (53.49),

H: 4.84 (4.38), N: 13.22 (13.69).

[Co(BN)(phen) N3] (23): Methanolic solutions of HZBN (0.347 g, 1 mmol), and

l,10—phenanthroline (0.198 g, 1 mmol) were mixed and cobalt(Il) acetate

tetrahydrate (0.249 g, 1 mmol) dissolved in hot methanol was added. To this

NaN3 (0.065 g, 1 mmol) in methanol (10 mL) was added and stirred the solution

for 4 hours. The brown precipitate of 23 obtained was washed with methanol

followed by ether and then dried over P4010 in vacuo. Elemental Anal. Found

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

[C0(BN)(4,4’bipy)N3] (24): To a mixture of solutions of HZBN (0.347 g, 1

mmol) and 4,4’-dimethyl-2,2’-bipyridine (0.156 g, 1 mmol) in methanol

cobalt(ll) acetate tetrahydrate (0.249 g, 1 mmol) dissolved in hot methanol was

added. To this NaN3 (0.065 g, 1 mmol) in methanol (10 mL) was then added and

stirred for 4 hours. The brown precipitate of 24 obtained was washed with

methanol, followed by ether and dried over P4010 in vacuo. Elemental Anal.

Found (Calcd.) (%): c: 60.39 (60.95), H: 4.10 (4.32), N: 17.46 (17.77).

[Co(BN)(bipy)(NCS)]°H2O (25): Cobalt(II) acetate tetrahydrate (0.249 g, 1

mmol) in methanol (20 mL) was added to a mixture of hot methanolic solutions

of HZBN (0.347 g, 1 mmol) and 2,2’-bipyridine (0.156 g, 1 mmol). To this

solution, KSCN (0.097 g, 1 mmol) in methanol (l0 mL) was added and refluxed

the solution for 4 hours. The dark brown precipitate of 25 obtained was washed.3 15 8
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with methanol followed by ether and then dried over P4010 in vacuo. Elemental

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

[Co(FN)2] (26): Methanolic solutions of the HFN (0.430 g, 2 mmol), cobalt(ll)

acetate tetrahydrate (0.249 g, 1 mmol) were mixed and refluxed for about 5

hours. The solution was kept overnight. The dark brown product obtained was

filtered, washed with methanol followed by ether and dried over P4010 in vacuo.

Elemental Anal. Found (Calcd.) (%): C: 53.83 (54.22), H: 3.74 (4.00), N: 16.91

(17.24).

Caution: Azido complexes of metal ions with organic ligands are potentially

explosive. Only a small amount of the material should be prepared, and it
should be handled with care.

5.3. Results and discussion

Eleven cobalt(II/III) complexes of aroylhydrazones were prepared out of

which seven contain heterocyclic bases as auxiliary ligands. Five among them 17, 18,

19, 23 and 24 are azido and one 25, thiocyanato complexes. They are formed by the

reaction of the aroylhydrazone and heterocyclic base with cobaltous acetate followed

by metathetical displacement of the acetate anion by azide or thiocyanate anions and

cobalt(II) is oxidized to cobalt(III) in these complexes. They are found to be stable,

brown in color and soluble in organic solvents like methanol, acetonitrile and DMF.

Based on the elemental analyses, conductivity and magnetic susceptibility

measurements and spectral investigations, the complexes were formulated. The molar

conductivities of the complexes in DMF (103 M) solution were measured at 298 K

with a Systronic model 303 direct-reading conductivity bridge. The values are shown

in Table 5.1. The molar conductance values lie in the range 4-12 ohm'l cmz mol’l

which shows that all the complexes are non-conducting in nature [22].
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The elemental analysis data of compounds 17, 18, 19, 23 and 24 suggests

a formulation of [MLBN3]. This along with the conductance, magnetic

susceptibility and IR data indicate that the azide ion is coordinated to the metal

in all these complexes. In compound 25 thiocyanate ion, in 21 methoxy group

and in 22 both azide ion and methoxy group are bound to the central metal ion.

Magnetic susceptibility measurements at room temperature reveals that all these

complexes are diamagnetic which confirms the +3 oxidation state of cobalt and

its 51° electronic arrangement, in strong field showing that it has no unpaired

electrons, with a spin paired octahedral configuration. The data obtained from

elemental analysis match with the stoichiometry containing one molecule of

lattice water in compounds 17 and 25, two molecules of lattice water in 22 and

one molecule of coordinated water in 21, which is fiirther supported by thermal

analysis.

The magnetic moment measurement and partial elemental analyses data

are consistent with formulation of compound 16 as [COL]_7_, 20 as [C0(BB)(pi)3]

(supported by crystal data) and 26 as [Co(FN)2]. The magnetic moment values

observed for cobalt(ll) complexes are generally investigative of the coordination

geometry about the metal ion (as shown in Table 5.1). The magnetic moment of

tetrahedral cobalt(ll) complex 26, is 4.5 B.M with an orbitally non-degenerate

ground term, which is higher than the spin only value as there is contribution

from higher orbitally degenerate terms. The contribution due to 4Tg ground term

is still larger in octahedral cobalt(ll) complexes and exhibit flefi‘ in the range

4.8-5.6 BM. [23].

For the compound 20 the observed effective magnetic moment [1 =5.l

B.M which shows that itihas three unpaired electrons and is typical for a high

spin cobalt(ll) system [16] with octahedral geometry. This value is larger than
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the spin only value of high-spin cobalttll) (3.87 BM; #50 = [4S(S+/1)]_"3; S =

3/2) but close to the value obtained Ll(Lg = [L(L+/1) /4S(S+1)][i“).' L = 3, S =3/2]

when spin and orbital angular momenta exist independently.

Compound 16 exhibit subnonnal magnetic moment (rim = 1.5 B. M. at room

temperature") due to strong antiferromagnetic exchange proposing a dimeric nature

to the compound. X—ray quality single crystal of one of the compound,

[Co(BB)(pi)3] (20) were obtained from reaction mixture. The compound crystallizes

into a monoclinic space group P 1 2.z"c ..

Table 5.1 Molar conductivities and magnetic susceptibilities of Co(ill,filII)

Compound km’ Qofl{B.HJ[ColBB)]2 (16) 9 1.5
[ColBBl(biPYlN3]-H20 (17) 12 diamagnetic
[Co(BB)(phenlNa] (18) 8 diamagnetic
[Co(BB)(4,4'-bipYlN3]. (19) ll] diamagnetic
[C0{BBlll1ll3l l2Ul 11 5.1
{C0{BNl(0CH3)(H2Ul](21) 9 diamagnetic
[Co2(BN)2N3{0CHal] 2H20 (22) 13 diamagnetic
[Co(BN)(phenlNa] (23) 7 diamagnetic
[Co(BNl(4,4'-bitlYlN3].(24l 10 diamagnetic
[CotBN}lbiPVl(NCSll'H20 (25) 9 diamagnetic[Co(FN)2](26l 8 4.5

5.3.1. Crystal structure of |C0(BB)(pi)3| (20) .

The Single crystal X-ray diffraction data of [Co(BB){pi)_a.] (20) were

collected on an Oxford Xcalibur Eos (Mova) Diffractometer at l00 K using Mo

Ka radiation ().=0.7l07 A) with X-ray generator operating at 50 RV and 1 mA.

The structures were solved and refined using SHELX97 module in the program

suite WinGX. The molecular diagrams were generated using ORTEP-3 and the

packing diagrams were generated using Mercury 2.3. The geometric

Departmenl afflpp/ion‘ (/Iemisfry, farllin ll/Jiversily a/Irietm and for/mo/agy —————m
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square plane are occupied by N1, 03, N3, and 04 atoms and the axial positions by

N4 and N7 atoms. The equatorial bond lengths are shorter than the axial Co—N4 and

Co—N7 bond lengths. There is slight deviation for the equatorial bond angles from

the expected value of 900° which indicates a distortion of the basal plane from a

square geometry. The apical Co—N4 bond is not exactly perpendicular to the basal

square plane and N4—Co-N7 is not exactly linear, as seen from the bond angles of

N4—Co—N3 and N4—Co-N7, 89.49° and l78.9l° which indicates distortion from

regular octahedral geometry and is confirmed by the fact that the two trans O atoms

are at an angle of 179.6S°. The two trans N atoms are also 11ot exactly linear as N1

Co—N3, bond angle being l74.27°.

5.3.2. Infrared spectra

The IR spectra of the hydrazones and their Co(II) complexes were
recorded in the solid state as KBr discs. The characteristic bands in the IR

spectra of the free hydrazones differ from those of their complexes. The bands

of diagnostic importance are listed in Table 5.3. IR spectral analyses provide

significant indications regarding the bonding sites of the ligands.

Table 5.3 IR spectral data (cm'1) of coba1t(ll/Ill) complexes

coknpjounds...  i .    1 . 2 r    1161190)% .i5i§1Cit1+l\|) i 2 f?i22r7\t1élP~Isil iilEo(BB)l2(16l 1603 1514 1239 576 442
1co166)1h1py1NsJ-H20 117) 1602 1510 1246 565 444 2025
[Co(BB)lPhenlNa]{18) 1609 1512 1276 588 422 2018
{Eo(BB)(4,4’-hipyllllsl 119) 1609 1510 1269 573 451 2016
ll'£olBB}(IJi)al 12111 1602 1510 1240 573 442
lColBNl(UCHa)-H20] 1211 1603 1541 1269 565 436
1co211311112111310c11:111-211201221 1606 1521 1245 573 451 2023
lColBNllphen)Nal 123) 1609 1510 1239 532 448 2025
[C0(BN)(4,4'-hip‘{lNa] 124) 1607 1516 1242 573 444 2027
[C0lBN)(hipvllNCS)l-H20 125) 1602 1516 1246 573 422 2070
101111111121 (26) 1602 1526 1239 565 423

' newly formed
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transitions of the azomethine and amide function are masked by strong bands due to

71.’-‘II* transitions. The intraligand bands of the free hydrazones are slightly shified

upon complexation. The intense broad band observed for the complexes in the

region 24] 10-25280 cm] corresponds to the intramolecular ligand to metal charge

transfer (LMCT) transitions involving the whole molecule [3 I].

The electronic spectra of spin paired trivalent octahedral cobalt complexes

of cf ’ configuration have the following assignments ofd—d bands. V|; ‘T1,, <—'A.\L,. 113:

lTg.__, <— ',4._,,, 1.5,: "’T.,_, <— I/41$}, 1:4: "’T;g <— 'A.,_. [32]. The 11. bands are assigned values ~

20600 cm" and 1-: ~ 25000 cm‘. Very weak bands at ~ 17300 13100 cm"

corresponds to spin forbidden 3 Tgg <— ',4.,‘, transitions. Assignment of the two high

energy bands is complicated by overlap of interligand and charge transfer

transitions. 3T:g <— l74.,, is also difficult to assign because this weak spin forbidden

band is always at the onset of other high—energy intense bands. For octahedral

Co(ll[) complexes with a low spin of configuration only one weak d—d transition is

observed at around 18000 cm" as given in the Table.5.4_

Table 5.4. Electronic spectral data (em'l) of Co (II! III) complexes in acetonitrilc

compound lntraligand transitions [MCI J-J
11341381121151 237537043, 41930 24651 15116,16704,17499
1Co1BB11b1pv1N,1-H,01171 23961, 33532, 40303 24323 13100

|C0lBBl{Dhen}N3l 1181 29905, 37143, 43769 24229
lC0(BBl{4,4'-hip11lN3l 1191 29061, 3757041930 24362

lCalBBl{pil3l 1201 29261, 36013, 40373 24774 17320
[C0(BNl(DCH3lH20l 1211 30943,33374,44543 24344 17332
[C02tBNl2N31UCH3ll-2H20 1221 32200,33522,44035 23740

lC0(BNllt1henlN3l 1231 30373, 37413, 44113 24543 13030
[C0[BNl(4,4'-hipv}N3l 1241 30237,39331,44749 24473

lC0{BNJtbitI11ltNC5ll'H2U 1251 30330, 37515, 43969 243765 17900

101111511121 1261 23733, 36536, 40970 24324 15206

Department ofdpp//‘ea’ I/rem/':fr)r, (or/Iii: Unirorflly affriente and fer/inn/ogy ———fl
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For tetrahedral C03’ complexes three bands corresponding to the spin allowed

transitions 4T3(F) <— 4.43 , 4T.( F) <— 4/lg and 4T.(P) +— 4.43 are expected. The electronic

spectra of compounds 16 and 26 showed two-three bands in the range l5l00-17500

cm" which may be due to 4T1(iF) <— 4.43 and 4T1(P) <— 4.4; transitions [35,36] (Fig.

