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In recent years, the interest in coordination chemistry of aroylhydrazones 
has been increased due to their various binding modes towards transition metal 
ions and wide range of applications.  Aroylhydrazones have been extensively 
investigated due to their chelating capabilities and pharmacological properties.  
They have recently been identified as molecules for nonlinear optics.  There is 
currently a considerable effort to develop new materials with large nonlinear 
optical properties because they provide valuable information for the structural 
analyses and for their practical use in optoelectronic devices.  Aroylhydrazones 
and their transition metal complexes are very promising compounds in this 
field and their crystal structures and spectral investigations are well desirable. 
In order to investigate the interesting coordinating properties of hydrazones, 
complexes with different types of ligand environments are essential.  So in the 
present work we chose four different aroylhydrazones as principal ligands.  
Introduction of heterocyclic bases like 1,10-phenanthroline, 2,2′-bipyridine, 
pyridine and 3-picoline leads to the syntheses of mixed ligand complexes 
which can cause different bonding, spectral properties and geometries in 
coordination complexes.  This thesis is an attempt to explore the chelating 
behavior and second order nonlinear optical properties of some ONO and 
ONN donor hydrazone systems. 

The work embodied in this thesis was carried out by the author in the 
Department of Applied Chemistry, CUSAT, Kochi, during the period 2009-
2014.  The thesis is divided into nine chapters.  Chapter 1 deals with the general 
introduction of aroylhydrazones, their coordination diversity and various 
applications.  The objectives of the present work and the various physico-
chemical techniques employed for the characterization of aroylhydrazones and 
their complexes are also included in this chapter.  Chapter 2 describes the 
syntheses and characterization of four aroylhydrazones.  Chapters 3-8 delineate 



the syntheses and characterization of oxidovanadium(IV), cobalt(II), nickel(II), 
copper(II), zinc(II), cadmium(II) and dioxidomolybdenum(VI) complexes 
derived from the hydrazones under study.  Chapter 9 portrays the second order 
nonlinear optical studies of synthesized aroylhydrazones and some of their 
transition metal complexes.  A brief summary and conclusion of the work is 
also included in the last part of the thesis. 
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1.1.  Introduction 

Alfred Werner received the Nobel Prize in Chemistry in 1913 for 

recognition of his work on the linkage of atoms in compounds by which he has 

thrown new insights on earlier investigations and opened up new fields of 

research especially in coordination chemistry.  The chemistry of coordination 

compounds is an important and challenging area of modern inorganic 

chemistry.  During the last fifty years, advances in this area have provided 

development of new concepts and models of bonding and molecular structure, 

novel breakthroughs in chemical industry and new insights into the functioning 

of critical components of biological systems.  The living system is partially 

supported by coordination compounds.  Chlorophyll, the pigment responsible 

for photosynthesis is a coordination compound of magnesium.  Hemoglobin, 

the red pigment of blood which acts as oxygen carrier is a coordination 
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compound of iron.  Coordination compounds also find extensive applications 

in metallurgical process, analytical and medicinal chemistry.   

Coordination compounds can have a wide variety of structures depending 

on the metal ion, coordination number and denticity of the ligands used.  

Diverse coordination compounds arise from interesting ligand systems 

containing different donor sites.  So the selection of ligands is most important 

in determining the properties of coordination compounds.  A ligand system 

having electronegative atoms like nitrogen and oxygen increases the denticity 

and thus enhances the coordination possibilities.  The architectural beauty of 

coordination compounds is due to the interesting ligand systems containing 

different donor sites say ONO, NNO, NO and NNS.  Among the nitrogen-

oxygen donor ligands, hydrazones possess a special place due to their ease of 

synthesis, easily tunable electronic properties, denticity and formation of wide 

variety of complexes with chemical, structural, biological and industrial 

importance [1-3]. 

1.2.  Aroylhydrazones 

Aroylhydrazones are a class of azomethines having the group –C=N−N− 

and are widely employed as ligands in coordination chemistry.  These ligands 

are readily available, versatile and can exhibit various denticities and 

functionalities depending on the nature of the starting materials employed for 

their preparation.  Substituted hydrazones can be obtained by introducing 

substituted hydrazides and carbonyl compounds.  General formula for a 

substituted aroylhydrazone is shown in Fig. 1.1. 
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Fig. 1.1. General formula for a substituted aroylhydrazone. 

A quick survey of the structure of a hydrazone (Fig. 1.2) reveals that it 

has (i) nucleophilic imine and amino-type nitrogens, (ii) an imine carbon that 

has both electrophilic and nucleophilic character, (iii) configurational 

isomerism stemming from the intrinsic nature of the C=N bond and (iv) in 

most cases an acidic N–H proton [4].  These structural motifs give the 

hydrazone group its physical and chemical properties, in addition to playing a 

crucial part in determining the range of applications it can be involved in. 

 

 
Fig. 1.2. The structural and functional diversity of the hydrazone group. 

Hydrazones can be made by three main synthetic pathways, (i) coupling 

between aryl diazonium salts and β-keto esters or acids, which is also known 

as the Japp–Klingemann reaction [5], (ii) coupling between hydrazines and 

ketones or aldehydes [6] and (iii) coupling between aryl halides and non-
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substituted hydrazones [7].  Aroyl hydrazones, which are easily formed by the 

condenzation of aromatic hydrazides (aroylhydrazides) with carbonyl 

compounds are of special interest as ligands, as they offer a combination of 

amide oxygen and imine nitrogen as donor atoms, the imine nitrogen being 

involved in the formation of an N–N bond reminiscent of a doubly reduced 

azo functionality.  The electron density of the amide oxygen and imine 

nitrogen involved in chelation can be controlled by protonation-deprotonation 

of the amide nitrogen.   

Amido-iminol tautomerism occurs readily in hydrazones and has an 

important role in determining the overall charge on the ligands.  Hydrazones 

generally exist in the amido form in the solid state but in solution they tend to 

exist as an equilibrium mixture of amido and iminol forms (Fig. 1.3). The 

amido-iminol equilibrium depends on the nature of the substituents present in 

the hydrazide moiety, pH of the medium used for reaction and the metal salts 

employed [8].  Hydrazones can bind to a metal center in the neutral amido or 

anionic iminolate forms.  These ligands, due to their facile amido-iminol 

tautomerization and the availability of several potential donor sites depending 

on the nature of the substituents attached to the hydrazone unit, represent good 

polydentate chelating agents with interesting modes of ligation for a variety of 

metal ions.  
 

 
Fig. 1.3. Tautomerism in aroylhydrazones. 
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1.3.  Coordination diversity of hydrazones 

Hydrazones are versatile class of ligands which have been studied for a 

long time as potential multifunctional ligands with various coordination modes 

[9-11].  The coordination mode adopted by a hydrazone depends on different 

factors like tautomerism, reaction conditions, stability of the complex formed and 

number and nature of the substituents on hydrazone skeleton.  Aroylhydrazones, 

in the absence of side chains with donor atoms are potentially bidentate 

ligands (Structure I) with the carbonyl O and the azomethine N as possible 

donor sites [12]. 

 
Structure I 

Other donor sites may be provided by substituents on hydrazide part as 

well as on carbonyl part.  When the heteroatom in the substituent coordinates 

to the metal centre, the hydrazone can behave as a tridentate ligand.  Moreover, 

these ligands exhibit amido-iminol tautomerism and can coordinate in either 

neutral, monoanionic, dianionic or tetraanionic form bearing unusual coordination 

numbers such as six and seven in some mononuclear or binuclear species [13].  

For example, if we take a hydrazone having a pyridine group on the carbonyl 

part, it can coordinate to the central metal by adopting an NNO coordination 

mode, either through neutral amido form (Structure II) or through the 
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deprotonated iminolate form (Structure III) [14].  Usually in basic solution 

amide oxygen gets deprotonated and coordinates to the metal centre in the 

iminolate form where as strongly acidic condition favors compounds 

formulated with a neutral ligand [15,16].  The lengths of the N–C and C=O 

bonds are very important indicators of the type of coordination.  When 

hydrazone based ligands coordinate to metal ions in the amido form, the 

lengths of the HN–C and C=O bonds are around 1.34 and 1.27 Å respectively 

[17] while their bond lengths in the iminolate form are about 1.28 and 1.34 Å 

respectively [18].  

 

  
Structure II Structure III 

 

The structural changes of the segment attached to the hydrazone will 

affect the metal binding of the ligand and exhibit interesting coordination 

modes with transition metal ions to form octahedral, square planar and 

tetrahedral complexes (Structure IV-VI) [19-21].  
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Structure IV Structure V 

       
Structure VI 

Sometimes hydrazones can form bridged complexes.  If the tridentate 

ONO donor hydrazone possesses a phenolic group, the phenolate oxygen can 

form a bridge between the metal centers and thus forming dimeric complexes 

(Structure VII) [22].  Attractive bridging ligands like dicyanamide, azide, 

acetate ions etc. have attracted great attention in designing dinuclear transition 

metal complexes (Structure VIII) [23]. 
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Structure VII Structure VIII 

If the hydrazone contains additional donor sites like –OMe group, the 

dianionic hydrazone can act as a tetradentate ligand resulting in the formation 

of multinuclear complexes (Structure IX) [24].  There are cases in which 

hydrazones form coordination polymers [25].  The coordination modes of 

hydrazones are of much interest because of the existence of many potential 

donor sites. 

 

 
                                                Structure IX 

X = –OCOCH3 
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1.4.  Applications of hydrazones 

The hydrazone functional group is ubiquitous in various fields ranging from 

organic synthesis, medicinal chemistry and nonlinear optics to supramolecular 

chemistry and has many applications.  The modularity, straightforward synthesis 

and stability towards hydrolysis of hydrazones can be cited as reasons for their 

popularity.  But in reality it is the functional diversity of this azomethine group 

which is characterized by the triatomic structure C=N–N, that enables its use 

in various fields. 

1.4.1. Hydrazones in nonlinear optics 

There is currently a considerable effort to develop new materials with 

large second order nonlinear optical susceptibilities because of their potential 

applications in optical signal processing, frequency conversion and in 

optoelectronics [26-28].  The phenomenon of optical power limiting, a nonlinear 

optical effect, is interesting due to its application to the protection of eyes and 

sensitive optical devices from high power laser pulses.  Hydrazones have 

revealed to be an important class of organic crystalline materials exhibiting 

good NLO activities [29-31].  Nonlinear optical properties shown by hydrazones 

and their metal complexes offer their use in optoelectronic devices.  Compounds 

which are noncentrosymmetric, planar and properly functionalized with strong 

electron donating and electron withdrawing groups at the terminal position of a 

π bridge could exhibit large molecular nonlinearity.  One of the methods that 

have been adopted to improve the nonlinear optical properties of a material is to 

synthesize organic compounds of the type electron donor-bridge-electron 

acceptor.  The molecules in which donor and acceptor groups are connected at 

the terminal positions of a π bridge to create highly polarized molecules exhibit 
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large molecular nonlinearity.  It is reported that hydrazones can act as a π bridge 

for π electron delocalization across the donor-acceptor links.  It is possible to 

tailor materials with large nonlinear optical property through structure 

modification in hydrazones by introduction of donor/acceptor groups to the 

bridge.  Naseema et al. established the influence of donor/acceptor groups on 

the nonlinear optical properties of some aroylhydrazone derivatives [32].  

Cariati et al. investigated the second order nonlinear optical properties of copper 

and palladium complexes of N-salicylidene-N′-aroylhydrazones and found that 

these complexes have considerable nonlinearity.  The use of square planar 

coordinating metals Cu(II) and Pd(II) could force the organic ligand in a planar 

conformation so as to maximize conjugation [33]. 

1.4.2. Biological potential of hydrazones and their metal chelates 

Hydrazones and their metal chelates have growing importance because 

of the wide spectrum of their biological applications like antimicrobial, 

antiinflammatory, antifungal, antitubercular, and anticancer activities [34-38].  

Many researchers have synthesized these compounds as target structures and 

evaluated their biological activities.  In many cases it was reported that metal 

chelates possess better biological activities than their corresponding ligands 

[39].  The bio-activity of hydrazones may be due to the presence of 

multidentate coordination centers and their ability to form stable chelates with 

essential metal ions which organisms need in their metabolism.  It has also 

been shown that the azomethine N, which has a lone pair of electrons in an sp2 

hybridized orbital is biologically important [40,41].  Hydrazones possessing an 

azomethine proton NH–N=CH constitute an important class of compounds for 

new drug development.  Pinheiro et al. synthesized a series of hydrazone 

derivatives with significant antitubercular activity [42].  Ajani et al. synthesized 
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2-quinoxalinone-3-hydrazone derivatives with significant antibacterial and 

antifungal activities [43].  The results showed that this skeletal framework 

exhibited marked potency as antimicrobial agents.   

Cancer still remains a threat to human health as a result of its mortality 

and morbidity.  In the last years, many efforts have been made to develop new 

strategies for finding safe and effective ways of treating this disease, which 

includes a better understanding of biological processes involved in cancer cell 

survival and also the search for more selective and potent chemotherapeutic 

agents.  Hydrazones as well as their complexes are well known for their 

anticancer properties [44].  Lindgren et al. developed benzothiazole hydrazones 

with high activity against breast cancer [45].  Recently Alagesan et al. have 

examined the cytotoxicity of copper(II) complexes of 2-acetylpyridine benzoyl 

hydrazone and 2-acetylpyridine thiophene-2-carboxylic acid hydrazone and 

demonstrated that the complexes possess superior cytotoxicity than that of 

well-known commercial anticancer drug cisplatin to the tumor cells but are 

less toxic to the normal cell line and have emerged as potential candidates for 

further studies [46].  Some hydrazone analogues are found to be potential iron 

chelating drugs for the treatment of iron overload diseases or genetic diseases 

such as β-thalassemia.  The iron chelator salicylaldehyde isonicotinoyl hydrazone 

has shown considerable potential to protect cardiac cells by inhibition of both 

catecholamine oxidation and cardiotoxicity [47,48]. 

Vanadium compounds are effective for lowering plasma glucose levels 

in diabetic animals.  Hydrazone complexes have been widely used as versatile 

ligands in coordination chemistry and the interaction of simple vanadium 

species with these ligands have been extensively investigated in recent years 



Chapter 1 

12 

with respect to their remarkable efficiency as insulin mimetic compounds.  

A number of oxidovanadium complexes with hydrazone ligands have been 

reported for their insulin mimetic properties [49].  These observations have 

guided the development of new hydrazones with various biological 

activities. 

1.4.3. Analytical applications 

Hydrazones are extensively used as analytical reagents because they 

react with metal ions and form colored precipitates or solutions.  Since the 

protonation of amide nitrogen also affects the extent of electron delocalization 

in the hydrazone backbone, a sharp color change of the ligand and its 

complexes often accompanies deprotonation and this property has led to 

search for its possible applications in analytical chemistry for ultra trace 

determination of metal ions and the development of sensors and acid-base 

indicators based on such complexes.  Jain and Singh reviewed the applications 

of hydrazones as analytical reagents [50].  The broad range of the chemical 

and supramolecular reactivities of the hydrazone functional group enables 

their use in the detection of cations and anions.  Chandrasekhar et al. studied 

the spectrophotometric determination of Ni(II) and Cu(II) using diacetyl-

monoxime isonicotinoyl hydrazone [51].  In 2006, Tong et al. reported an 

‘‘off-on’’ fluorescent chemosensor for Cu2+ based on a rhodamine B-based 

hydrazone [52].  The acidic nature of the hydrazone N–H group allows the 

detection of anionic species through H-bond interactions that alter the 

photophysical properties of the system.  These spectroscopic changes make 

hydrazones ideal for anion sensing applications especially for acetate and 

fluoride anions [53].  Krishna et al. have reported a simple, sensitive and 

selective spectrophotometric method for the determination of Cd(II) in 



A brief outline on aroylhydrazones 

13 

biological materials (Cigarette tobacco, Radish flesh and Cabbage) and in 

alloy samples using cinnamaldehyde-4-hydroxybenzoyl hydrazone [54]. 

1.4.4. Catalytic applications 

Aroylhydrazones and their complexes have attracted considerable 

attention due to their high synthetic potential in catalysis.  It is well known that 

the use of nitrogen containing ligands leads to an increased catalytic activity 

[55].  Aroylhydrazone complexes are good candidates for catalytic oxidation 

studies because of their ability to resist oxidation.  Monfared et al. have reported 

catalytic potential of oxido and dioxidovanadium complexes of hydrazone 

ligand (benzenetricarboxylic acid/benzoylhydrazide) for the oxidation of alkene, 

alkane and aromatic hydrocarbons using H2O2 as the terminal oxidant.  Good to 

excellent conversions have been obtained for the oxidation of most of the 

hydrocarbons [56].  Mizar et al. demonstrated that copper(II) complexes of 

aroylhydrazones derived from β-diketones can be used as efficient and selective 

catalysts for the peroxidative oxidation of cyclohexene to cyclohex-2-enol and 

cyclohex-2-enone under mild conditions [57].  Molecular modeling of the 

metalloproteins that catalyze certain biochemical processes is one of the major 

interests of modern coordination chemistry [58]. As simulants of galactose 

oxidase (GO), a new Cu(II) hydrazone model system of GO using benzyl 

dihydrazone was synthesized and catalytic experiments confirmed their abilities to 

enable the aerobic oxidation of benzyl alcohol to benzaldehyde under room 

temperature [59]. 