5. I 2). The transition 4T_7(F) <— 4.43 occurs in the near IR region and is not observed.

5.3.5. Cyclic voltammetric studies

Cyclic voltammograms of the hydrazones and their Cotll) complexes

were recorded on a CH] 608D electrochemical analyzer. The electrochemical

studies of selected complexes were performed using DMF as the solvent and

TBAP (tetrabutylammonium phosphate) as the supporting electrolyte at a scan

speed of 100 mV s". A three-electrode system design is an essential feature of

all cyclic voltammetry systems, and this was incorporated in the present

experiment. In simple cases. the surface is started at a particular voltage with

respect to a reference half-cell such as calomel or Ag/AgCl, with platinum wires

as working and counter electrodes.

C o(ll/'lll) complexes of hydrazones are electrochemically reactive and there

are often quite interesting differences in redox reversibility, stability of reduced and

oxidized forms. and pH effects. In typical cyclic voltammetry. a solution

component is electrolyzed (oxidized or reduced) by placing the solution in contact

with an electrode surface, and then making that surface sufficiently positive or

negative in voltage to force electron transfer. The electrochemical behavior of metal

complexes with O, N, O — donor ligands have been studied so as to scrutinize

spectral and structural changes accompanying electron transfer [33 7].

A comparative study of the cyclic voltammetric behavior of the hydrazones

with their metal complexes gives the information that redox reactions of the metal

Depoflmml oflpp/fed (/Iemisf/7, (or/If/I I/nivarsify o/Irienre and fer/urology
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The electrochemical data of the hydrazone complexes of C0(ll/Ill) are

given in Table 5.5 and selected cyclic voltammograms for complexes are shown

in Fig 5.13. For compound [Co(BB)(pi)3] (20), the reduction peak at -0.47 V is

attributed to Co(ll)/Co(I) reduction. On the reverse scan the corresponding

oxidation peak occurs at 0.79 V can be attributed to the Co(I)/Co(1I) oxidation.

On-the other hand, Co(lll) complex [Co(BB)(pl1cn)N_~,] (18) shows two anodic

and two cathodic peak potentials in the forward and reverse scans as given in the

Table 5.5.

Table 5.5. Cyclic voltammetric data for Co( 11/Ill) complexes

[Co(BBll1lil3l 120) -0.47 0.78 2.87 -5.45
[ColBB)lPl1en)Na] (18) 1.11, -0.07 1.12, -0.11 1.93 -5.09, -1.15

As seen from Fig. 5.13, the cyclic voltammogram of complex

[Co(BB)(phen)N3] (18) shows two redox processes in which one of them

corresponds to the fonnation of Co(lll)/Co(II) couple at Epc = 1.1 1 V and Epa =

1.12 V which is found to be reversible. The other one corresponds to the

formation of Co(ll)/Co(I) couple at Epc = -0.07 V and the associated anodic

peak at Epa = -0.11 V.
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SYNTHESES, CRYSTAL STRUCTURES AND SPECTRAL CHARACTERIZATION

OF COPPER(Il) COMPLEXES OF SOME AROYLHYDRAZONES

§ 6.l.|nIrodut1ion
6.2. Experimental

§ 6.3. Results and discussion
References

6.] Introduction

Coordination chemistry of copper(II) complexes are of great interest not

only due to their versatile applications in various fields such as biological [1,2]

catalytical [3,4], magnetochemistry [5], NLO [6], pharmacological [7] etc. but

also because of their intriguing variety of architectures and new topologies. The

diversity in the structures and topology of the coordination polymers can be

attributed to the selection of metal centers and organic building blocks as well as

reaction pathways. So far, a large number of coordination complexes of

copper(II) composed of chains, sheets and 3D networks based on mixed ligands

have been reported [8,9].

Among the metal ions used to build molecule-based magnetic materials,

copper(II) has played a prominent role both from experimental and theoretical point

of view [10]. However, looking at the structural aspects, the plasticity of the

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

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

The all configuration of the Cu(ll) cation favors either a square planar (4

coordinate) or a square pyramidal (5-coordinate) geometry [1 l] in coordination

complexes under present investigation. It can also offer tetrahedral, trigonal

bipyramidal and distorted octahedral geometries with coordination numbers 4, 5

and 6 respectively. Nonspherical symmetry of the Cu(ll) ion with d9

configuration leads to distortion from the basic stereochemistries predicted by

the classical molecular mechanics approach. Jahn Teller active ground state

supports this deviation to lower symmetry. Square planar or square pyramidal

geometries of some of the mixed ligand complex molecules in the present study

are confirmed by single crystal X-ray crystallographic analyses.

We can expect non-linear response for copper(Il) complexes of

hydrazones which are non centrosymmetric or posses inversion centers in the

crystalline form. Proper choice of the metal and its oxidation state and of the

ligands allows the fragment to behave as an electron donor or acceptor group

[12]. Coe et al. showed that NLO materials, having the property of limiting the

transmitted light (OLs) intensity to a maximum value, i.e. are transparent to

weak signals and opaque to strong signals have received considerable attention

with increasing application of optical techniques and interdisciplinary fields of

the THZ-technologies such as spectroscopic imaging, environmental detection

and inspection etc [13]. The ability of copper(lI) ion to form chelates and its

positive redox potential help to involve in biological transport reactions. In

redox reactions of copper containing enzymes interconversion of Cu(l) and

Cu(ll) oxidation states occur which is an essential factor for most of the

properties of these enzymes [14,15]. Thus Cu(ll) becomes the active centers in”
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several metalloenzymes and proteins and show variety of biological roles in

electron transport, dioxygen transport, oxygenation, disproportionation and

redox reaction [16]. ‘

Copper(II) complex is more potent than the metal free chelate suggesting

that metal complex is the biologically active species. For instance copper is

required for the activity of monoxigenases: a particulate form of methane

monoxigenase (pMMO) and ammonia monoxigenase [17,18]. There is a

correlation between copper concentration in the growth medium and in vitro and

in vivo pMMO activity.

Spectral and crystallographic investigations continue to play a key role in

proposing the structural features suitable for an activity. Copper enzymes exhibit

unique spectroscopic features reflecting novel electronic structures that can

make major contributions to reactivity. It has also allowed the identification and

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

Tamasi er al. synthesized copper(lI)-benzoylpyridine-2-quinolinylhydrazone

complex and analysed its crystal structure by X—ray difiraction analysis and also

showed that it is potentially anticancerous and anti—inflammatory [20]. Manoj er al.

made magnetic and EPR spectral studies of coppen(II) complexes of an anticancer

drug analogue. EPR spectral simulation of most of the compounds is in agreement

with the presence of two uncoupled copper(II) species in solution [21].

Mixed ligand copper(lI) complexes of aroylhydrazones, as principal ligands,

derived from acetophenone, benzaldehyde, salicylaldehyde and their derivatives were

reported [22,23]. We have synthesized copper(lI) complexes of aroylhydrazones

focused on carbonyl compounds such as 2-hyd1oxy—4-methoxybenzophenone, fiJran—

2-carboxaldehyde and 5—bromo-3—methoxysalicylaldehyde. Among the heterocyclic
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bases, 4-picoline, 1,10-phenanthroline and 2,2’-bipyridine have been used [24]. In the

case of monoanionic bidentate hydrazone we incorporate different anions and

pseudohalogens into copper precursor complexes. The formation of pseudohalide

bridged complexes is interesting because of the structural diversity, magnetic and

spectral properties [25]. Single crystals of live of the copper complexes, suitable for

X—ray diffraction studies were obtained and crystal structures were solved by direct

method of SHELXS-97 [26].

6.2 Experimental

6.2.1 Materials

All chemicals and reagents are of reagent grade quality. 2-Hydroxy-4

methoxybenzophenone (Aldrich), fiiran-2-carboxaldehyde (Aldrich), 5—bromo—3

methoxysalicylaldehyde (Aldrich), nicotinic acid hydrazide (Aldrich), benzhydrazide

(Aldrich), N’-4-nitrobenzoylhydrazide(Aldrich), copper(II) acetate monohydrate

(Qualigens), c0pper(lI) chloride dihydrate (E-Merck), sodium azide (Reidel-De Haen),

potassium thiocyanate (E-Merck), 4-picoline, (Aldrich), 2,2’-bipyridine (Qualigens),

1,10—phenanthroline (Ranchem) and DMF (S.D.Fine) were used without fiJI'tl'l€l'

purification. Methanol and ethanol were used as solvents.

6.2.2 Syntheses of the aroylhydrazones

The method of synthesis of aroylhydrazones, 2-hydr0xy—4

methoxybenzophenone benzoylhydrazone (HZBB), 2-hydnoxy-4-methoxybenzophenone

nicotinoylhydmzone (HZBN), N-2-hydroxy-4-methoxybenzophenone-N’—4—

nitmbenzoylhydrazone (H2BF), fiitan-2-carboxaldehyde niootinoylhydrazone (HFN) and

5—Bromo-3-methoxysalicylaldehyde benzoylhydrazone [HZSB] is described in Chapter 2.

.,..:'..'::.:3::-.-~.:  _"."2’:" 'v"-)- - .. \...
.-,.:.:,....:_'_: :_';:"
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6.2.3 Syntheses of copper(II) complexes

[Cug(BB)2](27): To a hot methanolic solution of the aroylhydrazone HZBB

(0.346 g, 1 mmol), Cu(OAc)2-H20 (0.199 g, 1 mmol) dissolved in hot methanol

was added. On refluxing, pale green amorphous product was separated at once.

This was filtered, washed with ether and dried over P40“, in vacuo. Elemental

Anal. Found (Calcd.) (%): c, 61.44 (61.83); H, 4.09 (3.95); N, 6.84 (1 1.93).

[Cu(BB)phen] (28): Methanolic solutions of H2BB (0.346 g, 1 mmol), and

1,10-phenanthroline (0.198 g, 1 mmol) were mixed and refluxed for about half

an hour. Cu(OAc)2-H30 (0.199 g, 1 mmol) dissolved in hot methanol and DMF

(10:l ratio v/v) was added and refluxed for 4-5 h. On slow evaporation green

plate like crystals suitable for single crystal X-ray diffraction studies were

obtained and 2-3 crystals were separated. The remaining product was filtered,

washed with methanol, followed by ether and dried over P4010 in vacuo.

Elemental Anal. Found (Calcd.) (%): C: 66.88 (67.28), H: 4.03 (4.28), N:

9.72(9.5l).

[Cu(BB)bipy|-C2H50H (29): To a refluxing solution of H2BB (0.346 g, 1

mmol) and 2,2’-bipyridine (0.156 g, 1 mmol) in ethanol, Cu(OAc)2-H20 (0.199

g, 1 mmol) dissolved in hot ethanol and DMF (10:l ratio v/v) were added and

refluxed for about Sh. On slow evaporation dark green block shaped crystals

suitable for single crystal X-ray diffraction studies were obtained and a few

crystals were collected. The remaining green colored crystalline product was

filtered, washed with ethanol, followed by ether and dried over P40“, in vacuo.

Elemental Anal. Found (Ca1cd.) (%):C: 65.51 (65.89), H: 4.23 (4.46), N: 9.49

(9.91).



(hupter-6

[Cu(BB)pi] (30): A solution of H3BB (0.346 g, 1 mmol) and 4-picoline (2-3 1nL)

in methanol were mixed with CU(OAC)3'l'l2O (0.199 g, 1 mmol) dissolved in hot

methanol and DMF (1021 ratio v/v) and refluxed for about 5 hours. The brown

colored crystalline product was filtered, washed with methanol, followed by

ether and dried over P4010 in vacuo. Dark brown plate like crystals suitable for

single crystal X-ray diffraction studies were obtained by slow evaporation of its

solution in ethanol and DMF (l0:l ratio v/v). Elemental Anal. Found (Calcd.)

(%): C: 64.38 (64.72), H: 4.32 (4.63), N: 9.26 (9.58).