1.5.  Scope and objectives of the present work  

Hydrazones and their metal complexes have been extensively studied in 

recent decades due to their attractive structures and topologies as well as their 
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potential applications in various fields.  The ability of aroylhydrazones to form 

transition metal complexes is a developing area of research and the 

coordinating properties of hydrazones can be tuned by the appropriate choice 

of parent aldehyde or ketone and the hydrazide.  The properties of the obtained 

complexes depend very much on the coordination geometries, nature of donor 

atoms as well as the metal centers.  In order to pursue the interesting coordinating 

properties of hydrazones, complexes with different types of ligand environments 

are essential. In this perspective, we intend to study the structures and 

coordination chemistry of some transition metal chelates with four different 

aroylhydrazones as principal ligands.  Introduction of heterocyclic bases like       

1, 10-phenanthroline, 2,2′-bipyridine, pyridine and 3-picoline as auxiliary ligands 

leads to the syntheses of mixed ligand metal chelates which can cause different 

bonding, spectral properties and geometries in coordination compounds. The 

selection of 4-benzyloxy-2-hydroxybenzaldehyde-4-nitrobenzoylhydrazone was 

based on the idea of developing ligand having D-π-A general structure, so that the 

ligand and metal complexes exhibit NLO activity.  Hence it is interesting to 

explore the coordinating capabilities of the synthesized hydrazones and to study 

the NLO activity of hydrazones and their metal complexes. 

The objectives of our present work includes 

 To synthesize some ONO and NNO donor aroylhydrazones.  

 To characterize the synthesized aroylhydrazones by different 

physico-chemical techniques. 

 To synthesize different transition metal chelates using the synthesized 

aroylhydrazones as principal ligands and some heterocyclic bases as 

coligands. 
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 To study the coordination modes of different aroylhydrazones in 

transition metal chelates by using different physico-chemical 

methods like partial elemental analyses, thermogravimetry and by 

different spectroscopic techniques. 

 To establish the structure of the compounds by isolating single 

crystals of the compounds and by collecting and refining single 

crystal X-ray diffraction data. 

 To study the second harmonic generation efficiencies of some 

compounds by Kurtz and Perry technique. 

In the present work, four tridentate aroylhydrazones were synthesized and 

characterized.  The molecular structures of these aroylhydrazones were established 

by single crystal X-ray diffraction studies.  The metals selected for the preparation 

of the complexes are vanadium, cobalt, nickel, copper, zinc, cadmium and 

molybdenum. The second harmonic generation efficiencies of some of the 

compounds were studied by Kurtz and Perry powder technique [60]. 

1.6.  Physical measurements 

The physico-chemical methods adopted for the present study are 

discussed below. 

1.6.1. Elemental analyses 

Elemental analyses of carbon, hydrogen and nitrogen present in all the 

compounds were done on a Vario EL III CHNS elemental analyzer at the 

Sophisticated Analytical Instrument Facility, Cochin University of Science 

and Technology, Kochi-22, Kerala, India.  This information is important to 

determine the purity of synthesized compounds.   
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1.6.2. Conductivity measurements 

The molar conductivities of the complexes in DMF (10-3 M) at 298 K 

were measured using a Systronic model 303 direct reading conductivity meter 

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

1.6.3. Magnetic susceptibility measurements  

The magnetic susceptibility measurements of the complexes were 

carried out on a Vibrating Sample Magnetometer using Hg[Co(SCN)4] as a 

calibrant at the SAIF, Indian Institute of Technology, Madras. 

1.6.4. Infrared spectroscopy 

Infrared spectra of the compounds were recorded on a JASCO FT-IR-5300 

Spectrometer in the 4000-400 cm-1 range using KBr pellets at the Department of 

Applied Chemistry, CUSAT, Kochi, India. 

1.6.5. Electronic spectroscopy 

The electronic spectra of the compounds were recorded in DMF on a 

Thermo Scientific Evolution 220 UV-Vis Spectrophotometer in the 200-900 nm 

range at the Department of Applied Chemistry, CUSAT, Kochi, India.  The 

solid state electronic spectra of some complexes were recorded on Agilant 

Varian Cary 5300 Spectrophotometer at the Sophisticated Analytical 

Instrument Facility, Cochin University of Science and Technology, Kochi-22, 

Kerala, India. 

1.6.6. Mass spectrometry  

Mass spectra of the hydrazones were recorded by direct injection on 

WATERS 3100 Mass Detector using Electrospray ionization (ESI) technique 
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designed for routine HPLC-MS analyses at the Department of Applied 

Chemistry, CUSAT, Kochi, India. 

1.6.7. NMR spectroscopy 
1H NMR spectra of hydrazones were recorded using Bruker AMX 400 

FT-NMR Spectrometer with deuterated DMSO as the solvent and TMS as 

internal standard at the Sophisticated Analytical Instrument Facility, CUSAT, 

Kochi, India. 

1.6.8. EPR spectroscopy 

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

DMF at 77 K were recorded on a Varian E-112 spectrometer using TCNE as 

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

and 9.1 GHz microwave frequency at the SAIF, IIT Bombay, India.  Some of 

the EPR spectra are simulated using EasySpin [61]. 

1.6.9. Thermogravimetric analyses 

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

Pyris Diamond TG/DTA analyzer under nitrogen at a heating rate of 10 °C min-1 

in the 50-700 °C range at the Sophisticated Analytical Instrument Facility, 

CUSAT, Kochi, India.  

1.6.10. Single crystal X-ray diffraction studies 

Single crystal X-ray diffraction studies of the compounds were 

carried out using Bruker SMART APEXII CCD diffractometer equipped 

with a graphite crystal, incident-beam monochromator and a fine focus 

sealed tube with Mo Kα (λ=0.71073 Å) as the X-ray source at the SAIF, 
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Cochin University of Science and Technology, Kochi-22, Kerala, India.  

The unit cell dimensions were measured and the data collections were 

performed at 296(2) K.  Bruker SMART software was used for data 

acquisition and Bruker SAINT software for data integration [62].  

Absorption corrections were carried out using SADABS based on Laue 

symmetry using equivalent reflections [63].  The structure was solved by 

direct methods using SHELXS97 and refined by full-matrix least-squares 

refinement on F2 using SHELXL97 [64].  The graphics tools used were 

ORTEP-3 and DIAMOND version 3.2g [65,66]. 

1.6.11. Second harmonic generation studies 

The second harmonic generation studies of the compounds were studied 

by Kurtz and Perry powder technique at the Department of Inorganic and 

Physical Chemistry, IISc, Bangalore.  The experimental arrangement for the 

nonlinear optical studies utilizes a Quanta-Ray DCR II Nd: YAG laser.  The 

sample was illuminated by a laser beam of fundamental wavelength 1064 nm 

with pulse width of 10 ns and repetition rate 10 Hz.  An output signal of 532 

nm was measured in a 90° geometry using KDP as the standard. 
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2.1.  Introduction 

Aroylhydrazones are known to be an important class of nitrogen-

oxygen donor ligands because of their variable bonding modes towards 

transition metal ions and their highly interesting chemical, biological and 

medicinal properties.  These ligands are readily available, versatile and can 

exhibit various denticities and functionalities depending on the nature of the 

starting materials employed for their preparation [1-3]. The ease of preparation, 

increased hydrolytic stability relative to imines and tendency towards crystallinity 

are all desirable characteristics of hydrazones.  Due to these positive traits, 

hydrazones have been under study for a long time.   

Aroylhydrazones play an important role in inorganic chemistry as they 

easily form stable complexes with most transition metal ions.  Literature 

survey of hydrazone complexes revealed that the coordination behavior 
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depends on the nature of the substituents and also on the position of the imine 

group relative to other moieties.  Moreover, the proton transfer between 

hydrazinic N and keto group of hydrazide part results in the formation of 

iminolic tautomer having new coordination properties [4,5].  The development 

of the field of bioinorganic chemistry has increased the interest in hydrazone 

complexes since it has been recognized that many of these complexes may 

serve as models for biologically important species [6]. Coordination 

compounds derived from aroylhydrazones have been reported to act as 

enzyme inhibitors and are useful due to their pharmacological applications 

[7-10].  These compounds have interesting biological properties such as 

antiinflammatory, anticonvulsant, antitubercular, antitumor, anti-HIV and 

antimicrobial activities [11-17].  Hydrazones are important compounds for 

drug design, catalysis and also for the syntheses of heterocyclic compounds 

[18-20].  Due to their chelating behavior, hydrazones are used in analytical 

chemistry as selective metal extracting agents as well as in spectroscopic 

determination of certain transition metals [21,22].  Also many reports have 

shown that they are suitable candidates for NLO materials [23].  A large 

number of π-conjugated molecules have been investigated in the last thirty 

years for suitability to function as components in hypothetical NLO 

materials.  Aroylhydrazones offer many possibilities to tailor materials with 

the desired π-electron delocalization through optimization of the microscopic 

hyperpolarizabilities (molecular engineering) and the incorporation of molecules 

in a crystalline lattice (crystal engineering) and polymers [24,25].   

The above said facts prompted us to synthesize and characterize some 

metal complexes using aroylhydrazones as the ligand system.  We have 

synthesized four hydrazones using 4-nitrobenzoic hydrazide, nicotinic 
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hydrazide, 4-benzyloxy-2-hydroxybenzaldehyde, 5-bromo-2-hydroxy-3-

methoxybenzaldehyde, 4-diethylamino-2-hydroxybenzaldehyde and      

2-benzoylpyridine. In this chapter the syntheses, crystal structures and spectral 

perspectives of the aroylhydrazones are discussed.  The synthesized ligand 

systems consisting of ONO and ONN donor aroylhydrazones and are given 

below. 

 4-benzyloxy-2-hydroxybenzaldehyde-4-nitrobenzoylhydrazone 

dimethylformamide monosolvate (H2L1·C3H7NO) 

 5-bromo-2-hydroxy-3-methoxybenzaldehyde nicotinoylhydrazone 

dihydrate methanol monosolvate (H2L2·2H2O·CH3OH) 

 4-diethylamino-2-hydroxybenzaldehyde nicotinoylhydrazone 

monohydrate (H2L3·H2O) 

 2-benzoylpyridine-4-nitrobenzoylhydrazone (HL4) 

2.2.  Experimental 
2.2.1. Materials 

4-Benzyloxy-2-hydroxybenzaldehyde (Sigma-Aldrich), 5-bromo-2-

hydroxy-3-methoxybenzaldehyde (Sigma-Aldrich), 4-diethylamino-2-

hydroxybenzaldehyde (Sigma-Aldrich), 2-benzoylpyridine (Sigma-Aldrich), 

nicotinic hydrazide (Sigma-Aldrich) and 4-nitrobenzoic hydrazide (Sigma-

Aldrich) were of Analar grade and were used as received.  Solvents used were 

methanol and dimethylformamide. 

2.2.2. Syntheses of aroylhydrazones 

The hydrazones were synthesized by adapting the reported procedure 

[26,27], namely via condenzation between appropriate aldehyde/ketone with 

the respective aroylhydrazide as described below.  
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2.2.2.1. 4-Benzyloxy-2-hydroxybenzaldehyde-4-nitrobenzoylhydrazone 
dimethylformamide monosolvate (H2L1·C3H7NO) 

To a solution of 4-nitrobenzoic hydrazide (0.181 g, 1 mmol) in DMF, a 

solution of 4-benzyloxy-2-hydroxybenzaldehyde (0.228 g, 1 mmol) in DMF was 

added and the reaction mixture was refluxed for 4 h. after adding two drops of 

sulfuric acid.  On cooling yellow colored crystals were separated, washed with 

methanol and dried over P4O10 in vacuo.  Reaction scheme for the synthesis of 

H2L1·C3H7NO is shown below (Scheme 2.1). 

H2L1·C3H7NO: Yield: 79%, M.P.: 220 °C, Elemental Anal. Found (Calcd.) 

(%): C: 62.01 (62.06); H: 5.27 (5.21); N: 12.12 (12.06). 

 

Scheme 2.1. Synthesis of H2L1·C3H7NO. 

2.2.2.2. 5-Bromo-2-hydroxy-3-methoxybenzaldehyde nicotinoylhydrazone 
dihydrate methanol monosolvate (H2L2·2H2O·CH3OH) 

A methanolic solution of nicotinic hydrazide (0.137 g, 1 mmol) was 

refluxed with a methanolic solution of 5-bromo-2-hydroxy-3-methoxybenzaldehyde 

(0.231 g, 1 mmol) continuously for 4 h.  The reaction mixture was kept aside 

for slow evaporation at room temperature.  After 4-5 days, colorless block 

shaped crystals were formed and carefully separated.  The scheme for the 

reaction is shown below (Scheme 2.2). 

DMF
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H2L2·2H2O·CH3OH: Yield: 81%, M.P. : 110 °C, Elemental Anal. Found 

(Calcd.) (%): C: 43.51 (43.08); H: 4.53 (4.82); N: 10.50 (10.05). 
 

 
 

Scheme 2.2. Synthesis of H2L2·2H2O·CH3OH.  

2.2.2.3.  4-Diethylamino-2-hydroxybenzaldehyde nicotinoylhydrazone 
monohydrate (H2L3·H2O) 

4-Diethylamino-2-hydroxybenzaldehyde nicotinoylhydrazone monohydrate 

was prepared by refluxing methanolic solutions of nicotinic hydrazide (0.137 g, 

1 mmol) and 4-diethylamino-2-hydroxybenzaldehyde (0.193 g, 1 mmol) for 4 h.  

The formed crystals were collected, washed with few drops of methanol and 

dried over P4O10 in vacuo.  The scheme for the reaction is shown below 

(Scheme 2.3). 

H2L3·H2O: Yield: 76%, M.P. : 104 °C, Elemental Anal. Found (Calcd.) 

(%): C: 61.44 (61.80); H: 6.23 (6.71); N: 16.63 (16.96). 

 

 
Scheme 2.3. Synthesis of H2L3·H2O. 
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2.2.2.4. 2-Benzoylpyridine-4-nitrobenzoylhydrazone (HL4)  

To a methanolic solution of 4-nitrobenzoic hydrazide (0.181 g, 1 mmol), 

a methanolic solution of 2-benzoylpyridine (0.183 g, 1 mmol) was added 

followed by one drop of dilute sulfuric acid.  The resulting solution was 

refluxed for 4 h.  On cooling colorless block shaped crystals were formed 

and carefully separated. The scheme for the reaction is shown below 

(Scheme 2.4). 

HL4: Yield: 73%, M.P. : 168 °C, Elemental Anal. Found (Calcd.) (%): C: 

65.54 (65.89); H: 4.13 (4.07); N: 15.98 (16.18). 

 
Scheme 2.4. Synthesis of HL4. 

2.3.  Characterization of aroylhydrazones 
2.3.1. Elemental analyses 

C, H, N analyses data of the synthesized aroylhydrazones are given in 

Section 2.2 which indicate that the compounds are analytically pure. 

2.3.2. Mass spectra 

Mass spectrometry (MS) is a powerful analytical technique that is used 

to identify unknown compounds and to elucidate the structure of molecules by 

measuring the mass-to-charge ratio of charged particles.  The electrospray 
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ionization (ESI) technique was used to measure the m/z ratio of charged 

particles.  MS works by ionizing the compound to generate charged molecules 

or fragments and measuring their mass to charge ratios.  Mass spectrum is a 

plot of m/z of positive ion fragments versus their relative abundance.  

Hydrazones, which are formed from the reaction between carbonyl 

compounds and hydrazides are stable at room temperature but unstable at 

higher temperatures and have relatively high boiling points.  Therefore GC-

MS is not easy to apply for hydrazone analysis due to these physical natures.  

Therefore, LC-MS has been used to analyze these derivatives [28,29].  In the 

present study, the molecular ion (M+) peaks at 391.5, 350.2, 312.3 and 

346.3 amu for the aroylhydrazones H2L1, H2L2, H2L3 and HL4 respectively 

indicate the molecular masses of respective aroylhydrazones synthesized 

(Figs. 2.1-2.4).  

 

 
Fig. 2.1. Mass spectrum of H2L1 showing molecular ion (M+) peak. 
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Fig. 2.2. Mass spectrum of H2L2 showing molecular ion (M+) peak. 

 
Fig. 2.3. Mass spectrum of H2L3 showing (M+) peak. 

 
Fig. 2.4. Mass spectrum of HL4 showing (M+) peak. 
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2.3.3. Infrared spectra 

Infrared spectra of the aroylhydrazones were recorded on a JASCO 

FT-IR-5300 spectrometer in the 4000-400 cm-1 range using KBr pellets.  

The significant bands observed in the IR spectra of the aroylhydrazones 

along with their relative assignments are presented in the Table 2.1.  FT-IR 

spectral data of the compounds are in accordance with their molecular 

structure. 