[Cu2(BN)2] (31): To a hot methanolic solution of Cu(0Ac)3°H30 (0.199 g, 1

mmol), methanolic solution of the hydrazone H2BN (0.347 g, 1 mmol) was

added with stirring. Pale green amorphous product separated was filtered,

washed with ether and dried over P4010 in vacuo. Elemental Anal. Found

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

[Cu(BN)phen]°H;O (32): This complex was prepared by refluxing l:l:l ratio

of Cu(0Ac)2-H20 (0.199 g, 1 mmol ), l,l0—phenanthroline (0.198 g, 1 mmol)

and H2BN (0.347 g, 1 mmol) in methanol and DMF (l0:l ratio v/v) for about 6

h. Dark green product obtained was filtered, washed with methanol followed by

ether and dried over P4010 in vacuo. Dark green elongated blocks of crystals

suitable for single crystal X-ray diffraction studies were obtained by slow

evaporation of its solution in methanol and DMF (l0:l ratio v/v). Elemental

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

[Cuz(BF);] (33): A hot methanolic solution of the hydrazone H2BF (0.391 g, 1

mmol), was added to a hot methanolic solution of Cu(0Ac);;_-H20 (0.199 g, 1

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

washed with ether and dried over P4010 in vacuo. Elemental Anal. Found

(Calcd.) (%): C: 55.86 (55.69), H: 3.01 (3.34), N: 9.20 (9.28).

':- &.'5'$?3§i5$Ix'L ._’I 55. 1 8 6
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[Cu(FN)2] (34): Methanolic solutions of the ligand, 1-1FN (0.430 g, 2 mmol),

Cu(OAc)2-H20 (0.199 g, 1 mmol ) and 2,2’-bipyridine (0.156 g, 1 mmol) were

mixed and refluxed for about 6-7 h. The solution was kept overnight. The dark

brown product obtained was filtered, washed with methanol followed by ether

and dried over P4010 in vacuo. Elemental Anal. Found (Calcd.) (%):C: 53.64

(53.71), H: 3.36 (3.28), N: 16.94 (17.08).

[Cu(FN)C1(H;O)]-2H2O (35): Hot ethanolic solutions of the aroylhydrazone,

HFN (0.215 g, 1 mmol) and CuCl2-2H20 (0.170 g, 1 mmol) were mixed and

refluxed for about 2 h. The dark green crystalline product obtained was filtered,

washed with ethanol followed by ether and dried over P4010 in vacuo.

Elemental Anal. Found (Calcd.) (%):C: 36.42 (35.98), H: 3.50 (3.84), N: 1 1.34

(11.44).

[Cu;(FN);(p—NCS)2] (36): Ethanolic solutions of the aroylhydrazone, HFN

(0.215 g, 1 mmol), KSCN (0.097 g, 1 mmol) and Cu(OAc)2-H20 (0.199 g, 1

mmol) were mixed and refluxed for about 2 h. The dark green crystalline

product obtained was filtered, washed with ethanol followed by ether and dried

over P4010 in vacuo. Elemental Anal. Found (Calcd.) (%): C: 42.35 (42.92), H:

2.16 (2.40), N: 16.47 (16.68).

[Cu2(FN)2(u-N3)2] (37): To an ethanolic solution of the aroylhydrazone, HFN

(0.215 g, 1 mmol), ethanolic solution of NaN3 (0.065 g, 1 mmol) was added

dropwise while the mixture was stirred for half an hour. To this solution,

ethanolic solution of Cu(OAc)2-H20 (0.199 g, 1 mmol) was added. The dark

green amorphous product obtained was filtered, washed with ethanol followed

by ether and dried over P4010 in vacuo. Elemental Anal. Found (Calcd.) (%):C:

40.15 (40.97), H: 2.66 (3.44), N: 24.17 (23.89).
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[Cuz(SB)2](38): To a hot methanolic solution of the ligand 1-IZSB (0.231 g, 1

mmol), CU(OAC)2'H2O (0.199 g, 1 mmol) dissolved in hot methanol was added.

Dark green amorphous product was formed on refluxing. This was filtered,

washed with ether and dried over P4010 in vacuo. Elemental Anal. Found

(Ca1cd.)(%):C: 40.31 (40.84), H: 2.33 (2.45), N: 10.14 (10.21).

[Cu(SB)(pi)]-H20 (39): A solution of HZSB (0.231 g, 1 mmol) and 4-picoline

(2-3 mL) in ethanol were mixed with Cu(OAc)3-H20 (0.199 g, 1 mmol)

dissolved in hot ethanol and DMF (1021 ratio v/v) and refluxed for about 5. The

brown colored crystalline product was filtered, washed with methanol, followed

by ether and dried over P4010 in vacuo. Dark brown plate like crystals suitable

for single crystal X—ray diffraction studies were obtained by slow evaporation of

its solution in ethanol and DMF (1021 ratio v/v). Elemental Anal. Found

(Ca1cd.)(%):C: 47.11 (47.58), H: 3.29 (3.39), N: 11.02 (11.10).

6.3 Results and discussion

The newly synthesized copper complexes are quite stable in air and their

melting points are found to be greater than 250 °C. The observed elemental

analyses data are in good agreement with the calculated value of the proposed

formulae of the complexes. They are soluble in organic solvents like
acetonitrile and DMF. The molar conductance measurements of all the Cu(l1)

complexes are in the range 3-12 ohm'l cmz mol" that confirm the non

electrolytic nature of the complexes. Magnetic moments of the complexes are

calculated by magnetic susceptibility measurements at 298 K. Diamagnetic

corrections are also considered. The magnetic moment values for the complexes

27, 31, 33, 36, 37 and 38 showed substantial decrease and lie in the range of 1.05

-1.35 B. M. which is much less than the spin only value. Such a low value of

magnetic moment indicates antiferromagnetic interaction between two metal18 8
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centres having unpaired electrons suggesting dimeric nature to these complexes

[27-28]. The observed magnetic susceptibility values of the complexes 29, 34,

35 and 39 are in close agreement with the spin only value for a do copper system

and that for the compounds 28, 30 and 32 show small decrease from the spin

only value. So there may be some interaction between the magnetic centers in

the solid state owing to the noncovalent interactions in close packing [29]. The

experimental values of magnetic moments are in good agreement with EPR

results. The magnetic susceptibility and molar conductivity values of the

complexes are presented in Table 6.1. X—ray quality single crystals of five

Cu(lI) compounds, 28, 29, 30, 32 and 39 were obtained by slow evaporation of

the solution of corresponding compounds in CH3OH or C3H5OH and DMF.

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

éM‘i'? 0 . run tB.M.l : : .
[Cu2lBB)2]l27) 9 1.10
[Cu(BB)phen] (28) 6 1.34
[Cu(BB)bipY]'02H50H (29) 8 1.90
[CU1BBlDil 130) 4 1.35
[Cu2lBl\1)2l (31) 6 1.02
[Cu(BN)phen]'Hz0l3 21 7 1.29
[Cu2lBF)2]l33) 5 1.07
[[Iu(FN)2] (34) 10 1.87
[0Ul.FNlCl.H20]'2H20 (3 5) 1 1 1 .82
[Cu2(FNl2 lu-CNSl2] (351 10 1.21
[Cu2(FN)2 lu-N312] (37) 12 1.23
lCu2lSBl2] (331 7 1.30
[CulSBl(pi)l'H2U (391 9 1.91

‘molar conductivity (in mho cm? mol"} taken in 103 M DMF.

6.3.] Single Crystal XRD studies

The Single crystal X-ray diffraction analyses of [Cu(BB)phen] (28) and

[Cu(BB)bipy]-C2H5OH (29) were performed with a Bruker SMART APEX CCD

.a:/ \(
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X-ray diffractometer at the University of Hyderabad, using graphite

monochromated Mo K0. radiation (7\.=0.7l073 A, (p and to scans. The structure

was solved using SHELXS—97 and full matrix least squares refinement against

F2 was carried out using SHELXL—97 in anisotropic approximation for non

hydrogen atoms.  All hydrogen atoms were assigned on the basis of

geometrical considerations and were allowed to ride upon the respective carbon

atoms.

The Single crystal X-ray diffraction data of [Cu(BB)pi] (30) were

collected on an Oxford Xcalibur Eos (Mova) Diffractometer at 100 K using Mo

K0. radiation (l=0.7I07 A) with X-ray generator operating at 50 kV and 1 mA.

The structures were solved and refined using SHELX97 module in the program

suite WinGX. . The geometric calculations were carried out by PARST95 and

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

The single crystal X-ray diffraction data of [Cu(BN)phen]-H2O(32) and

[Cu(SB)(pi)]-H20 (39), were collected using Bmker SMART APEX

diffractometer, equipped with graphite —crystal, incident-beam monochromator,

and a fine focus sealed tube with Mo Ka (X = 0.71073 A ) as the X-ray source

The structure was solved by direct methods and refined by full-matrix least

squares calculations with the SHELXL-97 sofiware package and all hydrogen

atoms on carbon were placed in calculated positions, guided by difference maps

and refined isotropically.

In all the cases the molecular diagrams were generated using ORTEP-3

and the packing diagrams were generated using Mercury 2.3. and DIAMOND

version 4.2g.1 90
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Table 6.2. Crystal data and structure refinement for [C u(BB)(plicn)].

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

2, Calculated density

Absorption coefficient
F1000)

Crystal size

Theta range for data collection

Limiting indices

Reflections collected l unique

Completeness to theta
Absorption correction
Max. and min. transmission

Refinement method

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

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

Largest diff. peak and hole

C33 H24 Cu N4 03

588.11

298121 K

0.7107311

Monoclinic, P2116

a = i3.o2o71i1lr‘.l a= 90°.

0 = 10.3748l6l£°l p= 10194501101“.
= 14.737019: ii ~,= 90°

27047131313

4, 1.444 Mglm3
0.850 mm"
1212.0
0.36 x 0.22 x 0.03 mm
1.15 to 26.06“

-22§hs22, -12~;<k:12, -183318
268781 5360 lRlint) = 0.0705]
= 25.06” 99.6%
Semi-empirical from equivalents
0.821 and 0.191

Full-matrix least-squares on F2
5339 l 0 l 371
1.028

R1 = 0.0574, wR2 = 0.1284

R: = 0.0981, wR2 = 0.1471
0.650 and -0.243 e.A'3

R1 = z||F..|-l.r.._|1:'_r..! MR2 = lzu4r.Z-F3121>:uiF.2F1'-'9

The bond length of C14—02, 1.305(5) A agrees with the coordinating

pattern of hydrazone via enolate form. The heterocyclic base phenanthroline which

acts as the co-ligand binds asymmetrically to C u( 1]) as there is a longer Cu -N3 bond

(axial) when compared with strongly bound Cu—N4 bond (equatorial) and fonns a

five membered ehelate ring. The C u-N 1. O1 and O2 bond lengths are less than 2 A

and that of Cu—N4 is 2.031 A indicating a strong coordination ofphenanthroline and

the ligand [30] to the metal centre. The bond distances are in the range of those

reported in the Cambridge Structural Database for amide and carbonyl compounds

[31] and other similar compounds [ll 22, 28. 29].

-—Depamnenr 0/App/fed (/Ie/nislry, (or/Iin I/Irirarsity offmwre and ferlmo/oyy
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Table 6.3 Selected bond lengths and bond angles for [Cu(BB)(phen)]

Bond length (Tl) Bond angles (')
Cu-N4 2.031 (3) N3—Cu-01 98.05111)
Cu—N3 2.344(3) N3—Cu—02 97.73111)
Cu—01 1.908(3) N3—|3u—N1 11B.18(12)
[Iu—02 1.939(3) N3—Cu-N4 75.84112)
Cu-N1 1.939(3) 01—Cu-N1 92.29112)
Cu-N2 2.817(3) N1—Cu—02 82.74(12)
014-02 1.305(5) 02-Cu—N4 92.13(12)
C1-01 1.290(5) N4—l3u-01 89.56112)
C7—N1 1.293(5) 01—Cu-02 164.06(12)
N1-N2 1.411(4) N1—Cu—N4 167.39(13)
N2—C14 1.339(5)
C14-C15 1.463(6)

The five coordinated complex adopts a square pyramidal structure [32]

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

following observations. The apical and the basal coordination positions of the

square pyramid are occupied by N3. 02. N1, 01 and N4 atoms. The apical Cu

N3 bond is not exactly perpendicular to the basal square plane as seen from the

bond angles. N3—C‘u—Nl (1 I618"). N3 ~--Cu—01 (98.05°) etc. The equatorial

bond angles deviate slightly from the expected value of 90.0“ as given in the

Table 6.3. When these bond angles are summed it comes below 360.0“ which

illustrates that the basal portion has a little distortion from planarity and copper

atom slightly shifted from the square plane. Also the two trans O atoms are at an

angle of 164.06“ and the two trans N atoms are not completely linear N1 Cu—

N4, bond angle being ( 167.39“).

The angular structural parameter ‘E — 0.0555, it -‘ ([3  (1)/"6()}._ Shows that

there is only a small distortion from square pyramidal towards trigonal

Department of Applied I/temisrry, (at/II): I/nivmify off:/"ante and fer/molagy ___—.m
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H18--'1t(edge) interactions with interaction geometries 2.866 /31, 172.17“ as

shown in Fig. 6.2. Strong classical hydrogen bonds are absent in the crystal

structure. C---H"‘7t molecular dimers are interlinked by C—H'“7I (edge)

interactions, 2.758 A. 147.07“ and C29—H29---Ol interactions, 2.541(3) A.

168.2(2)" in a bifurcated manner as seen in Fig. 6.3. phenanthroline rings Cg[9]

and Cg[4] are involved in it—n stacking with a distance o1"3.554(2) A, B=l4.09"

stacks up the supramolccular chains as given in Fig. 6.4 which is assisted by

weak C24—H24---02 interactions 2.71 1(2) A, 131.94(28)".

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

H-hon@g
D-H---A D—H (ii) H~--A131) D---A (111 1341+-—A 1°)
Cl22)~H(22)'~-0(3) 0.93 2.58 3.469 (6) 161
C(29)~H(29)'--0(1) 0.93 2.541 (3) 3.457 (5) 168.23 (26)
C(24)-H(24)---0(2) 0.93 2.711 (2) 3.658 (6) 131.94 (28)
It-It interaction

B9111  cow) cg-~~ cg (131 or 1°) B1‘)
Cg(9)  Cg(4)° 3.554(2) 1.07 (18) 14.09
Cg(4)  Cg(5)“ 3.746(2) 19.49 (19) 9.42
Equivalent position codes

a = 1-x,-y,l~z b= 1-x,-1l2+y,1l2-z
3914) = M3). C(22) ~ C(25). C(33) C9 (5) = M4), C(28) - C(32)
Cg (9) = C(25) C(28). C(32). C(33)

D, donor; A, acceptor; Cg, centroid; oi (°), dihedral angle between planes 1 and J; (3 (°), angle between l3g(|)-[IglJ)
vector and normal to plane 1;

The interchain stacking interaction between the phenanthrolinc rings in

the compound is remarkably strong and it may be due to larger II system in

phenanthroline ligand [22]. The crystal packing is supported by more Cg(rr)

Cg(tt). C—H"'II and weak hydrogen bonding interactions. The interaction

--—--Zfleparlmonf 0/App/fed (Int-mirfry, (orb/‘II I/niversily affriente and fer/mo/ogy
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Table 6.5. Crystal data and structure refinement for
[Cu(BB) (bipy)]-C2Hs0H

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

2, Calculated density
Absorption coefficient
H000)

Crystal size

Theta range for data collection

Limiting indices

Reflections collected l unique

Completeness to theta = 72.98
Absorption correction
Max. and min. transmission

Refinement method

Data 1 restraints 1 parameters
Goodness-of-fit on F2

Final R indices [I > Zsigmallll
Fl indices (all data)

Extinction coefficient

Largest diff. peak and hole

C33 H30 Cu N4 04

810.16

153121 K

1.54134 :1

Monoclinic, P2111:

a = 14.097419) ii a= 90 °.
b= 12402119111 p=1oo.19o171°
c = 17.3687l14ll°1 ~/= 90°.
2916.514) £13

4, 1.390 Mglma
1.421 mm"

1268.0
0.40 x 0.32 x 0.28 mm

3.73 to 72.98 °.

-17511517, -15_<_kS15, -1651521

1099915821 [Rlintl = 0.0295]
91.2 %

Semi-empirica| from equivalents
1.00000 and 0.88107

Fullmatrix least-squares on F2
5309101383
0956
R1 = 0.0501, wR2 - 0.1230
R1 = 0.0832, wR2 = 0.1349

0.0000519)
0.313 and -0.475 e.A'3

The coordination environment around the C110!) centre is square

pyramidal in this complex but deviates from a regular square pyramidal

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

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

membered chelate rings Cg(1){Cu, N1, N2, C14, 02} and Cg(3) {Cu, Ni, C7,

C6, C1,01} occupying the basal plane are fused along a common axis Cu—N1

making a dihedral angle of 9.81(12)° between them which indicates deviation
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from planarity. The other five membered chelate ring Cg(2) {Cu, N3, C26, C27,

N4} making dihedral angles of 87.86(l4)° and 84.92(l3)° with the above said

five and six membered chelate rings respectively shows the axial disposition of

the bipyridyl system with the basal plane.

Table 6.6. Selected bond lengths and bond angles for
[Cu(BB)(biPy)]-C2HsOHlength

Cu—N4 2.225(3) N3-13u—01 91.27110)
Cu-N3 2.026(3) N3-Cu—02 94.81110)
Cu-01 1.91812) N3—Cu—N1 176.51 (1 1)
Cu—02 1.947(2) N3-Cu—N4 77.37112)
Cu—N1 1.934(3) 01—Bu—N1 92.22110)
Cu—N2 2.808(3) N1-Cu—02 81.84110)
C14-02 1.29114) 02—Cu—N4 94.09111)
[I1-01 1.32514) N4-—Cu—01 103.64111)
C7—N1 1.302(4) 01—Cu-02 1B2.13110)
N1-N2 1.39714) N1-Cu—N4 101.83111)
N2—C 1 4 1 .31914)
014-1315 1.49215)

The coordination positions of the basal square plane are occupied by N3,

02, N1, and O) atoms and the apex by N4 atom. The equatorial bond lengths

are shorter than the axial Cu~—N4 bond lengths. This is a consequence of the

Jahn Teller effect observed in (19 electronic ground state of the five coordinate

complex which elongates one coordinate bond while shortening the remaining

four. The apical Cu—N4 bond is not exactly perpendicular to the basal square

plane as seen from the bond angles of N4—Cu—N], 101.83°(l1)°, N4—Cu-O1,

l03.64(1l)° etc. There is slight deviation for the equatorial bond angles from the

expected value of 90.0° which indicates a distortion of the basal plane from a

square geometry and is confirmed by the fact that the two trans O atoms are at% 200
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via enolate form. 4-picoline, the heterocyclic base which acts as the co-ligand is

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

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

Empirical formula

Formula weight

Temperature (T) K

Crystal system

Space group

3 (iii. bcfu, c (in

al°, Bl°, vl°

Volume (43)

Z

mm(m9mm9

U(mmU

H000)

Crystal size (mrn3)

29 range for data collection

Index ranges

Reflections collected

Independent reflections

Datalrestraintslparameters

Goodness-of-fit on F2

Final R indexes [I > 20 (|)]

Final R indexes [all data]

Largest cliff. peaklhole e (l°l“')

C27l'l23N303CU

501.03

293(2)

triclinic

P-l

9.757(5). l0.908l5l, l2.930l7)

ll4.388(8), 90.8l4(9), 1 10.151 (9)

ll56.8ll1l
2

1.438

0.979

518

0.20 X 0.20 X 0.20

3.52 to 52°

-‘|2ShSl2,-l3SkS l3,-l5S|S 15
11927

4503[Rlint) = 0.0235]

4503l0l309

0.988

R: = 0.0358, WR2 = 0.0914

R1 = 0.0494, WR2 = 0.0944

0.366!-0.198

R: = XIIFOI - lF.-.|| / EIFOI WR2 = [£w(Fo2'Fc2)Z/ Zw(Fo2)2]U2

The Cu—N5, O2 and O3 bond lengths are also less than 2 A indicating a

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

Structural Database for amide and carbonyl compounds [31].

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

Cu—03

Cu-02
Cu-N5

Cu-N7

Cu—N6

B10-03
C10—N6

N6—N5

N5—Cl2

C12-C11
Cl1—C13

C13—02

Clfilhl

1.9208
1.8703

1.9229
1.9912

2.801

1.29613)

1.315(3)

1.398(3)

1.308(3)

1..443l3l

1.437(3)

1.326(3)

1.362(3)

N7-Cu-03
03—Cu-N5

N5-Cu-02
02—Cu-N7

N5-Cu-N7
03—Cu-02

C14—C10—N6

N5—C12-C9

C12-011-013
C13—C11-C8

03—C10-C14

90.36
82.08
94.91

92.80
170.95
176.46

1 17.9l2l

1 19.512)

124.412)

1 16.712)

1 17.212)

The four coordinate complex adopts a square planar structure but

deviates from its regular geometry, as evidenced from the following

observations. The four equatorial coordination positions of the square plane are

occupied by NS, 02, N7 and 03 atoms around Cu(II) centre. Relevant values of

bond angles and bond lengths are summarized in Table 6.9. They are

comparable to the corresponding values in similar compounds [12]. The

equatorial bond angles deviate slightly from the expected value of 900°, the

maximum deviation being 792°. The O3—Cu—N5 chelating angle is more acute

than the remaining bite angles subtending at the metal centre, which is due to the

steric binding constrains imposed by the small bite angles of the ligand. When

these bond angles are summed it comes to 360.l5° which illustrates that the

basal portion has a little distortion from planarity and copper atom slightly

shifted from the square plane. Also the two trans O atoms and the two trans N206
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also supported by intermolecular C u«-«at interactions of different interaction

distances (3.54 A and 3.84 A, see Table 6.10) on either sides of the central Cu

atom in this square planar complex (Fig. 6.1 lb). The molecular conformation is

found to be significantly deviating from planarity in order to accommodate

various modes of intermolecular interactions. The Cg(7r) — C g(7r) stacking

interactions between rings with Cg-Cg distances of 3.6548 A and 3.7022 A can

support the packing stability in the absence of strong classical hydrogen bonds.

Table 6.10. Ring-metal and Tl.’-It interaction parameters of the
compound [Cu(BB)(pi)]

fling-Metal Interactions
Dgll)---Me(J) Call)--'Me(J) (ii) p 1°)
139(4)"  Cu 3.541 13.33
Cg(6l“  Cu 3.843 32.74
Tt-Tl’ interaction O
Cgll)  Cg(J) Cg--' Cg (Al (1 1°) 131°)
119(2)  C914)“ 3.6548 1.9211 0) 19.59
Cg(1)Cg(4)“ 3.7022 2.811111) 21.33
Cg(2)  Cg(6)l' 4.2227 25.90112) 25.45
Equivalent position codes
a = 1-x,1-y,1-z b = 1-x,-y,-z
Cg (1) = Cu, 013). N15), N16), C(10) Cg (4) = C(8), C(11), C(13), C(15), C(16)

Cg (2) = Cu, 0(2), N15). C(11) - C(13) 139(8) = C(14). C(18), C(23). C(28), C(29),C(32)
D, donor; A, acceptor; Cg, centroid; (1 1°), dihedral angle between planes I and J; [3 1°), angle between Cgllt-Bg(Jl
vector and normal to plane 1;

6. 3. 1.4. Crystal structure description of] C u(B..-V) (phen)/ °H20 (32)

The compound crystallizes in space group C2:"r- with Z = 4. The

molecular structure along with atom labeling scheme is shown in Fig. 6.13. A

summary of the crystal data and structure refinement parameters is given in

Table 6.11. Selected bond lengths and angles for 32 are listed in Table 6.12.

Single crystals of [Cu(Bf\l)(phen)] -H30 (32) suitable for X-ray diffraction

fieparfmem‘ of Applied (/remix/ry, (or/tin llnirersity of ft/'9/Ire arm’ for/ma/ogy -———m
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Table 6.1 1. Crystal data and structure refinement for [Cu(BN )(phen)] -H20 (32)

Crystal system, space group
Unit cell dimensions

Volume

2, Calculated density

Absorption coefficient
H000)

Crystal size

Theta range for data collection

limiting indices

Reflections collected I unique

Completeness to theta =
Absorption correction
Max. and min. transmission

Refinement method

Data 1 restraints I parameters
Goodness-of-fit on F’

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

Largest diff. peak and hole

Empirical formula C64 H49 CU2 N10 07
Formula weight 1 197.23
Temperature 296(2) K
Wavelength 0.71073 A

Monoclinic, 621::

a = 14.5423n3)ri a= 90°
b = 18690811614 p= 98.233l3l°
c = ieeeeiiisifi v= 90°
5344.6l8l I13

4, 1.488 Mglm3
0.864 mm"

2468.0
0.40 x 0.20 x 0.20 mm
1.79 to 25.00”

-17Sh$17, -18SkS22, -2351523
19327 14714 [Rlintl = 0.0613]
25.00 99.9%
Semi-empirical from equivalents
0.841 and 0.813

Full-matrix least-squares on F2
4711 l3 1382
1.121

R: = 0.0422, 1.062 = 0.1216
R1 = 0.0522, 0062 = 0.1393
0.621 and -0.786 e.i°i-3

R. = 2|ir..| . |r.|| I z|r..i nnz = [2 no.3-rfiizi Zw(Fo2)2]"2

The five coordinate complex exhibits a square pyramidal structure but

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

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

the continuum between square—pyramidal (T = 0) and trigonal——bipyramidal (‘E =

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

complex is distorted from a regular square—pyramid. The geometric
requirements of the ligand means that the geometry around the Cu(Il) centre is
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not regular. The angle subtended at Cu(lI) in 32 by the two oxygen atoms,

O(1)—Cu(l)—O(2), l64.34(9)° is significantly compressed, and the bite angles of

N(l)—Cu(l)—-0(1), 93.1 1(9)° and o(2}cu(1yN(1), 32.02(9)° are distorted from

90°. Most of the angles involving the central copper atom are widely different

from 90° and 180° as given in the Table 6.12 indicating significant distortion

from square pyramidal geometry.