In the IR spectra of aroylhydrazones, ν(C=N) bands are observed in the 

1597-1609 cm-1 range indicating the condenzation of hydrazide and the 

aldehyde/ketone moiety and it is in agreement with the literature reports of 

aroylhydrazones [30,31].  In the IR spectra of aroylhydrazones the ν(C=O) 

stretching vibrations are observed at 1661, 1669, 1632 and 1683 cm-1 for 

H2L1·C3H7NO, H2L2·2H2O·CH3OH, H2L3·H2O and HL4 respectively 

suggesting that the hydrazones exist in the amido form in the solid state.  

This is further supported by medium bands in the 3067-3186 cm-1 range due 

to ν(N–H) vibration [32]. The broad absorption bands at 3218 cm-1 for 

H2L2·2H2O·CH3OH and H2L3·H2O are due to the ν(O–H) stretching mode 

of lattice water and the decrease in the value is due to the involvement of 

intermolecular hydrogen bond and this is confirmed by the single crystal    

X-ray diffraction studies.  In all the hydrazones except HL4, the sharp 

bands in the 3377-3505 cm-1 range are due to stretching mode  of phenolic 

O–H group.  The N−N stretching vibrations are found in the 1102-1127 cm-1 

region [33,34]. Figs. 2.5-2.8 depict the infrared spectra of the 

aroylhydrazones. 
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Table 2.1. The important IR frequencies (cm-1) of aroylhydrazones 

Compound ν(C=N) ν(C=O) ν(N–N) ν(N–H) ν(O–H) 
H2L1·C3H7NO 1604 1661 1102 3186 3488 
H2L2·2H2O·CH3OH 1609 1669 1110 3067 3505 
H2L3·H2O 1603 1632 1127 3075 3377 
HL4 1597 1683 1122 3069 ---- 

 
Fig. 2.5. IR spectrum of H2L1·C3H7NO. 

 

Fig. 2.6. IR spectrum of H2L2·2H2O·CH3OH. 
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Fig. 2.7. IR spectrum of H2L3·H2O. 

 
Fig. 2.8. IR spectrum of HL4. 
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2.3.4. Electronic spectra 

The significant electronic absorption bands in the electronic spectra of 

aroylhydrazones recorded in DMF are presented in Table 2.2.  Bands in the 

27020-36990 cm-1 range are attributed to n→π* and π→π* transitions of the 

benzene ring, imine and carbonyl groups present in them (Fig. 2.9). 

 
Fig. 2.9. Electronic spectra of aroylhydrazones. 

Table 2.2. Electronic spectral assignments (cm-1) of aroylhydrazones 

Compound n→π*/π→π* 

H2L1·C3H7NO 36990, 34130, 28970 

H2L2·2H2O·CH3OH 33240, 29350 

H2L3·H2O 36780, 27020 

HL4 36940, 29740 
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2.3.5. NMR spectral studies 

Nuclear Magnetic Resonance (NMR) spectroscopy has become the 

dominant method of analysis for organic compounds because in many cases 

it provides a way to determine an entire structure using one set of analytical 

tests.  It is also used in inorganic chemistry and biochemistry where it 

provides a lot of valuable structural information.  The 1H NMR spectrum 

provides useful information about the number of different types of 

hydrogen present in the molecule and their electronic environment. 

The 1H NMR spectrum of the synthesized aroylhydrazones were 

recorded with DMSO-d6 as solvent on a Bruker AMX 400 spectrometer and 

TMS as standard.  The 1H NMR spectrum of H2L1·C3H7NO is given in        

Fig. 2.10.  The sharp singlet at 12.24 ppm in the downfield region of the 

spectrum indicates the presence of iminol form of the hydrazone.  A singlet 

with an area of integration one at 11.44 ppm is due to the presence of 

phenolic proton.  Absence of any coupling interactions by protons on 

neighboring atoms renders singlet peaks for these iminolic and phenolic 

protons. Upon D2O exchange these signals are disappeared showing that these 

two protons are readily exchangeable and confirmed the above assignments 

(Fig. 2.11).  Aromatic protons appear as multiplets at 6.58-8.58 ppm range. 
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Fig. 2.10. 1H NMR spectrum of H2L1·C3H7NO. 

 
Fig. 2.11. 1H NMR spectrum of H2L1·C3H7NO-D2O exchange. 

In the 1H NMR spectrum of H2L2·2H2O·CH3OH the sharp singlet 

observed at 12.29 ppm which integrates as one hydrogen is due to the existence of 

the compound in the iminolic form.  A singlet at 10.76 ppm in the spectrum is 

assigned to the phenolic proton (Fig. 2.12).  These peaks are found to disappear 
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in the H2L2·2H2O·CH3OH-D2O 1H NMR spectrum since these protons 

exchange with deuterium in the D2O (Fig. 2.13).  Multiplets observed in the 

7.8-9.09 ppm range are assigned to the aromatic protons.  A singlet at          

δ = 3.85 ppm corresponds to the methoxy protons.  

 
Fig. 2.12. 1H NMR spectrum of H2L2·2H2O·CH3OH. 

 

Fig. 2.13. 1H NMR spectrum of H2L2·2H2O·CH3OH-D2O exchange. 
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The 1H NMR spectrum of H2L3·H2O is shown in Fig. 2.14.  Here the singlet 

in the downfield region of the spectrum at δ value of 11.96 ppm is due to the 

iminolic proton.  The phenolic proton resonates at 11.33 ppm as a singlet.   

 
Fig. 2.14. 1H NMR spectrum of H2L3·H2O·CH3OH. 

 

Fig. 2.15. 1H NMR spectrum of H2L3·H2O-D2O exchange. 
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These assignments can be confirmed from the H2L3·H2O-D2O 1H NMR 

spectrum in which these signals are absent (Fig. 2.15). Aromatic protons 

appear as multiplets in the 6.13-9.06 ppm range.  

1H NMR spectrum of 2-benzoylpyridine-4-nitrobenzoylhydrazone (HL4) 

is given in Fig. 2.16.  For HL4, a singlet which integrates as one hydrogen at 

13.51 ppm is assigned to the iminolic NH proton.  Absence of any coupling 

interactions by NH proton due to the lack of availability of protons on 

neighboring atoms renders singlet peak for it.  This peak is found to disappear in 

the HL4-D2O 1H NMR spectrum since this proton exchange with deuterium in the 

D2O (Fig. 2.17).  Aromatic protons appear as multiplets in the 7.45-8.83 ppm 

range.   

 

 

Fig. 2.16. 1H NMR spectrum of HL4. 
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Fig. 2.17. 1H NMR spectrum of HL4-D2O exchange. 

2.3.6. X-ray crystallography 

Single crystal X-ray diffraction is an important technique in the 

structural determination of crystalline materials and for understanding their 

structure-property relationships.  This powerful tool can be used to visualize 

the precise and detailed structural information of compounds.  Single crystal 

X-ray diffraction studies of the aroylhydrazones were carried out using a 

Bruker SMART APEXII CCD diffractometer at the SAIF, Cochin University of 

Science and Technology, Kochi-22, Kerala, India.  Bruker SMART software 

was used for data acquisition and Bruker SAINT software for data integration 

[35].  Absorption corrections were carried out using SADABS based on Laue 

symmetry using equivalent reflections [36].  The structure was solved by 

direct methods using SHELXS97 and refined by full-matrix least-squares 

refinement on F2 using SHELXL97 [37].  The molecular and crystal structures 

were plotted using DIAMOND version 3.2g [38]. 

In H2L1·C3H7NO, H2L2·2H2O·CH3OH and H2L3·H2O all non-hydrogen 

atoms were refined anisotropically and all H atoms on C were placed in 

calculated positions guided by difference maps with C–H bond distances 

0.93-0.97 Å.  The H atoms were assigned as Uiso=1.2Ueq (1.5 for Me).       
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N2–H2′ and O2–H2′′ hydogen atoms of H2L1·C3H7NO were located from 

difference maps and their distances were restrained using DFIX instructions.  

The O(2)–H(2), O(4)–H(4) and N(2)–H(2′) H atoms of H2L2·2H2O·CH3OH 

were located from difference maps and their distances were restrained using 

DFIX instructions.  In H2L3·H2O, N(3)–H(3), O(1)–H(1), O(1W)–H(1A) and 

O(1W)–H(1B) hydrogen atoms were located from difference maps and their 

distances were restrained using DFIX and DANG instructions.  In HL4
, all H 

atoms were placed in calculated positions guided by difference maps with   

C–H bond distance of 0.93 Å. 

2.3.6.1. Crystal structure of H2L1·C3H7NO  

The yellow block shaped crystals of H2L1·C3H7NO suitable for X- ray 

diffraction analysis were obtained by recrystallization from a mixture of 

methanol and dimethylformamide (1:1 v/v). A single crystal with 

approximate dimensions of 0.40 × 0.20 × 0.20 mm3 was selected for 

collecting the data.  The molecular structure of the compound with the 

atom numbering scheme is given in Fig. 2.18.  The crystallographic data 

and structure refinement parameters of the compound are given in Table 2.3, 

the selected bond lengths and bond angles are given in Table 2.4 and the 

torsion angles in Table 2.5. 
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Table 2.3. Crystal data and structure refinement parameters for H2L1·C3H7NO 

Parameters H2L1·C3H7NO 

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
 
 
 
 
 
Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(000) 
Crystal size 
θ range for data collection 
Limiting indices 
 
 
Reflections collected 
Unique Reflections (Rint) 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data) 
Largest diff. peak and hole 

C24H24N4O6 
464.47 
296 K 
0.71073 Å 
Monoclinic 
P21/c 
a = 10.0160(8) Å 
b = 22.6610(2) Å 
c = 10.2611(11) Å 
α = 90.00° 
β = 101.39(5)° 
γ = 90.00° 
2283.1(4) Å3 
4 
1.351 mg/m3 
0.099 mm-1 
976 
0.40 × 0.20 × 0.20 mm3 

1.80 to 27.00° 
-12 ≤ h ≤ 11 
-28 ≤ k ≤ 28 
-13 ≤ l ≤ 8 
16107 
4979 [R(int) = 0.0314] 
Full-matrix least-squares on F2 

4910 / 2 / 318 
1.035 
R1 = 0.0528, wR2 = 0.1367 
R1 = 0.0987, wR2 = 0.1759 
0.396 and -0.218 e Å-3 

 

R1 = Σ||Fo|-|Fc|| / Σ|Fo| 

wR2 = [Σw(Fo
2-Fc

2)2 / Σw(Fo
2)2]1/2 
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Fig. 2.18. Molecular structure of H2L1·C3H7NO along with the atom numbering 

scheme. 

 

Table 2.4. Selected bond lengths [Å] and angles [°] for H2L1·C3H7NO 

Bond lengths Bond angles 

N(1)–C(14) 1.271(3) C(14)–N(1)–N(2) 118.4(2) 

O(2)–C(10) 1.341(3) N(2)–C(15)–C(16) 117.0(2) 
N(1)–N(2) 1.374(2) N(1)–C(14)–C(11) 120.1(2) 

O(3)–C(15) 1.217(3) N(2)–C(15)–O(3) 122.0(2) 
N(2)–C(15) 1.337(3) O(2)–C(10)–C(11)    122.09(18) 

N(3)–C(19) 1.472(3) C(14)–C(11)–C(10) 121.7(2) 

C(11)–C(14) 1.446(3) C(15)–N(2)–N(1)    117.33(19) 
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Table 2.5. Selected torsion angles [°] for H2L1 

Torsion angles 
C(10)–C(11)–C(14)–N(1) 3.1(3) 
C(11)–C(14)–N(1)–N(2) 177.93(18) 
N(1)–N(2)–C(15)–C(16) 179.57(17) 
N(1)–N(2)–C(15)–O(3) 0.0(3) 

 

The compound crystallizes in monoclinic space group P21/c.  The torsion 

angle of 177.93(18)° perceived by C(11)–C(14)–N(1)–N(2) moiety supports 

the anti configuration with respect to C(14)–N(1) bond in the aroylhydrazone 

[39,40].  The compound exists in amido form with C(15)–O(3) bond length of 

1.217(3) Å, which is very close to C=O bond length of previously reported 

hydrazones [41,42].  Also the C(14)–N(1) bond distance [1.271(3) Å] is 

appreciably close to that of a C=N bond [1.28 Å] confirming the azomethine 

bond formation [43,44].  The molecule as a whole is non-planar.  The 

maximum deviation from the least squares plane calculated for the hydrazone 

moiety i.e. C(14)–N(1)–N(2)–C(15)–O(3) is 0.0290 Å for the N1 atom.  The 

aromatic rings (C8-C13) and (C16-C21) form dihedral angles 67.63(12) and 

61.58(12)° respectively with (C1-C6) ring of the compound.  Notwithstanding 

the above, the N(1)–N(2) and N(2)–C(15) bond distances of 1.374(2) and 

1.337(3) Å respectively indicate significant delocalization of π-electron 

density over the hydrazone portion of the molecule.   

The compound adopts cis configuration with respect to C(14)–C(11) 

bond with torsion angle of 3.1(3)° for C(10)–C(11)–C(14)–N(1) moiety.  So 

the potential donors O(2) and N(1) are found to be in syn disposition.  This 

arrangement enables the O(2)–H(2′′) to involve in H-bonding (Fig. 2.19) with 
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azomethine N(1) atom of the aroylhydrazone resulting in a six membered 

pseudo-aromatic ring, N(1)–C(14)–C(11)–C(10)–O(2)–H(2′′).  Such resonance 

assisted hydrogen bonds seem to be the general feature of the crystal structures 

of Schiff bases derived from salicylaldehyde [45]. 

 
 Fig. 2.19.  Intra and intermolecular hydrogen bonding interactions 

of H2L1·C3H7NO. 

There is one conventional N(2)–H(2')···O(6) and three nonconventional 

C–H···O intermolecular hydrogen bonds present in the molecular system with 

D···A distances of 2.810(3), 3.167(3), 3.448(3) and 3.206(3) Å respectively 

(Table 2.6).  The strong intramolecular conventional O–H···N hydrogen bond 

locks the molecular conformation and minimizes the rotational freedom about 

the C(11)–C(14) bond. Moreover, two C–H···π interactions between the 

hydrogen attached at the C(12) and C(17) atoms and the corresponding 

aromatic ring C1-C6 of the neighboring molecules with H···Cg distances of 
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2.91 and 2.85 Å respectively, chain the molecules along c axis. This 

supramolecular network is augmented by a weak π···π interaction between the 

phenyl rings (C8-C13) and (C16-C21) of the molecules with a centroid-

centroid distance of 3.650(13) Å by interconnecting the molecules along b axis 

(Fig. 2.20).  Packing of molecules are predominantly favored by the hydrogen 

bonding and C–H···π interactions.  Other short ring interactions are very weak 

as they correspond to their centroid-centroid distances greater than 4 Å.  

Fig. 2.21 shows the packing diagram of the compound along c axis. 

 
Fig. 2.20. C–H···π and π···π interactions in H2L1·C3H7NO. 
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Fig. 2.21. Packing diagram of H2L1·C3H7NO viewed along c axis. 

Table 2.6. Interaction parameters of H2L1·C3H7NO 

Hydrogen bonding interactions
D–H···A  D–H (Å) H···A (Å)  D···A (Å)  ∠D–H···A (°) 
N(2)–H(2′)···O(6)a 0.878(14) 1.950(15) 2.810(3) 166(2) 
O(2)–H(2′′)···N(1) 0.850(1) 1.820(3) 2.583(2) 149(3) 
C(7)–H(7B)···O(3)b 0.970 2.490 3.167(3) 127 
C(13)–H(13)···O(1)c 0.930 2.580 3.448(3) 156 
C(21)–H(21)···O(6)a 0.930 2.420 3.206(3) 143 
π···π interactions 
Cg(I)···Cg(J)  Cg···Cg (Å) α (º)  β (º)   
Cg(2)···Cg(3)d 3.650(13) 6.53(11) 14.21  
C–H···π interactions 
C–H(I)···Cg(J) C–H (Å)    H···Cg (Å)   C···Cg (Å) ∠C–H···Cg  (°)    
C(12)–H(12)···Cg(1)e 0.930 2.910 3.673(2) 140 
C(17)–H(17)···Cg(1)f 0.930 2.850 3.630(3) 142 
Equivalent position codes : a = 1-x, 1-y, -z; b = 1-x, -y, 1-z; c = -x, -y, -z; d = -1+x, ½-y, ½+z; 
e = -x, -y, -z; f = 1-x,-y,1-z 
Cg(1) = C(1), C(2), C(3), C(4), C(5), C(6); Cg(2) = C(8), C(9), C(10), C(11), C(12), C(13); 
Cg(3) = C(16), C(17), C(18), C(19), C(20), C(21) 
D, Donor; A,  acceptor; Cg, Centroid; α, dihedral angle between planes I & J; β, angle between 
Cg···Cg and Cg(J) perp. 
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2.3.6.2. Crystal structure of H2L2·2H2O·CH3OH  

Colorless block shaped crystals of 5-bromo-2-hydroxy-3-

methoxybenzaldehyde nicotinoylhydrazone dihydrate methanol monosolvate 

suitable for diffraction analyses were obtained from a solution of the 

compound in methanol.  A single crystal with approximate dimensions of   

0.35 × 0.30 × 0.25 mm3 was selected for collecting the data.  A perspective 

view of the molecular structure of the compound along with the atom labelling 

scheme is shown in Fig. 2.22 and selected geometric parameters are given in 

Table 2.7. The aroylhydrazone, H2L2·2H2O·CH3OH is crystallized into a 

monoclinic space group P21/c.  The two aromatic rings are twisted with dihedral 

angle of 17.8(4)º.  The molecule as a whole has no planarity with maximum 

deviation of 0.386(10) Å for the atom C(14) from its least squares plane.  But the 

central hydrazone moiety, C(7)–N(1)–N(2)–C(8)–O(3), is almost planar with 

maximum deviation from the least-squares plane of 0.0153 Å for the C(7) atom. 

 
Fig. 2.22. Molecular structure of H2L2·2H2O·CH3OH along with the atom 

numbering scheme.  The solvent molecules are omitted for clarity. 
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 Table 2.7. Crystal data and structure refinement parameters for 
H2L2·2H2O·CH3OH 

     Parameters H2L2·2H2O·CH3OH 

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
 
 
 
 
 
Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(000)   
Crystal size 
θ range for data collection   
Limiting indices 
 
 
Reflections collected   
Unique Reflections (Rint) 
Refinement method 
Data / restraints / parameters  
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data)   
Largest diff. peak and hole   

C15H20BrN3O6  
418.23  
296 K 
0.71073 Å 
Monoclinic  
P21/c  
a = 7.8139(5) Å 
b = 18.8868(13) Å 
c = 12.8633(8) Å 
α = 90.00° 
β = 92.12(3)°  
γ = 90.00° 
1897.1(2) Å3 
4 
1.450 mg/m3 
2.201 mm-1 
840  
0.35 × 0.30 × 0.25 mm3 

2.61 to 25.00° 
-9 ≤ h ≤ 7 
-22 ≤ k ≤ 22  
-15 ≤ l ≤ 15 
14251  
3356 [R(int) = 0.0629]   
Full-matrix least-squares on F2 

3351 / 3 / 248 
1.048  
R1 = 0.0653, wR2 = 0.1988 
R1 = 0.0795, wR2 = 0.2099 
2.469 and -0.436 e Å-3 

R1 = Σ||Fo|-|Fc|| / Σ|Fo| 

wR2 = [Σw(Fo
2-Fc

2)2 / Σw(Fo
2)2]1/2 
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The torsion angles of -179.7(5)o and -178.6(5)o corresponding to C(6)–

C(7)–N(1)–N(2) and N(1)–N(2)–C(8)–C(9) moieties respectively confirm the 

E configuration of the compound with respect to the C(7)–N(1) and N(2)–C(8) 

bonds [40].  The bond length of C(8)=O(3) [1.232 (6) Å] shows significant 

double bond character indicating that the molecule exists in the amido form in 

the solid state [41,42].  The N(1)–N(2) [1.385(6) Å] and N(2)–C(8) [1.339(7) Å] 

bond distances are intermediate between the ideal values of corresponding 

single [N–N: 1.45 Å and C–N: 1.47 Å] and double bonds [N=N: 1.25 Å and 

C=N: 1.28 Å], giving evidence for an extended π delocalization along the 

hydrazone moiety.  The selected bond lengths and angles are given in Table 

2.8 and torsion angles in Table 2.9. 

 

Table 2.8. Selected bond lengths [Å] and angles [°] for H2L2·2H2O·CH3OH 

Bond lengths Bond angles 
N(1)–C(7) 1.267(6) C(7)–N(1)–N(2) 114.2(4) 
C(5)–O(2) 1.342(6) N(2)–C(8)–C(9) 116.9(4) 
N(1)–N(2) 1.385(6) N(1)–C(7)–C(6) 121.4(5) 
C(8)–O(3) 1.232(6) N(2)–C(8)–O(3) 122.1(5) 
N(2)–C(8) 1.339(7) O(2)–C(5)–C(6) 118.4(4) 
C(4)–O(1) 1.366(6) C(7)–C(6)–C(1) 122.6(5) 
C(6)–C(7) 1.460(7) C(8)–N(2)–N(1) 118.7(4) 

 

Table 2.9. Selected torsion angles [°] for H2L2·2H2O·CH3OH 

Torsion angles 
C(1)–C(6)–C(7)–N(1) -14.3(8) 
C(6)–C(7)–N(1)–N(2) -179.7(5) 
N(1)–N(2)–C(8)–C(9) -178.6(5) 
N(1)–N(2)–C(8)–O(3) 1.1(8) 
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The strong intermolecular O–H···N hydrogen bonds propagate the 1D 

network with the overall motif being a wavy chain along crystallographic b 

direction (Fig. 2.23).  The main structural feature that facilitate the crystal 

packing is the stacking of molecules along crystallographic c direction by 

means of π⋅⋅⋅π interaction between Cg(1) and Cg(2) of the neighboring 

molecules (Fig. 2.24).  Fig. 2.25 shows the packing diagram of the compound 

along b axis.  The assemblage of molecules in the respective manner in the unit 

cell is resulted by the π···π and hydrogen bonding interactions. The interaction 

parameters are shown in Table 2.10. 

 
Fig. 2.23. Intra and intermolecular hydrogen bonding interactions of 

H2L2·2H2O·CH3OH. 
 

 
Fig. 2.24. The π···π interactions in H2L2·2H2O·CH3OH. 
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Table 2.10. Interaction parameters of H2L2·2H2O·CH3OH 

Hydrogen bonding interactions 
D–H···A  D–H (Å) H···A (Å) D···A (Å)  ∠D–H···A (°) 
O(2)–H(2)···N(3)a 0.850(4) 1.89(4) 2.651(8) 149(7) 
N(2)–H(2′)···O(4) 0.850(1) 1.820(3) 2.583(2) 149(3) 
O(4)–H(4)···O(5)b 0.850(9) 1.970(10) 2.781(10) 161(10) 
π···π interactions 
Cg(I)···Cg(J)  Cg···Cg (Å)  α (°)  β (°)  
Cg(1)···Cg(2)c 3.725(4) 2.04 24.24 
Cg(2)···Cg(1)d 3.725(4) 2.04 22.79 
Equivalent position codes : a = 2-x, -1/2+y, 3/2-z; b = x, y, 1+z; c = 1+x, 1/2-y, ½+z; 
d = -1+x, ½-y, -½+z   
Cg(1) = N(3), C(9), C(10), C(11), C(12), C(13); Cg(2) = C(1), C(2), C(3), C(4), C(5), C(6) 
D, Donor; A, acceptor; Cg, Centroid; α, dihedral angle between planes I & J; β, angle 
between Cg···Cg and Cg(J) perp. 

 

 

Fig. 2.25. Packing diagram of H2L2·2H2O·CH3OH viewed along b axis. 
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2.3.6.3. Crystal structure of H2L3·H2O 

 
Fig. 2.26. Molecular structure of H2L3·H2O along with the atom numbering 

scheme. 

Yellow block shaped crystals of H2L3·H2O suitable for single crystal   

X-ray diffraction analyses were obtained by slow evaporation of its 

methanolic solution.  The compound crystallizes in triclinic space group 1P . Its 

approximate dimensions are 0.40 × 0.30 × 0.25 mm3.  The crystallographic data 

along with structure refinement parameters are given in Table 2.11.  A perspective 

view of the molecular structure of the compound along with the atom labelling 

is shown in Fig. 2.26.   

The bond length of C(8)=O(2) [1.231(2) Å] is closer to that expected for 

C=O bond indicating that the molecule exists in amido form in the solid state 

[41,42].  Also the C(7)–N(2) bond distance [1.275(3) Å] is appreciably close 

to that of a C=N bond [1.28 Å], indicating the azomethine bond formation 

[43,44].  The selected bond lengths and bond angles are given in Table 2.12 

and torsion angles in Table 2.13.  The bond distances and angles agree with 

the corresponding bond distances and angles reported in closely related 

compounds [45,46].  
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Table 2.11. Crystal data and structure refinement parameters for H2L3·H2O 

  Parameters H2L3·H2O 

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
 
 
 
 
 
Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(000)   
Crystal size 
θ range for data collection   
Limiting indices 
 
 
Reflections collected   
Unique Reflections (Rint) 
Refinement method 
Data / restraints / parameters  
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data)   
Largest diff. peak and hole   

C17H22N4O3  
330.39 
296 K 
0.71073 Å 
Triclinic  

1P  
a = 6.6773(8) Å 
b = 7.9344(8) Å 
c = 16.700(2) Å 
α = 86.243(6)° 
β = 78.516(6)°  
γ = 74.152(6)° 
834.05(17) Å3 
2 
1.316 mg/m3 
0.092 mm-1 
352.0  
0.40 × 0.30 × 0.25 mm3 

1.24 to 28.37° 
-8 ≤ h ≤ 8 
-10 ≤ k ≤ 10 
-22 ≤ l ≤ 22 
15107  
4138 [R(int) = 0.0905]   
Full-matrix least-squares on F2 

4138 / 5 / 236 
0.961 
R1 = 0.0632, wR2 = 0.1649 
R1 = 0.1251, wR2 = 0.2210  
0.241 and -0.202 e Å-3 

R1 = Σ||Fo|-|Fc|| / Σ|Fo| 

wR2 = [Σw(Fo
2-Fc

2)2 / Σw(Fo
2)2]1/2 
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Table 2.12. Selected bond lengths [Å] and angles [°] for H2L3·H2O 

Bond lengths Bond angles 
N(2)–C(7) 1.275(3) C(7)–N(2)–N(3) 115.98(18) 
O(1)–C(1) 1.356(3) N(3)–C(8)–C(9) 117.08(19) 
N(2)–N(3) 1.381(2) N(2)–C(7)–C(6) 122.2(2) 
O(2)–C(8) 1.231(2) N(3)–C(8)–O(2) 122.43(19) 
N(3)–C(8) 1.334(3) O(1)–C(1)–C(6) 121.34(18) 
N(1)–C(3) 1.369(2) C(7)–C(6)–C(5) 120.13(19) 
C(6)–C(7) 1.430(3) C(8)–N(3)–N(2) 119.06(18) 

 

Table 2.13. Selected torsion angles [°] for H2L3·H2O 

Torsion angles 
C(5)–C(6)–C(7)–N(2) 176.14(19)  
C(6)–C(7)–N(2)–N(3) 179.27(16)  
N(2)–N(3)–C(8)–C(9) 176.96(15)  
N(2)–N(3)–C(8)–O(2)       -3.6(3)          
N(2)–C(7)–C(6)–C(1)        -1.5(3) 

 

The molecule is almost planar with a dihedral angle of 1.92(11)° 

between the aromatic rings.  The maximum deviation from the least-squares 

plane calculated for the hydrazone moiety, C(7)–N(2)–N(3)–C(8)–O(2) is 

0.0167 Å for the C(8) atom.  The torsion angle value 179.27(16)° corresponding 

to C(6)–C(7)–N(2)–N(3) moiety confirms the E configuration of the compound 

with respect to the C(7)–N(2) bond.  Atom N(2) lies cis to O(1) with torsion 

angle of -1.5(3)° for N(2)–C(7)–C(6)–C(1) moiety.  This arrangement enables 

the O(1)–H(1) to involve in hydrogen bonding with azomethine N(2) atom 

of the aroylhydrazone resulting in a six membered pseudo-aromatic ring, 

N(2)–C(7)–C(6)–C(1)–O(1)–H(1) (Fig. 2.27).  Such resonance assisted hydrogen 
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bonds seem to be the general feature of the crystal structures of hydrazones 

derived from salicylaldehyde [45]. 

 

 
Fig. 2.27. Intra and intermolecular hydrogen bonding interactions of H2L3·H2O. 

Fig. 2.28 shows the packing diagram of the compound.  The lattice water 

molecule plays an essential role in packing of the molecules forming 

conventional and nonconventional hydrogen bonds between the hydrazone and 

water molecule (Fig. 2.27). Three types of π···π interactions are also observed 

in the crystal structure with a shortest centroid-centroid distance of 3.7137(13) 

Å (Fig. 2.29).  The interaction parameters are shown in Table 2.14.  The 

conventional and nonconventional intramolecular hydrogen bonds (O–H···N, 
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O–H···O and C–H···O) present in the molecule increase the rigidity of the 

molecule whereas the intermolecular hydrogen bonding interactions (O–H···N, 

N–H···O and C–H···O) supported with π···π and C–H···π interactions 

establish a supramolecular linkage among the molecules in the crystal system. 
 

Table 2.14. Interaction parameters of H2L3·H2O 

Hydrogen bonding interactions 
D–H···A  D–H (Å) H···A (Å)  D···A (Å) ∠D–H···A (°) 

N(3)–H(3)···O(1W)a 0.850(14) 2.131(15)  2.970(3)  169(3)  

O(1W)–H(1A)···N(4)b 0.851(16) 2.138(19)  2.975(2)  168(2)  

O(1W)–H(1B)···O(2) 0.85(2) 1.94(2)  2.789(2)  172(3)  

O(1)–H(1)···N(2) 0.85(2) 1.96(3)  2.667(3)  141(2)  

C(7)–H(7)···O(1W)a 0.93  2.58  3.385(3)  145  

C(10)–H(10)···O(1W)a  0.93  2.42  3.339(3)  167  

C(13)–H(13)···O(2) 0.93  2.40 2.752(3)  102  
π···π interactions 
Cg(I)···Cg(J) Cg···Cg (Å)  α (º)  β (º)   

Cg(1)···Cg(1)
c
 3.7934(13)  0 19.72   

Cg(1)···Cg(2)
d
 3.7137(13)  1.93(10)  23.33  

Cg(2)···Cg(1)
e
 3.7137(13)  1.93(10)  21.52  

Equivalent position codes : a = 1+x, y, z; b = x, -1+y, z; c = 1-x, 2-y, -z; d = x, 1+y, z;     
e = x, -1+y, z 
Cg(1) = N(4), C(9), C(10), C(11), C(12), C(13); Cg(2) = C(1), C(2), C(3), C(4), C(5), C(6) 
D, Donor; A, acceptor; Cg, Centroid; α, dihedral angle between planes I & J; β, angle 
between Cg···Cg and Cg(J) perp. 
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Fig. 2.28. Packing diagram of H2L3·H2O viewed along a axis. 

 
Fig. 2.29. The π···π interactions in H2L3·H2O. 

2.3.6.4. Crystal structure of HL4 

Colorless block shaped crystals of 2-benzoylpyridine-4-nitrobenzoyl 

hydrazone suitable for single crystal X-ray diffraction analysis were obtained 

by slow evaporation of its solution in methanol over 4 days.  A single crystal 
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with approximate dimensions of 0.30 × 0.20 × 0.15 mm3 was selected for 

collecting the data.  The molecular structure of HL4 along with the atom 

numbering scheme is given in Fig. 2.30.  The crystallographic data and 

structure refinement parameters of the compound are given in Table 2.15, the 

selected bond lengths and bond angles are given in Table 2.16 and the torsion 

angles in Table 2.17.  

 
Fig. 2.30. Molecular structure of HL4 along with the atom numbering scheme. 
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Table 2.15. Crystal data and structure refinement parameters for HL4 

Parameters HL4 

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
 
 
 
 
 
Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(000)   
Crystal size 
θ range for data collection   
Limiting indices 
 
 
Reflections collected   
Unique Reflections (Rint) 
Refinement method 
Data / restraints / parameters  
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data)   
Largest diff. peak and hole   

C19H14N4O3  
346.34 
296 K 
0.71073 Å 
Monoclinic  
P21/c  
a = 15.6546(9) Å 
b = 7.4060(5) Å 
c = 13.9690(8) Å 
α = 90.000° 
β = 92.645(3)° 
γ = 90.000° 
1617.81(17) Å3 
4 
1.422 mg/m3 
0.100 mm-1 
720 
0.30 × 0.20 × 0.15 mm3 

2.92 to 27.50° 
-20 ≤ h ≤ 19 
-9 ≤ k ≤ 8 
-18 ≤ l ≤ 17 
12811  
3684 [R(int) = 0.0204]   
Full-matrix least-squares on F2 

3684 / 0 / 239 
1.025 
R1 = 0.0465, wR2 = 0.1237 
R1 = 0.0751, wR2 = 0.1467 
0.170 and -0.202e Å-3 

R1 = Σ||Fo|-|Fc|| / Σ|Fo| 

wR2 = [Σw(Fo
2-Fc

2)2 / Σw(Fo
2)2]1/2 
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Table 2.16. Selected bond lengths [Å] and angles [°] for HL4 

Bond lengths Bond angles 
N(2)–C(6) 1.296(19) C(6)–N(2)–N(3) 117.92(13) 
N(2)–N(3) 1.366(17) N(3)–C(13)–C(14) 113.53(14) 
C(13)–O(1) 1.209(19) N(2)–C(6)–C(7) 113.16(13) 
N(3)–C(13) 1.357(2) N(2)–C(6)–C(5) 127.93(13) 
N(4)–C(17) 1.477(2) C(7)–C(6)–C(5) 118.89(13) 
C(6)–C(7) 1.487(2) C(13)–N(3)–N(2) 119.50(14) 

 

Table 2.17. Selected torsion angles [°] for HL4 

Torsion angles 
C(8)–C(7)–C(6)–N(2) -51.8(2) 
C(7)–C(6)–N(2)–N(3) -179.42(14) 
N(2)–N(3)–C(13)–C(14) 177.84(14) 
N(2)–N(3)–C(13)–O(1) 1.8(3) 
C(5)–C(6)–N(2)–N(3) 
N(3)–C(13)–C(14)–C(19) 

2.2(3) 
171.50(17) 

 

The compound crystallizes into a monoclinic space group P21/c.  The 

C(13)–O(1) bond [1.209(19) Å] has a double bond character [41,42] which shows 

that the molecule exists in amido form in the solid state.  The N(2)–C(6) bond 

length 1.296(19) Å with significant double bond character is comparable to 

those previously reported analogous of hydrazone structures [43,47].  The 

torsion angle of 2.2(3)° perceived by C(5)–C(6)–N(2)–N(3) moiety supports 

the cis configuration with respect to C(6)=N(2) bond in the aroylhydrazone.  