Table 6.12. Selected bond lengths and bond angles of [Cu(BN)(phen)] 
H30 (32)

Cu—N4 2.013(2) N4—Cu—01 90.78(9)
Cu—N5 2.305(3) N4—Cu—02 94.8213)
Cu-U1 1.889(2) N4—Cu—N1 175.45(1U)
Cu—02 1.962(2) N5-[Iu—N1 100.1819)
Cu-—N1 1.922(1) 01—Cu—N1 93.1119)
Cu—N2 2.811(1) N1-Cu—02 82.02(9)
C 14-02 1.273(3) N5—-[Iu-N4 76.9719)
C1-U1 1.292(4) N5—Cu—01 97.21 (9)
C7—N1 1 28014) 01—Cu—02 164.3419)
N1-N2 1.423(3) N5—Cu—02 98.29(9)
N2—C1-’-1 1.312(4)
1314-1315 1.488(4)

These distortions arise from the rigidity of the chelate rings [36],

compounded by the Cu(Il) covalent radius. The bite angles are comparable to

those reported for other Cu(Il) complexes containing both five- and six

membered chelate rings with oxygen and nitrogen donor atoms [37]. The five

membered chelate rings, Cg(1) Cu, 0(2), N(1), N(2),C(14) and Cg(2) Cu, N(4),

N(5), C(31), C(32) are practically planar (largest deviation 0.025(2) A for N1

and —0.028(2) A for N5), and the rings are not puckered. But atoms 01 and N(4)

occupying the basal coordination positions deviate significantly by 0.437(2) A

and -0.179(2) A from the plane of Cg(1). The six-membered chelate ring Cg(3)

<4.-.
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length of C7~O2, 1.302(7) .3. corresponds to the coordinating mode of hydrazone

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

strongly bound to Cu(ll) as seen from the bond length of Cu—'Nl_, 1.989(4) A.

The bond lengths of other equatorial bonds Cu—N2, O1 and 02 are also less than

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

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

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

Table 6.14. Crystal data and structure refinement for [Cu(SB)(pi)]'H3O (39)

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

2, Calculated density

Absorption coefficient
F1000}

Crystal size

Theta range for data collection

Limiting indices

Reflections collected I unique

Completeness to theta

Absorption correction
Max. and min. transmission

Refinement method

Data l restraints 1 parameters
Goodness-of-tit on F2

Final R indi1:es[|> 2sigmal|)]
R indices (all data)

Largest diff. peak and hole

C21 H13 Br Cu N3 03

503.83

296(2) K
0.71073 it
Monoclinic, C2Ic

a = 2500101131 1°1a= 90°

ll = 13.156216) it 0= 12127913)"
c = 14.348817) 11 1/= 00°.
4130.514) 113

8, 1.620 Mglm3
3.019 mm"

2024.0
0.25 x 0.25 x 0.20 mm
1.81 to 25.99 ‘’

-31511531, -16311516, -17SlS17

31398 14055 lfllintl = 0.0575]
= 25.99 100.0 %
Semi-empirical from equivalents
0.652 and 0.592

Full-matrix least-squares on F2
40581 01 264
1.084

R1 = 0.0543, WH2 =- 0.1595

R; = 0.0782, 00112 = 0.1868
2.699 and -1.005 e.A'3

R1 - z11r..1~ 1F.111z1F..1; MR2 = 1>:»1F..?-r3121zn1r..?121"2
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We can assign a square planar structure to this four coordinate complex

but slightly deviates from its regular geometry, as evidenced from the following

observations. The entire molecule is nearly planar as seen from the mean plane

deviation calculation of the plane containing all the non hydrogen atoms. It

shows a maximum mean plane deviation of -0.294(8) A for C6. The Cu(ll)

atom is shared by two fused five and six membered chelate rings Cg(l){Cu, N3,

N2, C7, 02} and Cg(2) {Cu, N2, C14, C19, C21,0l} with a dihedral angle of

only l.9(2)° between them. The phenyl ring of hydrazide part is slightly shifted

from the rest of the molecule as it makes dihedral angles of l2.5(3)°,l 0.5(3)° and

1 l.8(3)° with the aromatic ring of picoline, live and six membered chelate rings

respectively. The four equatorial coordination positions of the square plane are

occupied by N1, 02, N2 and O) atoms around Cu(II) centre and the plane A4

containing these atoms shows a maximum mean plane deviation of 0.042(5) A

for N2 which assigns much planarity to the square plane. From ring puckering

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

Table 6.15. Selected bond angles and bond lengths of [Cu(SB)(pi)]-H20 (39)

5..;s;2;e3:s_;é;:§%::.é:‘.Bond;l;en9.th::lA))v%;::;:

Cu1-N1

Cu1—01

Cu1—02

Cu1—N2

C1-E7

C7—N3

N3—N2

N2-C21

021-819

014-01

87-02
E17—Br1

C20-03

1.989(4)

1.886(3)

1.925(4)

1.918(4)

1.496(8)

1.295(7)

1.390(6)

1.278(7)

1.415(8)

1.298(7)

1.302(7)

1.898(5)

1.405(9)

N1—Cu1—01

01-Cu1—N2

N2—Cu1—02

02—Cu1-N1

02—Cu1—01

N1—Cu1—N2

01—C14—B19

C14-019-821

C19—C21—N2

N2—N3-C7

N3—C7—02

91.55(16)

93.55(17)

81.18(17)

93.79117)

174.52(16)

173.97(19)

125.8115)

121.9315)

126.2(5)

108.84(4)

124.8(5)
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6.3.2. Electron paramagnetic resonance spectroscopy

EPR spectroscopy is an effective tool that can be used for the study of

structures of paramagnetic copper{ll) complexes. The effective spin of

copper(ll) ion, with a af’ configuration. S = ‘/2 and is associated with a spin

angular momentum,  = 3:‘/2. leading to a doubly degenerate spin state in the

absence ofa magnetic field. When a magnetic field is applied. the degeneracy is

removed and the energy difference between them is given by AE — hr = g/)’B

where /7 is Planck’s constant. v is the microwave frequency for transition

between the two levels, g is the Lande splitting factor (equal to 2.0023 for a free

electron), 5 is the Bohr magneton and B is the magnetic field. In the case of a

3a” copper(ll) ion, the appropriate spin Hamiltonian assuming a 8),, ground state

is given by

H = />’[g H.s+ g_(H..5.+H,5..»]+ /1,. 1_.s.+ Ar u.5.+1..sf..;

where all the symbols have their usual meaning. The nuclear spin of

63 Cu (I = 5/3) interacts with the unpaired electron of copper(ll) ion (d9) with an

effective spin of5 T [/2 which give rise to four hyperfine lines (2nI+l ~— 4).

EPR spectra of the copper{1l) complexes were recorded in
polycrystalline state at 298 K and in DMF as a frozen sample at liquid nitrogen

temperature (77 K) in the X-band. using 100 kHz modulation, modulation

amplitude 2G and 9.1 GHZ microwave frequency; g factors were quoted relative

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

spectra typically indicate a d_\__._l__. ground state (g > gg> 2.0023). Some of the

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

fits are presented.

77')V . Depan‘/nan! a/App//‘ed (/mm’:/r/, (odrin Unirarsiry o/fr/‘ear: and for/mo/ogy
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The EPR spectrum of the complex [Cu2(BB)2] (27) in the polycrystalline

state at 298 K exhibits weak signals due to strong antiferromagnetic interaction

between the Cu(II) centers. The nature of the EPR spectra is consistent with

strong coupling interactions between Cu(II) electrons through their connecting

moiety which suggests a dimeric structure.

However in frozen DMF at 77 K the EPR spectra exhibit signals

characteristic of uncoupled Cu(II) species at ~ 330 mT. They do not show half

field signals and hyperfine features typical for coupled binuclear complexes are

absent. The spectral features in frozen DMF are in contradiction with that in

solid state, which is attributed to the possible fragmentation in DMF at low

concentrations. The binuclear complex is connected with the antiferromagnetic

coupling of two Cu(II) ions, leading to a singlet ground state and an excited spin

triplet state. For a coupled system of two Cu(II) species equally distributed

seven hyperfine features [2nI+1; n=2 and I =3/2] are expected.

The spectrum shows a well—resolved axial spectrum with four hyperfine

lines with weak superhyperfine splittings in the parallel region due to coupling

of the electron spin with nuclear spin (63Cu, I = 3/2). with Ell > gi> 2.0023

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

[38]. Kivelson and Nieman have reported that g" values less than 2.3 indicate

considerable covalent character to M—L bonds, while a value greater than 2.3

indicate ionic character. In the present system g” < 2.3 showing significant

covalent character to M—L bond. The perpendicular region exhibits

superhyperfine splittings in addition to hyperfine signals with an average

spacing 66 x 104 which arise from the coupling of the electron spin with nuclear

spin of the coordinating nitrogen atom which is an indication of the participation

of azomethine nitrogen in bonding.iii;
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1

site away from planarity [42] The value of Ag] less than 0.0140 cm'] rules out the

possibility of square planar nature for such copper(II) centers as such values are

not reported for any complexes even with four sulfur ligands. The square planar

complexes undergo tetragonal distortion and that depends on the nature of the

coordinated atoms [43]. The value may vary from 105 to l35 for small to

extreme distortion in square planar complexes. The estimated value of f for the

complex [Cug(BB)2] is 100 indicating negligible distortion from planarity [44].

The spectral parameter a2 is a covalency factor which describes the in

plane sigma bonding arises from the dipole~dipole interaction between magnetic

moments associated with the spin motion of the electron and the nucleus and its

value decreases with increasing covalency [45]. The expected value of azis

equal to 1 for 100% ionic character of the bonds and less than I for covalent

character and becomes smaller with increasing covalent bonding. The value of

in plane sigma bonding parameter (12 is estimated using the expression given

below.

3(g —2.0023)2 —l+(g —2.o023)+ i +0.040.036 ll 7
The EPR parameters g", g _L, A" and the energies of d~d transitions are

used to evaluate the bonding parameters 0:2, ;92 and y2 which may be regarded as

measures of covalency in the in—plane 0-bonds, in—plane 7:-bonds and out-of

plane 7:-bonds respectively. The orbital reduction factors K" and K L calculated

using the following expressions [46].

2 AE U
K“ =(g”—2.0023) A V
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AE(d_\,:,dy_: —> )
2/to

Ki =(gi-2.0023)

1~€.=0?b’i

Ki=a2)/Z

/10 is the spin-orbit coupling constant and has a value ——828 cm"

for Cu(Il) d9 system.

where

Hathaway suggested that [47], for pure 0-bonding K“ 2 Ki: 0.77 and for

in-plane 1r—bonding K“< Ki, while for out-of—plane 1t—bonding Ki < K". Herein

the compound [Cu3(BB)3] (27), K L < K” indicates the presence of out—of-plane TI

bonding. The value of bonding parameters (12, 52 and 3:2 <1 confirms the covalent

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

The EPR spectra of the complexes [Cu3(BN)g] (31) and [Cu2(BF)2] (33)

in the polycrystalline state at 298 K suggest a dimeric structure as they are EPR

silent and exhibit no characteristic signal due to strong antiferromagnetic

interaction between the Cu(lI) centers.