The molecule also exists in cis configuration with respect to N(3)–C(13) bond 

with N(2)–N(3)–C(13)–O(1) torsion angle of 1.8(3)°.  The central part of the 

molecule is essentially planar due to the presence of an intramolecular          
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N–H···Npyridine hydrogen bonding (Fig. 2.31).  The N(2)–N(3) and N(3)–C(13) 

bond distances of 1.366(17) and 1.357(2) Å respectively indicate significant 

delocalization of π-electron density over the hydrazone moiety.  The planarity 

of hydrazone moiety allows delocalization of the π electrons throughout the 

molecule.  The maximum deviation from the least-squares plane calculated for 

the hydrazone moiety, C(6)–N(2)–N(3)–C(13)–O(1), is 0.0123 Å for the C(13) 

atom.  The terminal aromatic rings (C14-C19) and (C7-C12) are twisted out of 

this plane as seen in the values of the N(2)–C(6)–C(7)–C(8) and N(3)–C(13)–

C(14)–C(19) torsion angles of -51.8(2) and 171.50(17)° respectively. The 

dihedral angle formed between the terminal rings (C14-C19) & (C7-C12) is 

61.99(12)° and that between (C14-C19) & (C1-N1) rings is 6.00°.  The above 

observations indicate nonplanarity of the aroylhydrazone, HL4
 although the 

hydrazone part itself is planar.   

 
Fig. 2.31. Hydrogen bonding interaction shown as dotted line. 
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The packing diagram of the compound viewed along c axis is shown in 

Fig. 2.32.  Rings Cg(1) and Cg(2) of neighboring molecules are involved in 

π···π stacking with a distance of 3.8393(11) Å (Fig. 2.33).  A prominent       

C–H···π interaction is also observed between the H atom attached at the C(11) 

and Cg(2) ring at a distance of 2.880 Å (Fig. 2.34).  The packing of crystal 

structure is also stabilized by weak N–O···π interactions (Fig. 2.34). The 

interaction parameters are shown in Table 2.18. 
 

Table 2.18. Interaction parameters of HL4 

Hydrogen bonding interactions 

D–H···A  D–H (Å) H···A (Å)  D···A (Å)  ∠D–H···A (°) 

N2–H3′···N1
 
 0.877(19)  1.887(19)  2.610 (2)  138.6(16)  

π···π interactions 

Cg(I)···Cg(J)  Cg···Cg (Å) α (°)  β (°)  

Cg(1)···Cg(2)
a
 3.8393(11)  10.13(9)  27.11  

Cg(2)···Cg(1)
b
 3.8393(11)  10.13(9)  18.98  

Y–X···π interactions 

Y–X(I)···Cg(J) Y–X (Å)    X···Cg (Å)   Y···Cg (Å) ∠Y–X···Cg  (°)  

C(11)–H(11)···Cg(2)c 0.930 2.880 3.591(2) 134 

N(4)–O(2)···Cg(1)d 1.223(2) 3.800 3.707) 76.35 
Equivalent position codes : a = x, 1/2-y, -1/2+z; b = x, 1/2-y, 1/2+z; c = -x, -y, -z;        
d = -1+x, ½-y, ½+z 
Cg(1) = N(1), C(1), C(2), C(3), C(4), C(5); Cg(2) = C(7), C(8), C(9), C(10), C(11), C(12) 
D, Donor; A, acceptor; Cg, Centroid; α, dihedral angle between planes I & J; β, angle 
between Cg···Cg and Cg(J) perp. 

 



Chapter 2 

66 

 

Fig. 2.32. Packing diagram of HL4 viewed along c axis. 

 
Fig. 2.33. The π···π interactions in HL4. 

 
Fig. 2.34. C–H···π and N–O···π interactions in HL4. 
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3.1.  Introduction 

Vanadium is widely distributed in the biosphere and its essential role has 

been recognized in both plants and animals.  It is a greyish silvery metal and is 

soft and ductile.  It has good corrosion resistance due to a protective film of 

oxide on the surface.  Vanadium was discovered by Andres Manuel del Rio in 

1801 by analyzing a new lead-bearing mineral called ‘brown lead’ and named 

the new element erythronium (Greek for ‘red’) as most of its salts turned red 

upon heating.  The element was rediscovered in 1831 by Nils Gabriel 

Sefstrom, who named it vanadium after the Scandinavian goddess of beauty 

and fertility, Vanadis.  Vanadium is found naturally in soil and sea water as 

trace metal.  The coordination chemistry of vanadium has great interest since 

the discovery of vanadium in organisms such as certain ascidians and amanita 

mushrooms and as a constituent of the cofactors in vanadate dependent 

C
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haloperoxidases and vanadium nitrogenases [1,2].  Vanadium is probably a 

micronutrient in mammals including human but its precise role in this regard 

is unknown.  It is mainly used to produce specialty steel alloys such as high 

speed tool steels.  The metal oxidizes readily above 660 °C to form vanadium 

pentoxide, the most important industrial vanadium compound, which is used 

as a catalyst for the production of sulfuric acid. 

Vanadium has multiple biological roles when present in traces, therapeutic 

effects in small doses and toxicity in excess.  Vanadium compounds with 

oxidation states IV and V exist in the biological systems.  The oral administration 

of vanadate is reported to reduce hyperglycemia in diabetic rats.  The insulin-

like effect of vanadium coordination compounds is one of the intriguing and 

promising features that has further stimulated interest in vanadium chemistry.  

Vanadate(+5) and vanadyl(+4) complexes have been shown to exert insulin-

mimetic behavior.  The complexes of vanadium with organic ligands seemed 

to be safer and more effective antidiabetic agents than inorganic vanadium 

salts.  In recent years, a number of oxidovanadium complexes with hydrazone 

ligands have been reported for their insulin mimetic properties [3-6].  Besides 

the antidiabetic effects for which it is now well known, vanadium compounds 

have potential applications as antitumor [7], antitubercular [8], antifungal and 

antibacterial [9] agents. 

Another important impetus to the coordination chemistry of vanadium is 

in the context of catalytic oxidation reactions.  Vanadium compounds have 

been utilized in various homogeneous and heterogeneous catalytic processes 

where they exhibited good synthetic potential.  Oxidovanadium complexes are 

active catalysts in oxidation reactions and some of them have also been used 
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for enantioselective oxidation of prochiral substrates. They are active 

precatalysts for olefin epoxidation and sulfide oxidation when combined with 

peroxide co-oxidants [10-14]. 

Vanadium is a versatile transition element because it possesses a large 

number of stable and accessible oxidation states as well as coordination numbers.  

The formal oxidation state of vanadium ranges from +5 to -1.  As the oxidation 

state increases the oxophilicity of vanadium also increases.  Simple vanadium 

compounds having +3 or lower oxidation states are quite susceptible to oxidation 

to the +4 and +5 oxidation states [15].  The oxidovanadium(IV) ion, VO2+ is 

considered to be the most stable oxocation of the first row transition metal ions.  It 

forms stable anionic, cationic and neutral complexes with various types of 

ligands.  In these complexes V(IV) could exist in a five or six coordinated state.  

A square pyramidal or distorted trigonal bipyramidal structure is observed for five 

coordinated complexes while distorted octahedral geometry is reported for the six 

coordinated ones [16-18].  The structural investigation of oxidovanadium(IV) 

complexes is more interesting because of their importance in biological 

systems and their ability to coordinate with four or five donor atoms to form 

stable complexes.  Moreover vanadyl ion is less toxic than vanadate ion.  The 

coordination chemistry of oxidovanadiun(IV) with multidentate ligands is 

inviting attention of researchers because of its growing applications in 

therapeutics and catalytic roles in many biological systems and industrial 

processes.  Hydrazone based ligands are N, O donor systems and are good 

candidates for catalytic oxidation studies because of their resistance to 

oxidation in oxo transfer reactions.  The hard acidic nature of the VO2+ is 

probably the main reason for its rich chemistry with O, N donor ligands [19].  

Several generalizations regarding the stereochemistry, spin state and other 
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characteristics such as monomeric, dimeric and polymeric nature of the 

vanadyl complexes can be made on the basis of spectral and magnetic studies.  

Keeping all these facts in mind we have synthesized and characterized seven 

VO(IV) complexes of ONO donor aroylhydrazones. 

3.2.  Experimental 
3.2.1. Materials 

4-Benzyloxy-2-hydroxybenzaldehyde (Sigma-Aldrich), 5-bromo-2-

hydroxy-3-methoxybenzaldehyde (Sigma-Aldrich), 4-diethylamino-2-hydroxy 

benzaldehyde (Sigma-Aldrich), nicotinic hydrazide (Sigma-Aldrich),          

4-nitrobenzoic hydrazide (Sigma-Aldrich), vanadyl sulfate (Sigma-Aldrich), 

1,10-phenanthroline (Rankem), 2,2′-bipyridine (Qualigens), pyridine (S.D. 

Fine) and 3-picoline (Sigma-Aldrich) were of Analar grade and were used as 

received.  Solvents used were methanol and dimethylformamide.   

3.2.2. Syntheses of hydrazones 

The syntheses of hydrazones 4-benzyloxy-2-hydroxybenzaldehyde-4-

nitrobenzoylhydrazone dimethylformamide monosolvate (H2L1·C3H7NO),     

5-bromo-2-hydroxy-3-methoxybenzaldehyde nicotinoylhydrazone dihydrate 

methanol monosolvate (H2L2·2H2O·CH3OH) and 4-diethylamino-2-

hydroxybenzaldehyde nicotinoylhydrazone monohydrate (H2L3⋅H2O) have 

already discussed in Chapter 2.  

3.2.3. Syntheses of VO(IV) complexes  
3.2.3.1. [(VOL1)2] (1) 

The complex, [(VOL1)2] (1) was prepared by refluxing a solution of 

H2L1·C3H7NO (0.464 g, 1 mmol) in 1:1 (v/v) mixture of DMF and methanol 
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with an aqueous solution of vanadyl sulfate (0.163 g, 1 mmol) for 4 h.  The 

resulting solution was allowed to evaporate at room temperature and the yellow 

colored product formed was filtered, washed with methanol followed by ether and 

dried over P4O10 in vacuo. 

[(VOL1)2] (1): Yield: 69%, μeff (B.M.): 1.27, Elemental Anal. Found 

(Calcd.) (%): C: 55.81 (55.28); H: 3.84 (3.31); N: 9.00 (9.21).   

3.2.3.2. [VOL1pic] (2) 

To a stirred mixture of H2L1·C3H7NO (0.464 g, 1 mmol) in DMF and       

3-picoline (0.093 g, 1 mmol), an aqueous solution of vanadyl sulfate (0.163 g,     

1 mmol) was added.  The resulting solution was refluxed for 4 h. and the 

yellow colored product formed was filtered, washed with methanol followed 

by ether and dried over P4O10 in vacuo. 

[VOL1pic] (2): Yield: 72%, λm (DMF): 8 ohm-1 cm2 mol-1, μeff (B.M.): 1.70, 

Elemental Anal. Found (Calcd.) (%): C: 59.60 (59.02); H: 3.84 (4.04); 

N: 10.03 (10.20). 

3.2.3.3. [VOL1py] (3) 

Aqueous solution of vanadyl sulfate (0.163 g, 1 mmol) was added to a 

stirred mixture of H2L1·C3H7NO (0.464 g, 1 mmol) in DMF and pyridine (0.079 g, 

1 mmol).  The resulting solution was refluxed for 4 h.  The yellow product 

obtained was filtered, washed with methanol followed by ether and dried over 

P4O10 in vacuo. 

[VOL1py] (3): Yield: 62%, λm (DMF): 8 ohm-1 cm2 mol-1, μeff (B.M.): 

1.75, Elemental Anal. Found (Calcd.) (%): C: 58.73 (58.33); H: 3.66 

(3.77); N: 10.10 (10.46). 
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3.2.3.4. [(VOL2)2] (4) 

This complex was synthesized by refluxing a methanolic solution of 

H2L2·2H2O·CH3OH, (0.418 g, 1 mmol) and an aqueous solution of vanadyl 

sulfate (0.163 g, 1 mmol) for 4 h.  The green colored complex formed was 

filtered, washed with methanol followed by ether and dried over P4O10 in 

vacuo.   

[(VOL2)2] (4): Yield: 69%, μeff (B.M.): 1.24, Elemental Anal. Found 

(Calcd.) (%): C: 40.22 (40.51); H: 2.66 (2.43); N: 10.37 (10.12). 

3.2.3.5. [VOL2phen] (5)  

To a methanolic solution of H2L2·2H2O·CH3OH (0.418 g, 1 mmol), an 

aqueous solution of vanadyl sulfate (0.163 g, 1 mmol) was added. 1,10-

phenanthroline (0.198 g, 1 mmol) was also added to it.  The resulting mixture was 

refluxed for 4 h.  The complex formed was brown in color.  It was filtered, 

washed with methanol followed by ether and dried over P4O10 in vacuo. 

[VOL2phen] (5) : Yield: 63%, λm (DMF): 5 ohm-1 cm2 mol-1, μeff (B.M.): 

1.75, Elemental Anal. Found (Calcd.) (%): C: 52.85 (52.46); H: 2.91 

(3.05); N: 11.21 (11.76). 

3.2.3.6. [VOL2bipy] (6) 

Methanolic solutions of H2L2·2H2O·CH3OH (0.418 g, 1 mmol) and 2,2′-

bipyridine (0.156 g, 1 mmol) and vanadyl sulfate (0.163 g, 1 mmol) were 

mixed and the resulting mixture was refluxed for 4 h.  The brown colored 

complex separated out was filtered, washed with methanol followed by ether 

and dried over P4O10 in vacuo. 
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[VOL2bipy] (6): Yield: 70%, λm (DMF): 13 ohm-1 cm2 mol-1, μeff (B.M.): 

1.74, Elemental Anal. Found (Calcd.) (%): C: 50.12 (50.46); H: 3.54 (3.18); 

N: 11.93 (12.26). 

3.2.3.7. [(VOL3)2] (7)  

The complex 7 was prepared by refluxing a methanolic solution of 

H2L3·H2O (0.330 g, 1 mmol) and vanadyl sulfate (0.163 g, 1 mmol) for 6 h.  The 

resulting solution was allowed to evaporate at room temperature and the yellow 

colored product formed was filtered, washed with methanol followed by ether and 

dried over P4O10 in vacuo. 

[(VOL3)2] (7): Yield: 56%, λm
 (DMF): 14 ohm-1 cm2 mol-1, μeff (B.M.): 

1.20, Elemental Anal. Found (Calcd.) (%): C: 54.43 (54.12); H: 4.66 

(4.81); N: 14.30 (14.85). 

3.3.  Results and discussion 

Seven oxidovanadium(IV) complexes were synthesized. The 

oxidovanadium(IV) complexes 1, 4 and 7 were synthesized by refluxing 

vanadyl sulfate and the respective hydrazones in 1:1 ratio.  Complexes 2, 3, 5 

and 6 were synthesized by the reaction of equimolar mixture of the 

appropriate hydrazone, heterocyclic base and vanadyl sulfate in 1:1:1 ratio.  

In all the complexes, hydrazones exist in the iminolate form and act as 

dideprotonated tridentate ligands, coordinating through phenolate oxygen, 

iminolate oxygen and azomethine nitrogen.  Complexes 2, 3, 5, 6 and 7 are 

soluble in solvents like DMSO and DMF while 1 and 4 are sparingly soluble in 

DMSO and DMF.  Complexes 1, 4 and 7 are dimeric in nature, while others are 

monomeric mixed ligand metal chelates. They are characterized by the 

following physico-chemical methods.   
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3.3.1. Elemental analyses 

Elemental (C, H, N) analyses of all the samples were carried out using a 

Vario EL III CHN analyzer at the SAIF, Kochi, India and the values are given 

in Section 3.2.3.  The analytical data indicate that all the complexes are 

analytically pure.  The elemental analyses data are consistent with the general 

formula [(VOL)2] for complexes 1, 4 and 7 and [VOLB] for complexes 2, 3, 5 

and 6, where L is the dideprotonated hydrazone and B is the heterocyclic base. 

3.3.2. Molar conductivity and magnetic susceptibility measurements 

 The molar conductivity values of 10-3 M DMF solutions of soluble 

complexes lie in the 5-14 ohm-1 cm2 mol-1 range, which are much less than 

the value obtained for uni-univalent electrolytes in the same solvent        

(65-90 ohm-1 cm2 mol-1) indicate the non-electrolytic nature of the complexes 

[20].  Magnetic susceptibility measurements revealed that all complexes are 

paramagnetic.  The room temperature magnetic moments of the mononuclear 

oxidovanadium(IV) complexes lie in the 1.70-1.75 B.M. range which are very 

close to the spin only value of 1.73 B.M. for d1 system [21].  Complexes 1, 4 and 

7 show μeff values of 1.27, 1.24 and 1.20 B.M. respectively and these subnormal 

magnetic moments may be due to the considerable antiferromagnetic interaction 

between metal centers suggesting dimeric nature to these complexes [22]. 

3.3.3. Infrared spectra 

The bonding sites of the hydrazones involved in coordination with the 

metal ions have been examined by the comparison of the infrared spectra of 

hydrazones and their complexes.  The prominent infrared spectral data of the 

hydrazones and oxidovanadium complexes are given in Table 3.1.  The IR 

spectra of the proligands exhibit bands in the 3377-3505, 3067-3186 and 
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1632-1669 cm-1 regions due to the ν(O–H), ν(N–H) and ν(C=O) vibrations 

respectively.  The absence of these bands in the spectra of all the complexes is 

consistent with the iminolization of the amide functionality and subsequent 

deprotonation of phenolic and iminolic groups and coordination of ligand to 

central metal ion through phenolate and iminolate oxygen atoms.   

 
Table 3.1. The important IR frequencies (cm-1) of hydrazones and their 

VO(IV) complexes 
 

Compound ν(C=N) ν(C=N)a 
 

ν(C=O)/ 
ν(C–O)  

ν(N–H) 
 

ν (V=O) ν(V–O) ν(V–N) 

H2L1·C3H7NO 1604 ---- 1661 3186 ---- ---- ---- 

[(VOL1)2] (1) 1601 1530 1338 ---- 961 562 454 

[VOL1pic] (2) 1596 1525 1341 ---- 984 512 425 

 [VOL1py] (3)  1600 1524 1343 ---- 985 509 472 

H2L2·2H2O·CH3OH 1609 ---- 1669 3067 ---- ---- ---- 

[(VOL2)2] (4) 1604 1540 1365 ---- 967 530 489 

[VOL2phen] (5) 1604 1540 1356 ---- 957 568 454 

[VOL2bipy] (6) 1600 1540 1358 ---- 954 569 456 

H2L3·H2O 1603 ---- 1632 3075 ---- ---- ---- 

[(VOL3)2] (7)  1598 1542 1350 ---- 937 571 442 

a Newly formed C=N 

The bands appearing at about 1340 cm-1 are assigned to the ν(C–O) 

(iminolic) mode.  The ν(C=N) (azomethine) bands of the proligands (1603-

1609 cm-1) undergo shift to the lower wavenumbers (1596-1604 cm-1) upon 

complexation which suggest the coordination of the azomethine nitrogen to 

vanadium.  IR spectra of complexes show bands in the 1524-1542 cm-1 region, 

assigned to newly formed C=N due to iminolization of the ligands during 

complexation.  The bands corresponding to heterocyclic breathing are observed 
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Fig. 3.5. UV spectra of H2L2·2H2O·CH3OH and its oxidovanadium(IV) 
complexes. 

 

Table 3.2. Electronic spectral assignments (cm-1) of hydrazones and their 
VO(IV) complexes 

 
 

Compound n→π*/π→π* LMCT d-d 

H2L1·C3H7NO 36990, 34130, 28970 ---- ---- 

[(VOL1)2] (1) 36070, 29050 23220 21900, 19840, 14080 

[VOL1pic] (2) 34210, 29490 23890 14090 

[VOL1py] (3)  35810, 29310 23340 14080 

H2L2·2H2O·CH3OH 33240, 29350 ---- ---- 

[(VOL2)2] (4) 35770, 29560 23960 20600, 14420 

[VOL2phen] (5) 36280, 29430 23640 19810 

[VOL2bipy] (6) 36150, 28950 23220 ---- 

H2L3·H2O 36780, 27020 ---- ---- 

[(VO2L3)2] (7)  36150 22610 19730, 14040 
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Several methods are available to interpret the electronic spectra of 

vanadyl complexes of distorted square pyramidal or octahedral geometry.  

Ballhausen and Gray [30] delineated an energy level scheme for vanadyl 

complexes as; dxy < dxz, dyz < dx
2
-y

2
 < dz

2 , a similar scheme was proposed by 

Selbin et al. [31] to explain the electronic spectra of lower symmetry 

complexes and those recorded at low temperature.  

According to Ballhausen and Gray, three absorptions are observed in 

the visible spectra of most of the oxidovanadium complexes, arising from the 

tetragonal compression caused by V=O bond, which results in further 

splitting of d orbitals and gives rise to three spin allowed transitions assigned 

to 2E ← 2B2 (ν1) (dxy → dxz, dyz), 2B1 ← 2B2 (ν2) (dxy → dx
2

-y
2), 2A1 ← 2B2 (ν3)   

(dxy → dz
2).  Since the 2E and 2B1 levels are very close in energy, they may 

cross and result in a weak broad band.  In complex 1, three absorption bands 

are observed due to ν1, ν2 and ν3 while in complexes 4 and 7 two weak d-d 

bands are observed.  The third band is not observed and is thought to be 

buried beneath the low energy tail of the much more intense charge transfer 

bands.  We could locate only one band for complexes 2, 3 and 5 due to the 

masking by high intensity charge transfer bands.  In complex 6, the expected 

d-d bands are not observed and are probably obscured by the intense LMCT 

absorptions.  The observed visible spectra of the complexes are presented in 

Fig. 3.6. 
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3.3.5. Electron paramagnetic resonance spectra 

The basic objectives of EPR studies in transition metal complexes is to 

obtain as much information as possible about the ligand to metal bond, the 

unpaired electron distribution and spatial arrangements of the ligands around the 

central metal ion.  In vanadyl complexes containing the VO2+ unit, vanadium is 

in +4 oxidation state with d1 configuration and they are EPR active.  Since the 

orbital angular momentum is quenched by the crystalline fields, the 

paramagnetism of the vanadyl(IV) ion in its complexes arises from the single 

unpaired electron.  For V(IV) complexes, value of g is below the free electron 

value of 2.0023.  All the seven complexes synthesized are EPR active and 

contain VO2+ unit.  In the case of vanadium(IV) (I = 7/2), eight and fifteen 

hyperfine lines are expected for mononuclear and binuclear complexes 

respectively separated by the hyperfine coupling constant A. Under the 

influence of magnetic field, the electronic ground state (S = ½) is split into two 

(ms = +½ and -½) and additional splitting occurs through the different 

magnetic orientations of the nuclear spin (mI). 

EPR spectra of all the oxidovanadium complexes were recorded in 

polycrystalline state at 298 K and in DMF at 77 K using TCNE as the standard 

with 100 kHz modulation frequency, 1 G modulation amplitude and 9.4 GHz 

microwave frequency.  The EPR spectra of complexes 1, 2, 3, 5 and 6 in the 

solid state at 298 K are isotropic in nature and hence only one g value, 

arising due to dipolar interactions and enhanced spin-lattice relaxation.  

Complexes 4 and 7 give axial spectra in the polycrystalline state in which 

that of 7 is poorly resolved and difficult to interpret.  In DMF at 77 K, all 

the complexes display well resolved axial anisotropy with two sets of eight 
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The spectrum of [VOL1pic] (2) in frozen DMF at 77 K is depicted in 

Fig. 3.10.  The spectrum shows well resolved axial anisotropy with two sets 

of eight line pattern with g|| = 1.946 and g⊥ = 1.979, A|| = 179 ×10-4 cm-1 and   

A⊥ = 62 ×10-4 cm-1.  In a square pyramidal VO(IV) complex, the g|| < g⊥ and   

A|| > A⊥ relationship is characteristic of an  axially compressed 1
xyd  configuration. 

 

 
Fig. 3.10. The EPR spectrum of [VOL1pic] (2) in DMF at 77 K. 

Complex [VOL1py] (3) exhibits an isotropic spectrum with giso = 1.993 

(Fig. 3.11) in polycrystalline state at 298 K.  The anisotropic EPR spectrum 

obtained for this complex in frozen DMF is shown in Fig. 3.12.  The observed 

order of anisotropic parameters (g|| = 1.949 < g⊥ = 1.979 and A|| = 178 ×10-4 cm-1 

> A⊥ = 62 ×10-4 cm-1) indicate that the unpaired electron is present in the dxy 

orbital with square pyramidal geometry for the VO(IV) chelate. 
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Fig. 3.11
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[36].  The calculated gav values are in good agreement with the giso values 

obtained from the polycrystalline state spectra suggest that the molecules retain 

their structural identity in solution.  

 

Table 3.3. EPR spectral data for VO(IV) complexes 

Compound 
Polycrystalline 
State (298 K) 

DMF (77 K) 

giso/g||,  g⊥ g|| g⊥ gav A||
a A⊥

a Aav α2 β2 
[(VOL1)2] (1) 1.997 1.945 1.979 1.967 174 56 95 0.659 1.13 
[VOL1pic] (2) 1.996 1.946 1.979 1.968 179 62 101 0.655 1.12 
[VOL1py] (3) 1.993 1.949 1.979 1.969 178 62 100 0.625 1.10 
[(VOL2)2]  (4) 1.974, 1.989 1.952 1.981 1.971 177 62 100 0.612 1.09 
[VOL2phen] (5) 1.991 1.948 1.982 1.970 174 60 98 0.910 1.09 
[VOL2bipy] (6) 1.983 1.947 1.978 1.967 173 60 97 ---- 1.08 
[(VOL3)2] (7) ---- 1.950 1.978 1.968 179 62 101 0.608 1.11 

a Expressed in units of cm-1 multiplied by a factor of 10-4 

The molecular orbital coefficients α 2 and β 2 for the complexes were also 

calculated by using the following equations: 

2α  = 2
||

8
)0023.2(

λβ
ddEg −−  

2β  = 
6
7

⎥
⎦

⎤
⎢
⎣

⎡
−⎟

⎠
⎞

⎜
⎝
⎛ −+⎟

⎠
⎞

⎜
⎝
⎛+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ −
⊥

⊥
eggg

P
A

P
A

14
9

14
5

||
||  

where P = 128 x 10-4 cm-1, λ = 135 cm-1 and Ed-d is the energy of d-d transition 

The value of α2 is less than unity which is an indication of increasing 

covalency while that of β2 does not found to vary significantly from the most 

often observed value of 1.0 for most of the complexes.  The lower values for 

α2 compared to β2 indicates that in-plane σ bonding is more covalent than in-

plane π bonding [37].  EPR spectral data for VO(IV) complexes are presented 

in Table 3.3.  
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CChhaapptteerr  44		
SSYYNNTTHHEESSEESS  AANNDD  SSPPEECCTTRRAALL  CCHHAARRAACCTTEERRIIZZAATTIIOONN  OOFF        

CCOOBBAALLTT((IIII))  CCHHEELLAATTEESS  OOFF  TTRRIIDDEENNTTAATTEE  AARROOYYLLHHYYDDRRAAZZOONNEESS  
  

< 

 4.1 Introduction 
 4.2 Experimental 
 4.3 Results and discussion  
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4.1.  Introduction 

Coordination chemistry emerged from the work of Alfred Werner, a 

Swiss chemist who examined different compounds composed of cobalt(III) 

chloride and ammonia.  Cobalt forms numerous coordination compounds.  In 

its compounds cobalt always exhibits +2 or +3 oxidation state although states 

of +4, +1, 0 and -1 are known.  Cobalt is a hard, lustrous, silver-grey ductile 

transition metal.  It constitutes about 0.002 percent of the earth’s crust.  It has 

been used by human for thousands of years as blue coloring in pottery, glass 

and ceramics, but in recent years demand has surged mainly due to its use in 

hybrid electric vehicle (HEV) rechargeable batteries.  Cobalt is used in many 

alloys, in magnets and magnetic recording media, as catalysts for petroleum 

and chemical industries and as drying agents for paints and inks.  The 

radioactive isotope, cobalt-60, is used in medical treatment and also to 

irradiate food in order to preserve the food and protect the consumer.  Cobalt 

C
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is a ferromagnetic metal at room temperature.  The metal is used in 

electroplating because of its appearance, hardness and resistance to oxidation.  

Co is present in the active center of coenzymes called cobalamines, the 

most common example of which is vitamin B12, which regulates indirectly 

the synthesis of DNA.  Cobalt is a trace mineral in the human body.  Cobalt 

is a necessary cofactor for making the thyroid hormone thyroxine.  In the 

marine environment cobalt is needed by blue-green algae (cyanobacteria) 

and other nitrogen fixing organisms.  Cobalt is not found as a free metal and 

is generally found in the form of ores.  Cobalt possesses a diverse array of 

properties that can be manipulated to yield promising drug candidates.  

Investigations into the mechanism of cobalt therapeutic agents can provide 

valuable insight into the physico-chemical properties that can be harnessed 

for drug development.  Many cobalt containing compounds have been proved 

to show antitumor, antiproliferative, antimicrobial and antifungal activities 

[1-6].  Like any other element, a high concentration of cobalt is harmful to the 

human body.  Some Schiff base cobalt complexes are well known for their 

catalytic activities in the oxidation as well as reduction of organic substrates and 

for the synthesis of fine chemicals [7,8].  In addition, cobalt complexes display 

efficient second order nonlinear optical (NLO) responses.  W.Y. Wang et al. 

have recently investigated the second order nonlinear optical (NLO) properties 

of cyclopentadienyl cobalt phenylene complexes and found that the cobalt (Co) 

atom acts as a donor in the complexes and the d→π* and π→π* charge 

transfer (CT) transitions contribute to the enhancement of second order NLO 

response [9]. 
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Hydrazones are interesting ligands with multiple functional groups 

which display variable coordination modes under different chemical 

environment.  Cobalt(II) complexes of hydrazones have also extended their 

role in the development of coordination chemistry.  The chemical properties of 

cobalt complexes of hydrazones have been widely investigated due to their 

chelating capability, pharmacological activity and analytical applications 

[10,11].  This chapter is focused on the characterization of cobalt(II) complexes 

of three ONO donor aroylhydrazones including two mixed ligand metal chelates 

incorporating heterocyclic bases pyridine and 3-picoline as coligands.  

4.2. Experimental 
4.2.1. Materials 

4-Benzyloxy-2-hydroxybenzaldehyde (Sigma-Aldrich), 5-bromo-2-

hydroxy-3-methoxybenzaldehyde (Sigma-Aldrich), 4-diethylamino-2-

hydroxybenzaldehyde (Sigma-Aldrich), nicotinic hydrazide (Sigma-Aldrich), 

4-nitrobenzoic hydrazide (Sigma-Aldrich), cobalt(II) acetate tetrahydrate 

(Sigma-Aldrich), pyridine (S.D.Fine) and 3-picoline (Sigma-Aldrich) were of 

Analar grade and were used as received.  Solvents used were methanol and 

DMF. 

4.2.2. Syntheses of hydrazones 

The syntheses of hydrazones 4-benzyloxy-2-hydroxybenzaldehyde-4-

nitrobenzoylhydrazone dimethylformamide monosolvate (H2L1·C3H7NO), 5-

bromo-2-hydroxy-3-methoxybenzaldehyde nicotinoylhydrazone dihydrate 

methanol monosolvate (H2L2·2H2O·CH3OH) and 4-diethylamino-2-

hydroxybenzaldehyde nicotinoylhydrazone monohydrate (H2L3⋅H2O) have already 

discussed in Chapter 2.  



Chapter 4 

104 

4.2.3. Syntheses of Co(II) complexes  

4.2.3.1. [(CoL1)2] (8) 

A hot methanolic solution of H2L1·C3H7NO (0.464 g, 1 mmol) was treated 

with a methanolic solution of cobalt(II) acetate tetrahydrate (0.249 g, 1 mmol) 

and 1 mL of DMF and the mixture was heated under reflux for 4 h. and cooled.  

The brown colored complex separated was filtered, washed thoroughly with 

methanol followed by ether and dried over P4O10 in vacuo. 

[(CoL1)2] (8): Yield: 77%, λm (DMF): 4 ohm-1 cm2 mol-1, μeff (B.M.): 

3.84, Elemental Anal. Found (Calcd.) (%): C: 56.75 (56.26); H: 2.93 

(3.37); N: 9.65 (9.37). 

4.2.3.2. [CoL1pic] (9) 

A hot methanolic solution of H2L1·C3H7NO (0.464 g, 1 mmol) was treated 

with a methanolic solution of cobalt(II) acetate tetrahydrate (0.249 g, 1 mmol),   

3-picoline (0.093 g, 1 mmol) and 1 mL of DMF and the resulting solution was 

refluxed for 4 h., cooled to room temperature and then poured into 40 mL of 

water containing crushed ice.  The red colored product formed was filtered, 

washed with methanol followed by ether and dried over P4O10 in vacuo. 