However in frozen DMF at 77 K the EPR spectrum of [Cu2(BN)2] (31) is

axial even though the hyperfine splittings are not very clear. The spectra typically

indicate a d_,,2_y2 ground state in a square planar geometry (g“ > g i> 2.0023). The f

value calculated for the complex [Cu2(BN)3] (31) is 101 indicating negligible

distortion from planarity. They do not show half field signals and hyperfine features

typical for coupled binuclear complexes are absent which may be due to the possible

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

_.';.;:? 226
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The EPR spectrum of [(.‘u(BB)(phen')] (28) in DMF at 77 K. (Fig. 6.27) is

axial with four well-resolved hyperfine lines [bm-"Cu. 1 = 3/2] corresponding to -3/2,

-1,-”2, IE2 and 3.52 transitions in the parallel region with the hyperfine splitting

constant A. = 180 x 104 cm". The spectrum shows five nitrogen superhypertine

lines in the perpendicular region which arise from the coupling of the electron spin

with the nuclear spin of the coordinating nitrogen atoms (equatorial) with the

superhypertine splitting constant 141 = I7 x I07 cm". The spectra typically

indicate a C/‘__~_.l_; ground state (g > g_> 2.0023). The g > g_ values suggest a

distorted square pyramidal structure and rules out the possibility of a trigonal

bipyramidal structure for which g_ > g; is expected. Half f1eld_signals are absent in

the spectra which shows that there is no significant amount of eopper- copper

interaction and suggests monomeric structure. G > 4.4 also support the absence of

extensive metal - metal interaction. Thus the coordination polyhedron comprises of

one phenanthroline nitrogen, an azomethine nitrogen, an enolate oxygen and a

phenolate oxygen of the hydrazone which form the base of the pyramid and the

remaining phenanthroline nitrogen occupies the axial position. as the results

obtained from the single crystal XRD results.

The EPR spectrum of the complex [Cu(BB)(Bipy)]'C3H5OH (29) in the

polycrystalline state at 298 K is isotropic in nature, consisting ofa broad signal.

at ‘g,-5.. —2.09l3. The peak to peak line width ABW is 6 mT. Such isotropic broad

spectra consisting of only one signal arise from extensive exchange coupling

through misalignment of the local molecular axes between different molecules

(dipolar broadening) and enhanced spin lattice relaxation. These types of

spectra unfortunately give no information on the electronic ground state of the

metal ion present in the complexes.

Department oflpp/fad (/remisfry, (at/Mn University 0/Science and fer/ma/agy 2 3 9
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of copper - copper interaction and suggests monomeric structure. The

geometric parameter, G = 4.4 also support the absence of extensive metal 

metal interaction. Thus the complex has a distorted square pyramidal

structure similar to compound 28 with its axial position occupied by

bipyridyl nitrogen, and is confirmed by the results obtained from the single

crystal XRD data.

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

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

splittings are not clear. The spectra typically indicate a dxz/yz ground state

(g" > gi> 2.0023). Additional transitions occurs associated with AM5 = i: 2

values in the X-band spectra which generate an absorption at the half field

value of ca. 150 mT. The presence half field signal with g value 4.030 is a

useful criterion for dipolar interaction arises from the coupling of the two

Cu(II) centers which suggest a dimeric structure. Here G value = 3.25,

which also indicates Cu-Cu interaction. But from X-ray structural analysis it

is found that the compound has a monomeric structure. It has been known

that if the separation between the two metal centers is less than 3.5 A an

interaction is expected. From the single crystal XRD results of crystal

packing the distance between two copper ions is less than 5 A. Here the

seven line hyperfine splitting is not observed. In addition the dihedral angle

between the two copper atoms and the connecting ligand atoms also play an

important role in deciding the extent of interaction. The observation g" > gr

values accounts to the distorted square planar structure and rules out the

possibility of a trigonal pyramidal structure. The estimated value offis less

than I00 which also shows planarity of the molecule. These observations are

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

. Ca”  it 11:4f29:~;<N;;%f30¥j§. ':p:3§1;;i% $032311; E? 332,  39‘;
"PoivcwsIa|i11el298:K}EEE%E5...2E? i..;:§:: ;;::I:::.%:::.,:;.:;:: :i§i.. .  . 22'1" ?.—?‘.97 1??;:‘E '?:-  :g“ 2.136 2.209 2.160 2..221g, 2.057 2.066 2.060 2.0719531551 2.093 2.113 2.093 2.1210 2.993 3.245 2.733 3.133

DMF 177 K)

9“ 2.137 2.235 2.240 2.131 2.153 2.240 2.179 2.201
gi 2.027 2.055 2.057 2.037 2.045 2.055 2.022 2.043
gau 2.030 2.115 2.113 2.035 2.033 2.116 2.074 2.063
4,1 213.3 130.0 130.0 233.3 210.0 173.0 214.2 215.0
1 100.1 124.1 124.4 93.43 102.7 125.0 101.7 102.3
012 0.3533 0.3164 0.3234 0.3923 0.3015 0.3167 0.3293 0.3392
,6’ 0.3339  0.7239 0.7616 0.922 0.7761
1»? 0.346 0.6425 0.3069 0.3633 0.7025
/(H 0.7257 0.6503 0.6104 0.753 0.6746
Ki  0.0907 0.5736 0.6427 0.7091  0.3105

‘ Expressed in units of cm" multiplied by a factor of 10*‘.

6.3.3. Infrared spectra

Vibrational spectra of newly synthesized complexes have been recorded

in the region 4000-400 cm" and a comparison of selected vibrational bands with

that of their respective free hydrazones gives an idea about the coordination

pattern of the ligands in the complexes. The selected IR bands of the hydrazones

and complexes and their tentative assignments are presented in Table 6.18 and

selected spectra in Figs. 6.38-6.42.

A careful analysis of the IR spectra of the hydrazone compounds HgBB,

H3BN, H2BF, HQSB and the metal complexes showed that upon complexation

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

W "calusllagfigsl 1 1 _ 1 Z vtC= 0) vcc=m »{tc;m' v(Cu—,PJI vtnéul : "  vtc-oiH233 1580 1525   1 128  1355
[Cu2(BB)2] 127] 1501 1525 419 1130  1350
[CulBBlphenl 1281 1502 1507 410 1135 1420, 725 1352
[CUl53lhi[JYl‘C2H50H 1291 1504 1503 409 1155 1435. 735 1354
ICl.IlBBlD1l 1301 1503 1518 407 1145 1450, 758 13571123111 1587 1528 1125 1342
[Cll2{8N)2](31} 1507 1518 414 1152 1335
[Cu{B1\1lphenl'H20{3Zl  1509 1515 412 1145 1425. 720 1340HZBF 1590 1525 1122 1345
[Cu2lBFl2l 1331 1505 1538 407 1138 1342HFN 1578 1522  1125 1334
lCu{FNJ2l (341 1517 1533 420 1 143 1330
lCll{FNlC|(H20l]'2H20l351 1509 1525 418 1135 1328
lCu2{FNl2{11-N[2Sl2l (36) 1618 1535 422 1124 1326
lCu2{FNl2 lp-Nslzl (37)  1609 1522 413 1 130 1320H233 1550 1527 1118 1348
lCu2lSBl21 135} 1506 1530 408 1123  1332
[Cu(SBllDi]]-H20 I39)  1508 1528 422 1 132 1452, 735 1341

The medium bands due to v(O—H) observed at 3370, 3365, 3375, 3574

and v(N—H) at 3050, 3049, 3054, 3059 cm" and a sharp band due to v(C=O)

seen around 1680 cm", 1687 cm", 1690 cm", 1650 cm'] respectively in the

infrared spectra of the free hydrazones are absent or much shifted in all these

copper complexes. This is a clear evidence for the coordination through

deprotonated phenolate and enolate oxygens of the ligand and supports the fact

that iminol form predominates amido form during tautomerization of the ligand

and coordinates to the metal centre.

'‘5'»:'.' II"'I,<'..'.'(..'I(I-'3-I}.240
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6.3.4 Electronic spectra

Electronic spectra of Cu(II) complexes comprise bands due to

intraligand. charge transfer and d-cl transitions. The significant electronic

absorption spectral data of the complexes in DMF or acetonitrile with their

possible assignments are summarized in Table 6.l9 and the spectra in (Figs.

6.43-6.46).

Table.6.19. Electronic spectral assignments (cm‘l) ofCu(ll) complexes

Ctipound lntnigand transitions LMCT tl-II
lCu2lBBl2l (271 29899, 36149 25662
lCu{BBlphenll28l 30639, 31847, 37087 24515 14990
[CulBBlbipyl'C2Hs0H (29) 30525, 31311, 37032 24573
[CulBBlpill30l 30234, 31577, 36213 24878 15700
lCu2lBNl2ll31l 30162, 35213 25210 15850
lCulBNlphenl-H20l32l 30112, 31582, 36773 25436 15800
[Cu2lBFl2l 1331 30217, 31659, 36687 25476
lCulFNl2l 134) 29901, 39525 26525 14430
lCu(FNlC1lH20ll-2H20 1351 31055, 38314 24691 14531
lCu2lFNl2ltt-NCSl2l 135} 31354, 39031 25545
lCu2lFNl2 (ll-Nalzl l37l 32467, 38022 25763
lCu2lSBl2l 1381

lCulSBllpill~H20 1391 30534, 32045, 39363 26023 15172

It is rather difficult to interpret electronic spectra of Cu(II) complexes as

they possess flexible stereochemistry. The outer electronic configuration for

copper(ll) ion is 3c1° with 3D as ground state term which will be split by an

octahedral field in to two levels 3T_~_.\, and 'iE,4. So the expected excitation in an

octahedral cf’ system is from 375.2. to 3T3.__, results in a single absorption band.

However the geometry around copper(ll) ion lacks cubic symmetry and the

tetragonal distortion yields other distorted forms of basic stcreochemistries.

Jahn-Teller distortions cause further splitting ofthe 3T31_. and :E.:.. So the possible

Depamnenf aflpp/led (/Iemirrry, (or/tin (In/‘varsity of Iriente aim’ farfino/ogy
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Table 6.20. Electrochemical data of Cu(II) complexes in DMFx.10°);
100213301127) .013 (2.52). 02412.02) 0.391-4.17). 5.55 (-1.51)
[Cu(BB)phenl(28) 0.441239). -02313.86) 1.041-7.18), 0.31 (-3.20)
[Cu2(BN)2l(31) 0.27 (20.01). 0.93 (23.52) -0.041-6.86), 0.07 12.45)
[Cu2(BF)2] 133) 0.153 (2.51). 02312.90) 0.70 (-4.37). -0.191-1.94)
[Cu(FN)C|(H20)]'2H20 (35) -01318.73), -0.43 (8.67) -0.56 (-0.79). 0.45 (-4.65)
[Cu2(FN)2 (Ll-Nzlzl (37) 0.20 (5.71), -1.17 (1.54) 0.63 (-6.37), -0.27 (-3.36)

A comparative study of the cyclic voltammetric behavior of the

hydrazones with their metal complexes gives the information that redox

reactions of the metal complexes are metal centered and the potentials of the

metal centered oxidation and reduction reflect the influence of the electronic

nature of the ligand. The cyclic voltammograms of six Cu(I[) complexes were

studied and all of them consist of two reduction peaks and two oxidation peaks

corresponding to redox processes involved in the formation of Cu(lI)/Cu(I) and

Cu([)/Cu couple [],58]. The electrochemical data of the hydrazone complexes

of Cu(II) are given in Table 6.20 and the cyclic voltammograms for the

behaviors of the complexes 27, 28, 31, 33, 35 and 37 are shown in Figs. 6.49

6.51. The cyclic voltammograms for the complexes show reversible reduction

waves in the range -1.17 to 0.44 V and reversible oxidation peaks in the range 

0.67 to 1.04 V and additional peaks observed are assigned to the ligand. or

coligand based redox processes. For some complexes certain peaks are not well

resolved or even absent which may result from kinetic complications during

electron transfer, uncompensated solution resistance, etc.
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SYNTHESES AND SPECTRAL CHARACTERIZATION OF

Zn/Cd(|l) COMPLEXES OF SOME AROYLHYDRAZONES

7.1 Introduction

7.2Experimemu|
7.3ResuIts and discussion

Referentes

7.1 Introduction

Zinc plays either a structural or analytical role in several proteins.