[CoL1pic] (9): Yield: 78%, λm (DMF): 9 ohm-1 cm2 mol-1, μeff (B.M.): 

4.58, Elemental Anal. Found (Calcd.) (%): C: 54.82 (54.51); H: 4.03 

(3.73); N: 9.67 (9.42). 

4.2.3.3. [CoL1py]·2H2O (10) 

A hot solution of H2L1·C3H7NO (0.464 g, 1 mmol) in methanol was mixed 

with methanolic solution of cobalt(II) acetate tetrahydrate (0.249 g, 1 mmol) 
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and pyridine (0.079 g, 1 mmol).  The resulting mixture was refluxed for 4 h., 

cooled to room temperature and then poured into 40 mL of water containing 

crushed ice.  The red colored product formed was filtered, washed with 

methanol followed by ether and dried over P4O10 in vacuo. 

[CoL1py]·2H2O (10): Yield: 75%, λm (DMF): 12 ohm-1 cm2 mol-1,        

μeff (B.M.): 4.65, Elemental Anal. Found (Calcd.) (%): C: 56.01 (55.43); 

H: 4.33 (4.29); N: 10.01 (9.94). 

4.2.3.4. [(CoL2)2]·2H2O (11) 

This complex was prepared by refluxing a mixture of methanolic 

solutions of the ligand H2L2·2H2O·CH3OH (0.418 g, 1 mmol) and cobalt(II) 

acetate tetrahydrate (0.249 g, 1 mmol) for 4 h. and cooled.  The brown colored 

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

dried over P4O10 in vacuo. 

[(CoL2)2]·2H2O (11): Yield: 65%, λm (DMF): 10 ohm-1 cm2 mol-1, μeff 

(B.M.): 3.79, Elemental Anal. Found (Calcd.) (%): C: 39.85 (39.56); H: 

2.25 (2.85); N: 10.45 (9.88). 

4.2.3.5. [(CoL3)2]·4H2O (12)  

A solution of H2L3·H2O (0.330 g, 1 mmol) in methanol was treated with 

a methanolic solution of cobalt(II) acetate tetrahydrate (0.249 g, 1 mmol).  

The solution was heated under reflux for 4 h.  The resulting solution was 

allowed to stand at room temperature and after slow evaporation brown 

colored complex separated out was filtered, washed with methanol followed 

by ether and dried over P4O10 in vacuo. 
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[(CoL3)2]·4H2O (12): Yield: 70%, λm (DMF): 5 ohm-1 cm2 mol-1,     

μeff (B.M.): 3.83, Elemental Anal. Found (Calcd.) (%): C: 50.07 (50.38); 

H: 5.55 (5.47); N: 13.53 (13.82). 

4.3.  Results and discussion 

Five cobalt complexes were synthesized.  The complexes 8, 11 and 12 were 

prepared by the reaction of the appropriate hydrazone with cobalt(II) acetate 

tetrahydrate in 1:1 ratio.  Complexes 9 and 10 were synthesized by refluxing the 

metal salt, corresponding hydrazones and heterocyclic bases in 1:1:1 ratio.  In all 

the complexes hydrazones coordinate in the iminolate form and act as 

dideprotonated tridentate ligands, coordinating through phenolate oxygen, 

iminolate oxygen and azomethine nitrogen.  All complexes are soluble in solvents 

like DMSO, DMF and CH3CN.  Complexes 8, 11 and 12 are dimeric in nature, 

while others are monomeric mixed ligand metal chelates.  They are characterized 

by the following physico-chemical methods. 

4.3.1. Elemental analyses 

The analytical data indicate that all the complexes are analytically pure 

and supported the suggested formula given in Section 4.2.3. Carbon, hydrogen 

and nitrogen analyses data of all the five samples are given in Section 4.2.3. 

4.3.2. Molar conductivity and magnetic susceptibility measurements 

The molar conductivity values of the complexes 8-12 in DMF are in the 4-

12 ohm-1 cm2 mol-1  range, which are well below the range (65-90 ohm-1 cm2 

mol-1) observed for uni-univalent electrolytes in the same solvent, 

confirming the non-electrolytic nature of the complexes [12].  
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According to the
 
theory of magnetic susceptibility of Co(II) ion given by 

Schlapp and Penny, the observed values of magnetic moment for Co(II) 

complexes are generally diagnostic of the coordination geometry about the 

metal ion [13].  The magnetic moments of Co(II) complexes with an orbitally 

non-degenerate ground term is increased above the spin only value via 

orbital contribution.  Magnetic moments of tetrahedral, octahedral and square 

planar complexes differ significantly and therefore topology can be easily 

identified using this data.  Tetrahedral and octahedral Co(II) complexes can 

be distinguished from one another by the magnitude of deviation of μeff from 

the spin only value even if they possess same number of unpaired electrons.  

The tetrahedral Co(II) complexes have magnetic moments in the 4.2-4.7 

B.M. range while octahedral Co(II) complexes exhibit μeff in the 4.8-5.6 

B.M. range due to large contribution from its 4Tg ground term [14].  The low 

spin square planar Co(II) complexes have magnetic moments in the 2.1-2.9 

B.M. range at room temperature due to spin and orbital contribution.  The 

observed magnetic moment values in the 3.79-4.65 B.M. range (Section 4.2.3), 

exclude the possibility of octahedral and square planar geometry for the Co(II) 

complexes.  From this we conclude  that all the Co(II) complexes reported 

herein are of tetrahedral geometry.  The low magnetic moment values for 

complexes 8, 11 and 12 may be due to the antiferromagnetic interaction between 

metal centers suggesting dimeric nature to these complexes [15].  
4.3.3. Infrared spectra 

The characteristic IR bands of the complexes differ from their 

hydrazones and provide significant indications regarding the bonding sites of 

hydrazones.  The selected IR frequencies with tentative assignments of the 

Co(II) complexes are presented in Table 4.1.  The IR spectra of hydrazones 
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show strong bands in the 3067-3186 cm-1 and 1632-1669 cm-1 regions which 

are assigned to ν(N–H) and ν(C=O) vibrations respectively indicating that the 

hydrazones exist in the amido form in the solid state.  These bands are absent 

in the spectra of all the complexes suggesting that hydrazones have undergone 

deprotonation and coordinated in the iminolate form.  Coordination of iminolate 

oxygen is consistent with the presence of new bands in the 1335-1348 cm-1 region, 

assignable to ν(C–O) stretching vibration for these complexes.  This is further 

confirmed by the appearance of new bands in the 488-559 cm-1 region 

assigned to ν(Co–O).  The bands corresponding to the stretching vibration of 

the azomethine group of the free hydrazones which appeared in the 1603-1609 

cm-1 region have been shifted to 1592-1603 cm-1region in the spectra of the 

complexes indicating the coordination of the azomethine nitrogen to the 

central metal ion.  This is further corroborated with the appearance of new 

bands in the 1519-1523 cm-1 region due to the newly formed C=N moiety.  

Bonding through the N of the azomethine group has been further confirmed by 

the observation of ν(Co–N) bands in the 422-456 cm-1 region.  The bands due 

to heterocyclic bases are observed at ca. 724-1426 cm-1 for complexes 9 and 

10.  The broad bands in the 3337-3433 cm-1 region in the spectra of complexes 

10, 11 and 12 are due to the presence of lattice water molecules which is also 

evident from the thermogravimetric analyses [16-18].  IR spectra of some of 

the complexes are shown in Figs. 4.1-4.3. 
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Fig. 4.1. IR spectrum of [CoL1pic] (9). 

    
Fig. 4.2. IR spectrum of [CoL1py]·2H2O (10). 
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Fig. 4.3. IR spectrum of [(CoL3)2]·4H2O (12). 

 

Table 4.1. The important IR frequencies (cm-1) of hydrazones and their 
Co(II) complexes 

 

Compound ν(C=N) ν(C=N)a

 
ν(C=O)/
ν(C–O) 

ν(N–H)
 

ν(Co–O) ν(Co–N) 

H2L1·C3H7NO 1604 ---- 1661 3186 ---- ---- 
[(CoL1)2] (8) 1593 1523 1335 ---- 526 456 
[CoL1pic] (9) 1592 1522 1342 ---- 528 451 
[CoL1py]·2H2O (10) 1600 1520 1342 ---- 509 422 
H2L2·2H2O·CH3OH 1609 ---- 1669 3067 ---- ---- 
[(CoL2)2]·2H2O (11) 1603 1519 1348 ---- 488 429 
H2L3·H2O 1603 ---- 1632 3075 ---- ---- 
[(CoL3)2]·4H2O (12) 1593 1522 1345 ---- 559 445 

a Newly formed C=N 

4.3.4. Electronic spectra 

The electronic absorption spectra of all the complexes were recorded in 

DMF and the spectral assignments are presented in Table 4.2.  The bands in the 

27020-36990 cm-1 region attributed to the n→π* and π→π* transitions of 

hydrazones are slightly shifted upon complexation and they are observed in 
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the 27190-36860 cm-1 region.  The bands in the 23160-24060 cm-1 region 

correspond to ligand to metal charge transfer (LMCT) transitions.  The broadness 

is explained as the combination of O → Co and N → Co charge transfer bands.  

Figs. 4.4-4.5 represent the electronic spectra of some of the Co(II) complexes. 

 
Fig. 4.4. UV spectra of H2L1·C3H7NO and its Co(II) complexes. 

 
Fig. 4.5. UV spectra of H2L2·2H2O·CH3OH and its Co(II) complex. 
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The ground state of Co(II) in tetrahedral complex is 4A2 and three spin 

allowed transitions are expected: 4T2(F) ← 4A2(F) (ν1), 4T1(F) ←4A2(F) (ν2) 

and 4T1(P) ←4A2(F) (ν3); but we could observe only a weak broad band for 

complexes 11 and 12 due to masking by high intensity charge transfer bands 

[19-20] (Figs. 4.6-4.7). 

Table 4.2. Electronic spectral assignments (cm-1) of hydrazones and their 
Co(II) complexes 

 

Compound n→π*/π→π* LMCT d-d 
H2L1·C3H7NO 36990, 34130, 28970 ---- ---- 
[(CoL1)2] (8) 36860, 32720 23160 ---- 
[CoL1pic] (9) 36300, 32670 23450 ---- 
[CoL1py]·2H2O (10) 36080, 32570 23490 ---- 
H2L2·2H2O·CH3OH 33240, 29350 ---- ---- 
[(CoL2)2]·2H2O (11) 36280, 27190 23760 18250 
H2L3·H2O 36780, 27020 ---- ---- 
[(CoL3)2]·4H2O (12)  36280, 31670 24060 19840 

 
Fig. 4.6.  Visible spectrum of     Fig. 4.7. Visible spectrum of 

 [(CoL2)2]·2H2O (11). [(CoL3)2]·4H2O (12). 
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4.3.5. Thermogravimetric analyses 

Thermogravimetry is a powerful method for determining complex 

stoichiometries.  Thermal analyses provide valuable information regarding the 

thermal stability and nature of water molecules in complexes [21,22].  

Thermogravimetric analyses of the complexes were done in the temperature 

range of 50-700 °C in nitrogen atmosphere at a heating rate of 10 °C/min.  The 

TG-DTG curves of the metal(II) complexes are presented in Figs. 4.8-4.10. 

The thermogram of [CoL1py]·2H2O (10) in the 130-188 °C range is 

accompanied by a weight loss of 6.26% (calcd. 6.39%).  This may be due to 

loss of two lattice water molecules.  On increasing the temperature further, the 

residue decomposes resulting in a weight loss of 16.37% (calcd. 15.00%) in the 

398-428 °C range corresponding to the loss of pyridine ring moiety and above 

450 °C degradation of the ligand takes place. 

In complex [(CoL2)2]·2H2O (11), the first stage of decomposition is 

observed in the 52-83 °C range, which is due to the loss of two molecules of 

lattice water with a weight loss of 4.43% (calcd. 4.23%).  The second weight 

loss of 43.70% (calcd. 42.75%) in the 276-322 °C range is due to the 

decomposition of one of the hydrazone ligands.  After this temperature a gradual 

weight loss occurs due to the thermal degradation of the second ligand moiety. 

The TGA curve for the complex [(CoL3)2]·4H2O (12) displays the first 

weight loss in the temperature range of 46-84 °C, which is due to the loss of four 

molecules of water with 8.4% of the total weight of the complex (calcd. 8.8%).  

This suggests that water molecules are present outside the coordination sphere.  

Above this temperature a gradual weight loss occurs due to the thermal 

degradation of the ligand. 
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    Fig. 4.8. Thermogram of [CoL1py]·2H2O (10). 

  
       Fig. 4.9. Thermogram of [(CoL2)2]·2H2O (11). 



Syntheses and spectral characterization of cobalt(II) chelates of tridentate aroylhydrazones 
 

115 

 
Fig. 4.10. Thermogram of [(CoL3)2]·4H2O (12). 

On the basis of the physico-chemical characterizations discussed above, 

the tentative structures proposed for some Co(II) complexes are presented 

below.  Complexes 8, 11 and 12 are binuclear and the remaining two (9 and 

10) are mononuclear mixed ligand metal chelates.  The Co(II) complexes 

synthesized have got tetrahedral geometry and in all the complexes the 

hydrazones exist in the iminolate form. 



Chapter 4 

116 

 

 
[CoL1py]·2H2O (10) 

 
[(CoL2)2]·2H2O (11) 

 
[(CoL3)2]·4H2O (12) 

Fig. 4.11. Tentative structures of some of the Co(II) complexes. 
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CChhaapptteerr  55		
SSYYNNTTHHEESSEESS,,  SSPPEECCTTRRAALL  CCHHAARRAACCTTEERRIIZZAATTIIOONN  AANNDD  CCRRYYSSTTAALL  

SSTTRRUUCCTTUURREE  OOFF  NNIICCKKEELL((IIII))  CCHHEELLAATTEESS  OOFF  TTRRIIDDEENNTTAATTEE  
AARROOYYLLHHYYDDRRAAZZOONNEESS  
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5.2 Experimental 
5.3 Results and discussion  
 References 

 

5.1.  Introduction 

Nickel is a strong, lustrous, silvery-white metal that was not isolated by 

scientists until the mid-18th century, but is now a staple of our daily lives and 

can be found in everything from the batteries that power our television 

remotes to the stainless steel that is used to make our kitchen sinks.  Nickel is 

one of the most corrosion-resistant metals in the world and there is evidence of 

it being mined and used more than five and a half thousand years ago.  Nickel 

was discovered by the Swedish chemist Axel Fredrik Cronstedt in the mineral 

niccolite (NiAs) in 1751. Today, most nickel is obtained from minerals 

garnierite and pentlandite. The metal holds its strength through wide 

temperature ranges.  Nickel is an incredibly versatile element and can be used 

to alloy with many other metals, each with its own benefits.  As well as being 

so corrosion-resistant, alloys containing nickel are usually both very tough and 
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extremely ductile.  Between eight to twelve percent of stainless steel is nickel 

and this is one of more than three thousand such alloys which are in everyday 

use around the world.  This usage is growing at about 4% every year and about 

90% of all new nickel mined is used for the production of alloys.  It is alloyed 

with copper to make pipes that are used in desalination plants.  Of the various 

transition metal oxides, Ni/NiO nanoparticles have shown exceptional nonlinear 

optical and magnetic properties indicating great potential in applications such as 

sensors, electronic components and magnetic data storage [1]. In certain 

combinations it also exhibits useful magnetic and electronic properties.  Nickel is 

one of the four elements that are ferromagnetic around room temperature.  Very 

powerful permanent magnets known as alnico magnets, can be made from an 

alloy of aluminium, nickel, cobalt and iron.  It can be electroplated onto other 

metals to form a protective coating.  Finely divided nickel is used as a catalyst for 

the hydrogenation of vegetable oils to produce vanaspati and is a good 

methanation catalyst for the production of methane from carbon monoxide and 

hydrogen.  Adding nickel to glass gives it a green color.  It resists corrosion even 

at high temperatures and for this reason it is used in gas turbines and rocket 

engines. 

Nickel is abundant in lithosphere and biosphere so that natural 

deficiency does not occur.  It is an important metal in the chemistry of life.  

Enzymes of some microorganisms and plants contain nickel in their active 

sites, which make the metal an essential nutrient for them.  One of the most 

investigated metalloenzymes is nickel hydrogenase [2,3].  The enzyme urease 

(an enzyme which assists in the hydrolysis of urea) contains nickel.  A nickel-

tetrapyrrole coenzyme, F430, is present in the methyl coenzyme-M reductase 

which powers methanogenic archaea.  Other nickel containing enzymes 
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include a class of super oxide dismutase and a glyoxalase [4].  For animals 

nickel is an essential foodstuff in small amounts.  But nickel is not only 

favorable as an essential element; it can also be dangerous when the maximum 

tolerable amounts are exceeded.  This can cause various kinds of cancer on 

different sites within the bodies of animals, mainly of those that live near 

refineries.  In small quantities nickel is essential; but when the uptake is too 

high it can be a danger to human health. 

In its familiar compounds nickel is bivalent, although it assumes other 

valencies.  It also forms a number of coordination compounds with a wide 

variety of coordination number which complicates its coordination chemistry.  