Zinc(Il) ion provides a number of coordination compounds because of its

affinity towards different types of ligands and flexible coordination number

ranging from two to eight. It has been accepted as an important cofactor in

biological molecules either as a structural template in protein folding or as a

Lewis acid catalyst that can readily adopt 4-, 5-, or 6- coordination [1]. Zinc is

able to play a catalytic role in the activation of thiols as nucleophiles at

physiological pH. Mononuclear zinc complexes may serve as model compounds

for zinc enzymes such as phospholipase C, bovine lens leucine aminopeptidase,

ATPases, carbonic anhydrases and peptide deformylase. Binuclear cores are

versatile active sites of many metalloenzymes and play essential role in

biological systems. Dowling and Perkin investigated Zn(l[) complexes with N,

O and S coordination to understand the reactivity of the pseudotetrahedral zinc

center in proteins [2]. Parrilha et al. reported an evaluation of the analgesic and

anti-nociceptive activities of salicylaldehyde 2-chlorobenzoylhydrazone, its

regioisomer salicylaldehyde 4—chlorobenzoylhydraz0ne, salicylaldehyde
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semicarbazone and their zinc(II) complexes [3]. Zn(II) complexes of furan—2—

aldehyde thiosemicarbazone (HL) have been synthesized and characterized [4].

Epstein et al. reported chloroform-soluble Schiff—base Zn(lI) or Cd(II)

complexes from a dynamic combinatorial library [5].

Cadmium is an extremely toxic element that is naturally present in the

environment and it is also formed as a result of human activities. This metal

competes with Zn and blocks active sites of metal-enzymes and as a relatively

soft acid it can dislodge Zn(ll) in cysteine-coordinated zinc compounds or Ca(Il)

ions in bone cells [6]. The development of chelating agents is essential for the

treatment of cadmium intoxication. In vivo cadmium mobilization and an

assessment of cadmium chelating drugs have drawn the interest of many

biochemists [7]. Cadmium is well known to form complexes with acetates and

carboxy-ligands to yield both charged and neutral compounds [8]. The

possibility of forming structures with higher coordination numbers has resulted

in the observation of unusual coordination geometries about the metal atom and

formation of polymeric species [9].

Sen er al. have reported the synthesis, spectral characterization and

crystal structures of two new octahedral cadmium complexes which are

synthesized using a tridentate hydrazone ligand and they are characterized by

elemental analysis, IR spectra, NMR spectra, thermal studies and finally the

structures have been determined by single crystal X-ray diffraction [10]. Reena

et al. reported synthesis, spectral and structural studies of cadmium(Il)

complexes derived from di-2-pyridyl ketone and N4-phenylsemicarbazide.

Some of them have dimeric structure and the coordination geometry around

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

[11].
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There are several reports of the transition metal complexes including

some cadmium complexes containing different types of hydrazone ligands in the

literature [12,13]. Though cadmium has been known as a toxic metal and is

ofien associated with mercury and lead as one of the biologically harmful metal

ions, the cadmium(ll) ion has recently been found to serve as the catalytic center

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

The filled d shell does not offer crystal field stabilization for Zn2' and

Cd” ions and therefore coordination number and stereochemistry are determined

by the size of the Zn(1l) and Cd(Il) cation and the steric requirements of the

ligands. In zinc and cadmium complexes, commonly found geometries are

tetrahedral and octahedral. Six coordinate complexes may be octahedral or

trigonal prismatic.

Complexes of group 12 metals, mainly zinc and cadmium can provide an

interesting range of stoichiometries depending on the preparative salt. Here we

report the synthesis and characterization of three each of Zn(I1) and Cd(ll)

complexes of aroylhydrazones.

7.2 Experimental

7.2.1 Materials

All chemicals and reagents are of reagent grade quality.
2-Hydroxy—4—methoxybenzophenone (Aldrich), furan-2-carboxaldehyde

(Aldrich), nicotinic hydrazide (Aldrich), benzhydrazide (Aldrich), zinc(II)

acetate dihydrate (S.D. Fine) and cadmium(ll) acetate dihydrate (E-Merck) were

used without further purification. Methanol, ethanol and DMF were used as

solvents.

...'.:.'f(fI‘.L£;i.’i;E - ',\.-.-.-.-.->-o361
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7.2.2 Syntheses of aroylhydrazones

The syntheses of aroylhydrazones were done as described in Chapter 2.

7.2.3 Syntheses of Zn(II)/Cd(II) complexes

[Zn(BB)]2 (40): To a solution of H2BB (0.346 g, 1 mmol) in methanol,

Zn(Cl-I3CO0);-2H3O (0.219 g, 1 mmol) in methanol was added. Yellow

amorphous product formed immediately which was filtered, washed with

methanol, followed by ether and dried over P4010 in vacuo. Elemental Anal.

Found (Calcd.) (%): C, 49.05 (43.93), H, 3.01 (3.52), N, 12.50 (12.23).

[Zn(BN)]2 (41): Zn(CH3COO)2-2H2O (0.219 g, 1 mmol) in methanol

was added to the H3BN solution in methanol (0.347 g, 1 mmol) and stirred for

about one hour. The yellow product formed was filtered, washed with methanol,

followed by ether and dried over P4010 in vacuo. Elemental Anal. Found

(Calcd.) (%): c, 50.90 (50.37), 11, 3.58 (3.94), N, 11.75 (11.75).

[Zn(FN)2(H2O)2] (42): To a hot ethanolic solution of HFN (0.215 g, 1

mmol), Zn(CH3COO)2-2H2O (0.219 g, 1 mmol) in ethanol was added and

refluxed for 4-5 h. The clear solution was kept at room temperature overnight.

Pale yellow crystalline product was filtered off and washed with ethanol,

followed by ether and dried over P4010 in vacuo. Elemental Anal. Found

(Calcd.) (%): C, 52.04 (51.86), H, 3.83 (4.10), N, 7.13 (7.11).

[Cd(BB)]2 (43): The complex 43 was obtained by refluxing methanolic

solutions of HZBB (0.346 g, 1 mmol) and Cd(CH3C0O)2-2H2O (0.266 g, 1

mmol) containing 2-3 mL of DMF for about 4 hours. The pale yellow colored

crystalline product separated was filtered, washed with methanol, followed by

ether and dried over P4010 in vacuo. Elemental Anal. Found (Calcd.) (%): C,

54.89 (55.27), H, 3.59 (4.06), N, 7.99 (8.06).
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[Cd(BN)]2 (44): Methanolic solutions of HgBN (0.347 g, 1 mmol) and

Cd(CH3COO)3'2H2O (0.266 g, l mmol) containing 2-3 mL of DMF was

refluxed for about half an hour. The bright yellow colored amorphous product

separated was filtered, washed with methanol, followed by ether and dried over

P4010 in vacuo. Elemental Anal. Found (Calcd.) (%): C, 54.89 (55.27), H, 3.59

(4.06), N, 7.99 (8.06).

[Cd(FN)3] (45): The aroylhydrazone, HFN (0.215 g, 1 mmol) was

dissolved in ethanol and DMF (1021, v/v) and ethanolic solution of

Cd(CH3COO)2-2H2O (0.266 g, 1 mmol) was added to it and refluxed for 3-4

hours. Pale yellow product separated was filtered, washed with ethanol,

followed by ether and dried over P4010 in vacuo. Elemental Anal. Found

(Calcd.) (%): C, 54.89 (55.27), H, 3.59 (4.06), N, 7.99 (8.06).

7.3 Results and discussion

Three each of Zn(II) and Cd(ll) complexes were synthesized using

different aroylhydrazones. They are quiet stable, yellow in color and soluble in

organic solvents like methanol, acetonitrile, DMF and DMSO. Based on the

elemental analyses, conductivity, magnetic susceptibility measurements and

spectral investigations, the complexes were formulated. Experimental and

calculated C, H, N values of the complexes are in close agreement in the case of

all the six complexes. The analytical data match with the stoichiometry

containing two molecules of coordinated water in compound [Zn(FN)2(H2O)2]

(42), which is further supported by thermal analysis. The molar conductivities

of the complexes in" DMF (l0’3 M) solution were measured at 298 K with a

Systronic model 303 direct—reading conductivity bridge. The molar conductivity

values lie in the range 4-12 ohm'1 cmz mol'1 for complexes 40-45 which is much

less than the value of 65-90 ohm" cmz mol" obtained for a 1:1 electrolyte in the
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same solvent [[5] and so they are non-conducting in nature [16]. The

conductivity values are tabulated in Table 7.1.

Magnetic susceptibility studies indicate diamagnetic nature for all the

complexes which can be attributed to dw outer electronic configuration of

Zn(II)/Cd(II).

Table 7.1 Molar conductivity measurements

icilmlifilifld; . . R . Km”
[ZnlBB)l2 (40) l l
lZnlBN)l2l41l 10
lZnlFNl2lH20)2l (42) 12
lCdlBB)l2 (43) 9
lCdlBl\l)l2(44) ll
lCdlFN)2l (45) 10

“molar conductivity [in ohm" cm’ mol") taken in 103 M DMF.

7.3.1 Infrared spectra

Vibrational spectra of newly synthesized complexes have been recorded

in the region 4000-400 cm'1 and significant IR spectral bands of the complexes

are listed in Table 7.2. The significant bands in the IR spectra of the complexes

can be compared with those of the free ligands. They display certain changes,

from which we can derive some information about the nature of coordination

and their structure. Free hydrazones HZBB, HZBN and HFN showed strong

absorptions in the 1678-1690 cm" region which are assigned to carbonyl group.

The bands due to azomethine group are resolved around 1625 cm" and medium

bands due to v(N~H) are seen in the range 3050-3440 cm". These bands are

found to be absent or much shifted in the corresponding Zn(ll)/Cd(ll)

I ;
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complexes. Prominent bands occur at ca. 3370 and 3365 cm] in the IR spectra

of the hydrazones H3BB and HZBN respectively due to v(O—H), which are absent

in their complexes.

Table 7.2 Selected [R bands (cm"') with tentative assignments of
Zn(lI) complexes

Compound v1c==1111  v1c=11n* v(C-0) v(Zn—0) v(Zn—llll
lZn(BB)l2 1401 1602 1534 1239 519 467
[Zn{BN)l2 1411 1602 1518 1239 512 451
[ZnlFN)2(H20l2l 142) 1602 1518 1239 535 451
lCd(BBllz 143) 1602 1518 1239 512 467
lCd(BN)]2 144) 1602 1518 1246 512 467
[CdlF|\|)2] 145) 1602 1518 1259 505 444
‘’ newly formed

These are clear evidences for the coordination through deprotonated

phenolate and enolate oxygens of the ligand. This supports the fact that iminol

form predominates amido form during tautomerization of the ligand and

coordinates to the metal centre. Coordination of hydrazones to the zinc and

cadmium 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 by 15-25 cm". Here this band undergoes a shift to a lower

wavenumber ca 1602 cm" [17,18]. In the compound [Zn(FN)2(H2O)2] (42) a

broad band is seen at about 3439 cm'] due to coordinated water and is supported

by the data obtained from TG analyses. The above observations explain the

tridentate ligating nature of the hydrazone systems H2BB and HQBN with ONO

donor sites in complexes 40, 41, 43 and 44 and the bidenticity of the ligand HF N

with NO donor sites in complexes 42 and 45.



Chapter 7

100-«

°/o transmittance

on O I

60 V T ' I ' I ' I I I I ' I
4000 3500 3000 2500 2000 1500 1000 500

wavenumber cm‘

Fig.7.]. IR spectrum of [Zn(BB)]2 (40).

In all complexes the newly formed —C=N—N=C— moiety gave bands at 1518

and 1534 cm" suggesting the change of bond order and strong electron

delocalization upon chelation [19,20]. A characteristic band of the free hydrazone

due to v(N—N) at 1190 cm" undergoes a shift to lower wavenumbers in the range

1160-1170 cm" in complexes which indicates coordination through azomethine

nitrogen.

H30‘

aoooY3§cowa3aBoV2§oofis2olno'tsi:o':oi>o' séo
wmrmumtm {emit

Fig. 7.2. IR spectrum of [Zn(BN)]2 (41).
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For all the complexes, phenolic C-0 stretching occurs at lower wavenumber

when compared to that of the ligands thereby indicating the deprotonation and

coordination of phenolic OH. Appearance of new bands in the regions of 505-535

and 444-467 cm" are assignable to v(Zn/Cd—O) and v(Zn/Cd—N) respectively. The

IR spectra of the complexes are shown in the Figs. 7.1-7.6.

100

80~

60
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40

2° * I ' T ' I4000 3000 2000 1000
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Fig. 7.3. IR spectrum of [Zn(FN)2(H2O)2] (42).
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Fig. 7.4. IR spectrum of [Cd(BB)]2 (43).
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Fig. 7.5. IR spectrum of [Cd(BN)]2 (44).
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Fig. 7.6. IR spectrum of [Cd(FN)2] (45).

7.3.2 Electronic spectra

The electronic spectra of the ligands and complexes were recorded in

DMF solutions on a UVD-3500, UV-vis Double Beam Spectrophotometer. The

significant electronic absorption spectral data of the complexes in DMF or

acetonitrile with their possible assignments are summarized in Table 7.3 and the

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

Compound lntraligand transitions Charggransfer transition
[Zn(BBl]2 (40) 30915, 32115sh, 37727 26063, 27003
lZn(BNl]2 (41) 30855, 31735sh, 37533 24363sh, 25749, 26822
lZn(FN)2lH20l2] (42) 33248, 37473 24616, 26822
[Cd(BB)]2 (43) 31041, 32000sh,36087,37727 24550sh, 26256
lCd(BNll2 (44) 30602, 32181, 37800 25689, 27009
lCd(FNl2] (45) 32501, 37680 24711, 26913

Zn(II) and Cd(II) ions have dm configuration. Due to filled d orbitals. d

d transitions are not expected in the case of Zn(II)/Cd(II) complexes. Mainly

these complexes are yellow colored and the colors of the complexes are

attributed to metal to ligand charge transfer transitions. MLCT bands which are

highly intense were observed in the range of 24360-27000 cm" [21] and the

transitions occur between molecular orbitals which are essentially centered on

different atoms. Free hydrazones show electronic absorption spectral bands in

the region 29700-37100 cm" which are due to 1t-n;* transitions.

1 .0 ~0.8 -4 'j_'
"“" lZI(F")lx‘ l3|C1'_NL5:0)=l0.6 -4 Bin‘

g .
0.2

0.0 1 - T 40000 30000 20000 1 0000
wave number (cm ‘)

Fig. 7.7. Electronic spectra of Zn complexes 40-43.
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The azomethine chromophore which is in conjugation with olefinic or

aryl groups change the spectrum significantly. Relatively weak bands due to n

1t* transitions are submerged by strong absorptions associated with TE-1I*

transitions [22]. These intraligand transitions are slightly shifted on

complexation [23] as shown in the Table 7.3. It is observed that the spectra of

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

0.6 

0.4 «
abeorbance

0.2 «

O-0 ‘ I ' I ' I ' I ' I
40000 35000 30000 25000 20000 1 5000

wavenumber (cm")

Fig. 7.8. Electronic spectrum of [Cd(BB)]2 (43).
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Fig. 7.9. Electronic spectrum of [CCl(BN)]3 (44).
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7.3.3 Thermal analyses

During the past few years, the thennal properties of metal complexes

have been investigated extensively as one'of the most interesting topics in the

field of coordination chemistry [24-26]. We have studied the thennal

decomposition of complexes to detect the presence of water and analyse its

mode of coordination to the central metal ion.T , , o.o2
100 ~7"(;\‘\ .030. .-0.02 o., 9;30- 

.4104 §_ 2". l ..E ~-0.06 g.53 5o« - . .53 »-0.08 3:;. _ Q-- 34o_ ‘ 0.10 5. L V-o.12
2o , , . , . , - , . -0.14zoo -zoo soo soo 1ooo

temperauue (°C)

Fig. 7.10. TG-DTG plots of [Zn(FN)2(H2O)2] (42).

Thennogravimetric analyses were carried out from 50 to 1000 °C under

nitrogen atmosphere. TG analyses of the complexes show that the compound

[Zn(FN)2(H2O)2] (42) contain water molecules in the inner coordination sphere of

the central metal ion [27] and first decomposition starts at 135 °C and a weight loss

is observed (weight°/o observed =6.1, calculated = 6.8). The anhydrous compound is

thermally stable only up to 400 °C. Above 400 °C the complexes begin to

decompose and the decomposition was not seen to be completed even at 1000 °C.

The residue after the decomposition is found to be the corresponding metal. The

observed value for the mass loss of the complex during decomposition agrees with

the theoretical value. TG-DTG plot of complex [Zn(FN)2(H2O)2] (42) is shown in

Fig. 7.10.
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SUMMARY AND CONCLUSION

Aroylhydrazones are known to be a class of versatile ligands, capable of

generating varied molecular architectures and coordination polyhedra.

Hydrazones are a class of azomethines having the group —C=N—NH—, are

interesting ligands in coordination chemistry. They are synthezised by the

condenzation reaction between a hydrazide and a carbonyl compound and are

distinguished by other members of this family by the presence of two

interlinking nitrogen atoms. When a -C=O group is incorporated in the

hydrazide part increases the electron delocalization and denticity of the

hydrazone and the resulting compound is known as an aroylhydrazone. Over the

past few decades, aroylhydrazones having general formula R-CO-NH-N=CH-R’

have been an important ligand construction unit in both the neutral and anionic

forms. These organic molecules with potential donor atoms in their structural

skeleton fascinate coordination chemists with their versatile chelating behavior.

The ligands are readily prepared from inexpensive starting materials, and their

electronic and steric properties can easily be modified and tuned by varying the

substituents in the acylhydrazine and acylhydrazone units. The substituents have

a clear effect on the catalytic activity as in the case of the copper-catalyzed

Ullmann reaction. Metal complexes of hydrazones have been used as

luminescent probes as well as molecular sensors. Amido-iminol tautomerism is

shown by aroylhydrazones and when aroylhydrazones coordinate to the metal in

the iminol form, the conjugation is improved thereby enhancing the nonlinearity.



Summary and Conclusion

Second-order nonlinear optical properties of copper and palladium complexes of

N-salicylidene-N’—aroylhydrazines were studied by Cariati et al. and the results

showed that the complexes have considerable nonlinearity.

The thesis contains seven chapters and deals with the crystal structures,

spectroscopic and other physicochemical investigations of aroylhydrazones and

their mixed ligand metal chelates. We have synthezised five aroylhydrazones

and fortunately we could grow X-ray quality single crystals of all the five

compounds and analyzed the crystal structures of all of them. Metal complexes,

including mixed ligand metal chelates, of vanadium, manganese, cobalt, copper,

zinc and cadmium were synthezised and characterized. Crystal structures of five

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

Chapter 1 deals with an introduction to aroylhydrazones mentioning

amido-iminol tautomerism, geometrical isomerism, their mode of coordination

in complexes and applications in different areas. The objectives of the present

work and the details of various physicochemical techniques carried out for the

present investigation including X-ray crystallography are also presented in this

chapter.

Chapter 2 deals with the syntheses of five different aroylhydrazones and

their characterization by elemental analyses, FTIR, 1H NMR and UV—Vis

spectral studies. X-ray quality single crystals of all the five compounds were

grown and their crystal structures were analyzed using single crystal X-ray

diffraction studies. An interesting feature in the crystal packing of one of the

ligands is the interlinking between the molecular stacks via C—H---H—C dipolar

interaction.26  '



Summary and Conclusion

The aroylhydrazones synthesized and their abbreviations follow

j . 2-Hydroxy-4-methoxybenzophenone benzoylhydrazone (HgBB)

Pd . 2-Hydroxy-4—meti1oxybenzophenone nicotinoylhydrazone (H3BN)

3. N-2—Hydroxy—4—methoxybenzophenone—N’-4-nitrobenzoylhydrazone (HZBF)

4. Furan-2-carboxaldehyde nicotinoylhydrazone (HFN)

5. 5-Bromo-3—methoxysalicylaldehyde benzoylhydrazone (H25)

Chapter 3 describes the syntheses and characterization of eight

vanadium complexes. X-ray quality single crystals of two compounds [one

oxidovanadium (V) and a second one dioxido vanadium (V)] were grown and

analyzed by single crystal XRD studies. The coordination geometry of the

complexes is found to be distorted square pyramidal. Three compounds are

vanadium(V) and are diamagnetic and the remaining five compounds are

paramagnetic in nature with vanadium in +4 oxidation state as seen from the

magnetic susceptibility measurements. All the complexes are characterized by

various physicochemical techniques such as elemental analyses, FTIR, EPR,

electronic spectral studies, thermogravimetric analyses, cyclic voltammetric

studies, conductance and magnetic susceptibility measurements. The molar

conductivity measurements in 10'3 M DMF solution reveal that all the

complexes are non-electrolytic in nature. The hydrazones are found to

coordinate in the amido form in one complex and in iminol form in all other

complexes. EPR spectra of the compounds in DMF at 77 K displayed axial

features with eight hyperfine splitting and in all complexes the g, < gi and A" >

A L relationship, show an axially compressed dlxy configuration. For dimeric

species EPR spectrum in polycrystalline state exhibits half field signal due to

spin—spin interaction.
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Summary and (onclusion

Chapter 4 deals with the syntheses and characterization of seven

manganese(ll/IV) complexes including mixed ligand complexes- The

complexes were characterized by elemental analyses, IR, UV-Vis, l:"PR‘spectral

studies, thermogravimetric analyses, cyclic voltammetric studies, conductance

and magnetic susceptibility measurements. The molar conductivity

measurements in DMF (103 M) solution indicate that all the complexes except

one are non-electrolytes and the electrolyte is probably a l:I electrolyte.

Magnetic susceptibility measurements suggest that all the compounds are

paramagnetic with central metal atom having d5/d3 high spin configuration. The

EPR spectrum of most of the complexes in the polycrystalline state were very

broad and it is a characteristic feature of Mn(lI) complexes in the polycrystalline

state, which arises due to dipolar interactions and enhanced spin lattice

relaxation. The spectra in DMF revealed six line hyperfine splittings for two

complexes. In addition to the hyperfine pattern, a pair of low intensity lines is

found in between each of the two main hyperfine lines. These are the forbidden

lines corresponding to the mixing of the nuclear hyperfine levels with the zero

field splitting factor. The g value is very close to the free electron spin value of

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

Chapter 5 describes the syntheses and characterization of eleven

Co(Il/Ill) complexes. Heterocyclic bases and anions (azido and thiocyanato) are

also incorporated. All the compounds were characterized by various

spectrochemical studies as in the previous cases. Magnetic susceptibility

measurements revealed that Co(llI) complexes to be diamagnetic and octahedral

and C0(ll) complexes are paramagnetic. The molar conductivity measurements

in DMF (103 M) solution indicate that all the complexes are n0n—eIectrolytes.

The hydrazones are found to coordinate in anionic form in all the complexes as

evidenced by the IR spectral data.



Summary and [onclusion

Chapter 6 deals with the syntheses and characterization of 13 Cu(Il)

complexes. Heterocyclic bases and anions (azido and thiocyanato) are also

incorporated. Among the neutral ligands, 4-pycoline, 1,l0—phenanthroline and

2,2’-bipyridine have been used. In the case of monoanionic bidentate hydrazone

we incorporate different anions and pseudohalogens in to copper precursor

complexes. We could isolate single crystals of five of the copper complexes,

suitable for X—ray diffraction studies and crystal structures were solved by

direct method of SHELXS-97. The coordination geometries of the complexes

are found to be distorted square pyramidal and square planar. Packing in some

of the compounds is stabilized by strong 1: — 1: stacking interactions. In addition

to the at — It stacking interactions significant C—H"'TC interactions and hydrogen

bonding are also present. A very interesting feature in the crystal packing of one

of the compounds is C—H---H—C dihydrogen interaction which contributes to the

stability of crystal packing.

The effective magnetic moment (flag) values for the mononuclear

copper(ll) complexes (d9 system) were found to be close to the spin only value,

which corresponds to a single unpaired electron. The low magnetic moment

values for some complexes may be due to some interaction between metal

centers. IR spectroscopy could be used as a very valuable tool to get

information regarding the coordination mode of the anionic coligands. In the

electronic spectral studies, the broadness of the d-d transitions restricted the

assignment of the three d-d transitions. EPR spectra of the complexes were

taken in polycrystalline state at 298 K and in DMF at 77 K. The g// > gi >

2.0023 indicate that in most of the complexes the unpaired electron in Cu(Il)

resides in the ground state d 2 2 orbital. Half field signals due to the spin-spinI -y



Summary and Conclusion

interaction of two copper centers are obtained for some of the complexes. This

is a good evidence for the dinuclear species.

Chapter 7 describes-the syntheses and characterization of three Zn(lI)

complexes and three Cd(ll) complexes. The characterization techniques include

elemental analyses, FTIR, electronic spectral studies, thermogravimetric

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

in DMF.
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