The bioinorganic chemistry of nickel has been rapidly expanded due to the 

increasing interest in nickel complexes that have shown antibacterial, 

antifungal and anticancer activities [5-10].  In addition, they find increasing 

application in nonlinear optics.  The second order NLO properties of 

asymmetric push-pull Ni(II) complexes have been extensively studied in the 

last decades and several of them show high values of the first molecular 

hyperpolarizability (β) [11-13]. 

The Ni(II) complexes of hydrazone derivatives are known for their versatile 

coordination.  These complexes have tendency to yield stereochemistries of 

higher coordination number, to behave as neutral or deprotonated ligand and have 

the flexibility in assuming different conformation [14].  The synthesis and 

structural investigation of hydrazones and their nickel complexes have attracted 

great and growing interest due to their coordinative properties, biological 

significance, industrial importance and structural variety.  Hydrazone ligands 

create an environment similar to the one present in biological systems usually by 
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making coordination through oxygen and nitrogen atoms.  In view of coordinative 

capability and importance of Ni(II) complexes of hydrazones, we have 

synthesized five Ni(II) complexes of ONO donor hydrazones. 

5.2. Experimental 
5.2.1. Materials 

4-Benzyloxy-2-hydroxybenzaldehyde (Sigma-Aldrich), 5-bromo-2-

hydroxy-3-methoxybenzaldehyde (Sigma-Aldrich), 4-diethylamino-2-

hydroxybenzaldehyde (Sigma-Aldrich), nicotinic hydrazide (Sigma-Aldrich), 

4-nitrobenzoic hydrazide (Sigma-Aldrich), nickel(II) acetate tetrahydrate 

(Sigma-Aldrich), pyridine (S.D.Fine) and 3-picoline (Sigma-Aldrich) were of 

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

5.2.2. Syntheses of hydrazones 

The syntheses of hydrazones 4-benzyloxy-2-hydroxybenzaldehyde-4-

nitrobenzoylhydrazone dimethylformamide monosolvate (H2L1·C3H7NO),      

5-bromo-2-hydroxy-3-methoxybenzaldehyde nicotinoylhydrazone dihydrate 

methanol monosolvate (H2L2·2H2O·CH3OH) and 4-diethylamino-2-

hydroxybenzaldehyde nicotinoylhydrazone monohydrate (H2L3⋅H2O) have 

already discussed in Chapter 2.  

5.2.3. Syntheses of Ni(II) complexes  

5.2.3.1. [NiL1(H2O)2]2·4C3H7NO (13) 

This complex was prepared by refluxing hot methanolic solutions of 

H2L1·C3H7NO (0.464 g, 1 mmol) and Ni(OAc)2·4H2O (0.248 g, 1 mmol) for 4 h.  

On cooling, the brown colored product formed were collected, washed with 

few drops of methanol followed by ether and dried over P4O10 in vacuo.  
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Single crystals of the complex suitable for X-ray analysis were obtained by 

recrystallization from a mixture of methanol and dimethylformamide (1:1 v/v).  

[NiL1(H2O)2]2·4C3H7NO (13): Yield: 65%, λm (DMF): 12 ohm-1 cm2 

mol-1, μeff (B.M.): 2.77, Elemental Anal. Found (Calcd.) (%): C: 51.73 

(51.45); H: 5.61 (5.28); N: 10.90 (11.11). 

5.2.3.2. [NiL1pic] (14) 

To a solution of H2L1·C3H7NO (0.464 g, 1 mmol) in DMF, a methanolic 

solution of Ni(OAc)2·4H2O (0.248 g, 1 mmol) was added followed by           

3-picoline (0.093 g, 1 mmol).  The resulting solution was refluxed for 4 h.  

The brown colored complex separated out was filtered, washed with 

methanol followed by ether and dried over P4O10 in vacuo. 

[NiL1pic] (14): Yield: 67%, λm (DMF): 9 ohm-1 cm2 mol-1, μeff (B.M.): 

3.55, Elemental Anal. Found (Calcd.) (%): C: 59.85 (59.92); H: 4.23 

(4.10); N: 10.45 (10.35). 

5.2.3.3. [NiL1py] (15) 

To a solution of H2L1·C3H7NO (0.464 g, 1 mmol) in DMF, a methanolic 

solution of Ni(OAc)2·4H2O (0.248 g, 1 mmol)  was added followed by 

pyridine (0.079 g, 1 mmol) and the resulting mixture was refluxed for 4 h.  

The brown colored product formed was filtered, washed with methanol 

followed by ether and dried over P4O10 in vacuo. 

[NiL1py] (15): Yield: 68%, λm (DMF): 9 ohm-1 cm2 mol-1, μeff (B.M.): 3.51, 

Elemental Anal. Found (Calcd.) (%): C: 59.09 (59.24); H: 3.96 (3.82); 

N: 10.56 (10.63). 
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5.2.3.4. [(NiL2)2]·H2O (16) 

This complex was synthesized by refluxing a solution of H2L2·2H2O·CH3OH 

(0.418 g, 1 mmol) in methanol with a methanolic solution of Ni(OAc)2·4H2O 

(0.248 g, 1 mmol) for 4 h.  The brown colored complex formed was filtered, 

washed with methanol followed by ether and dried over P4O10 in vacuo. 

[(NiL2)2]·H2O (16): Yield: 72%, μeff (B.M.): 3.26, Elemental Anal. 

Found (Calcd.) (%): C: 41.01 (40.43); H: 2.32 (2.67); N: 10.59 (10.10). 

5.2.3.5. [(NiL3)2] (17)  

This complex was synthesized by refluxing a methanolic solution of 

H2L3·H2O (0.330 g, 1 mmol) with a methanolic solution of Ni(OAc)2·4H2O 

(0.248 g, 1 mmol) for 4 h.  The brown colored complex formed was filtered, 

washed with methanol followed by ether and dried over P4O10 in vacuo. 

[(NiL3)2] (17): Yield: 70%, μeff (B.M.): 3.21, Elemental Anal. Found 

(Calcd.) (%): C: 55.45 (55.33); H: 5.49 (4.92); N: 14.80 (15.18). 

5.3.  Results and discussion 

Five nickel(II) complexes of the hydrazones were synthesized.  The 

complexes 13, 16 and 17 were prepared by the reaction of equimolar mixture 

of the appropriate hydrazone and nickel acetate tetrahydrate.  Complexes 14 

and 15 were synthesized by refluxing metal salt, corresponding heterocyclic 

base and the hydrazone in 1:1:1 ratio.  Complexes 13, 14 and 15 are soluble in 

solvents like DMSO and DMF while 16 and 17 are partially soluble in DMSO 

and DMF.  Single crystals of [NiL1(H2O)2]2·4C3H7NO (13) could be isolated 

and the structure was established by single crystal XRD studies.  In all the 

complexes, hydrazones coordinate to the central metal ion in the iminolate 
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form.  The complexes were characterized by the following physico-chemical 

methods.   

5.3.1. Elemental analyses 

Elemental analyses data of the complexes are given in Section 5.2.3.  

The observed C, H, N values show that all the complexes are analytically pure 

and are consistent with the stoichiometry of the formula given in Section 5.2.3. 

5.3.2. Molar conductivity and magnetic susceptibility measurements 

The molar conductivity values for the complexes 13-15 in DMF are found 

to be less than 13 ohm-1 cm2 mol-1 which is well below the range (65-90 ohm-1 

cm2 mol-1) for uni-univalent electrolytes in the same solvent, indicating the non-

electrolytic nature of the complexes [15].  The complexes 16 and 17 are slightly 

soluble in most of the common solvents like DMSO, DMF, ethanol, methanol, 

benzene etc. and therefore, conductance measurements were not carried out.  

The magnetic properties of the complexes provide valuable information for 

distinguishing their stereochemistry.  The magnetic moments of the complexes 

were calculated from the magnetic susceptibility measurements at room 

temperature.  Out of the five complexes synthesized, [NiL1(H2O)2]2·4C3H7NO 

(13) is hexacoordinate and the remaining four are tetracoordinate.  All the 

complexes are found to be paramagnetic which excludes the possibility of a 

square planar geometry.  For complex 13, magnetic moment is found to be 

2.77 B.M. corresponding to two unpaired electrons in an octahedral geometry.  

Complexes 14-17 have magnetic moments in the 3.21-3.55 B.M. range which 

are slightly greater than the spin only value which may be due to orbital 

contribution.  This suggests a tetrahedral geometry for complexes 14-17 which 

are similar to that reported in other tetrahedral Ni(II) complexes [16-18]. 
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5.3.3. Infrared spectra 

IR spectra give enough information regarding the coordination modes of 

the hydrazones.  The prominent infrared spectral data of hydrazones and their 

Ni(II) complexes are presented in Table 5.1.  The bands due to ν(N–H) and 

ν(C=O) which appeared in the 3067-3186 cm-1 and 1632-1669 cm-1 regions 

respectively in the IR spectra of the free hydrazones disappeared completely in 

the spectra of the complexes 13-17 indicating the iminolization followed by 

deprotonation prior to coordination of the ligands.  This is further confirmed 

by the appearance of new bands in the 1210-1293 cm-1 range assigned to ν(C–O).  

The azomethine stretching frequencies of the free hydrazones which appeared 

in the 1603-1609 cm-1 region have been shifted to 1599-1603 cm-1 region in 

the spectra of the complexes in accordance with the coordination of the 

azomethine nitrogen.  Further proof for the coordination of azomethine 

nitrogen to nickel is the appearance of new bands in the 1513-1537 cm-1 range 

due to >C=N–N=C< moiety of the complexes.  The ν(O–H) bands in the 

3377-3505 cm-1 region due to phenolic –OH group of the hydrazones have 

disappeared in the spectra of complexes, giving evidence for deprotonation of 

phenolic –OH group and its coordination to the central metal ion.  For 

complexes 14 and 15, bands due to heterocyclic breathing are observed in the 

740-1450 cm-1 region.  The bands in the 508-570 and 435-477 cm-1 regions can 

be assigned to the stretching modes of the metal to ligand bonds, ν(Ni–O) and 

ν(Ni–N) respectively.  The broad bands observed around 3400 cm-1 in complexes 

13 and 16 indicate the presence of water in these structures [19-21].  These 

spectral data show that the hydrazones behave as tridentate dianionic ligands in all 

the five complexes.  Figs. 5.1-5.4 represent the infrared spectra of some of the 

Ni(II) complexes of hydrazones. 
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Table 5.1. The important IR frequencies (cm-1) of hydrazones and their Ni(II) 
complexes 

 

Compound ν(C=N) ν(C=N)a 
 

ν(C=O)/ 
ν(C–O) 

ν(N–H)  
 

ν(Ni–O) ν(Ni–N) 

H2L1·C3H7NO 1604 ---- 1661 3186 ---- ---- 

[NiL1(H2O)2]2·4C3H7NO (13) 1602 1531 1215 ---- 508 466 

[NiL1pic] (14) 1599 1535 1216 ---- 539 435 

[NiL1py] (15) 1603 1513 1210 ---- 549 449 

H2L2·2H2O·CH3OH 1609 ---- 1669 3067 ---- ---- 

[(NiL2)2]·H2O (16) 1602 1537 1293 ---- 570 477 

H2L3·H2O 1603 ---- 1632 3075 ---- ---- 

[(NiL3)2] (17) 1600 1514 1238 ---- 564 442 
a Newly formed C=N 

 

 
Fig. 5.1. IR spectrum of [NiL1pic] (14). 
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Fig. 5.2. IR spectrum of [NiL1py] (15). 

 
Fig. 5.3. IR spectrum of [(NiL2)2]·H2O (16). 
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Fig. 5.4. IR spectrum of [(NiL3)2] (17). 

5.3.4. Electronic spectra 

The UV-Vis spectra give much insight into the coordination geometry 

around the Ni(II) ion.  The absorption bands of the complexes were recorded 

in DMF and the spectral data are given in Table 5.2.  The electronic transitions 

of hydrazones suffered considerable shift on complexation.  In the complexes the 

bands in the 27190-36860 cm-1 region can be assigned to the shifted intraligand 

transitions and the bands appeared in the 23160-24060 cm-1 region are ascribed 

to ligand to metal charge transfer transitions.  Figs. 5.5-5.6 depict the 

electronic spectra of some of the complexes. 

All the complexes synthesized except 13 have tetrahedral geometry as 

evidenced from their magnetic moments.  The ground state of Ni(II) in 

tetrahedral complex is 3T1(F) and three spin allowed transitions are 

expected ie. 3T2(F) ← 3T1(F), 3A2(F) ←3T1(F), 3T1(P) ← 3T1(F); but unfortunately 

these d-d bands are masked by the stronger CT absorption bands in these 
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complexes.  In nickel(II) complexes with octahedral geometry also, we 

expect three transitions; 3T2g(F) ← 3A2g(F) (ν1), 3T1g(F) ←3A2g(F) (ν2) and   
3T1g(P) ←3A2g(F) (ν3) [22,23].  But we could locate only one band for 

[NiL1(H2O)2]2·4C3H7NO (13) due to masking by high intensity charge transfer 

bands (Fig. 5.7). 
 

Table 5.2. Electronic spectral assignments (cm-1) of hydrazones and their 
Ni(II) complexes 

 

Compound n→π*/π→π* LMCT d-d 
H2L1·C3H7NO 36990, 34130, 28970 ---- ---- 
[NiL1(H2O)2]2·4C3H7NO (13) 36860, 32720 23160 19290 
[NiL1pic] (14) 36300, 32670 23450 ---- 
[NiL1py] (15) 36080, 32570 23490 ---- 
H2L2·2H2O·CH3OH 33240, 29350 ---- ---- 
[(NiL2)2]·H2O (16) 36280, 27190 23760 ---- 
H2L3·H2O 36780, 27020 ---- ---- 
[(NiL3)2] (17) 36280, 31670 24060 ---- 

 
Fig. 5.5. UV spectra of H2L1·C3H7NO and its Ni(II) complexes. 
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Fig. 5.6. UV spectra of H2L2·2H2O·CH3OH and its Ni(II) complex. 

 
Fig. 5.7. Visible spectrum of [NiL1(H2O)2]2·4C3H7NO (13). 
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5.3.5. X-ray crystallography 

Single crystals of the complex [NiL1(H2O)2]2·4C3H7NO (13) suitable for 

X-ray analysis were obtained by recrystallization from a mixture of methanol 

and dimethylformamide (1:1 v/v).  A brown colored block shaped crystal with 

approximate dimensions of 0.40 × 0.25 × 0.20 mm3 was selected and mounted 

on a Bruker SMART APEXII CCD diffractometer equipped with a graphite 

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

(λ = 0.71073 Å) radiation as the X-ray source.  The crystal data and structure 

refinement details of the complex are summarized in Table 5.3.  The unit cell 

dimensions were measured and the data collections were performed at 293 K.  

Bruker SMART software was used for data acquisition and Bruker SAINT 

software for data integration [24].  Absorption corrections were carried out 

using SADABS based on Laue symmetry using equivalent reflections [25].  

The structure was solved by direct methods and refined by full matrix least-

squares calculations with the SHELXL97 software package [26].  All non-

hydrogen atoms were refined anisotropically and all H atoms on C were 

placed in calculated positions, guided by difference maps with C–H bond 

distances 0.93-0.96 Å.  H atoms were assigned as Uiso=1.2Ueq (1.5 for Me). The 

graphics tools used were ORTEP-3 and DIAMOND version 3.2g.  A 

perspective view of the molecular structure of the binuclear centrosymmetric Ni(II) 

complex with the atom numbering scheme is given in Fig. 5.8.  The 

asymmetric unit consists of one half of the molecule and two DMF 

molecules and the other half is related by a center of inversion in the   

Ni(1)–O(2)–Ni(1A)–O(2A) ring (Fig. 5.9).  
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Table 5.3. Crystal data and structure refinement parameters for 
[NiL1(H2O)2]2·4C3H7NO (13) 

  Parameters [NiL1(H2O)2]2·4C3H7NO (13) 

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
 
 
 
 
 
Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(000)   
Crystal size 
θ range for data collection   
Limiting indices 
 
 
Reflections collected   
Unique Reflections (Rint) 
Refinement method 
Data / restraints / parameters  
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data)   
Largest diff. peak and hole   

C54H66N10Ni2O18  
1260.55 
293 K 
0.71073 Å 
Triclinic 

1P  
a = 8.4939(3) Å 
b = 12.5451(6) Å 
c = 14.6717(6) Å 
α = 81.662(2)° 
β = 75.613(10) (3)° 
γ = 79.4420(10)° 
1480.56(11) Å3 
1 
1.414 mg/m3 
0.715 mm-1 
660 
0.40 × 0.25 × 0.20 mm3 

2.59 to 27.50° 
-11≤ h ≤ 6  
-16 ≤ k ≤ 16 
-19 ≤ l ≤ 16 
11081  
6785 [R(int) =  0.0253]   
Full-matrix least-squares on F2 

6571 / 0 / 383  
1.019 
R1 = 0.0480, wR2 = 0.1192 
R1 = 0.0748, wR2 = 0.1374 
0.443 and -0.420 e Å-3 

R1 = Σ||Fo|-|Fc|| / Σ|Fo| 
wR2 = [Σw(Fo

2-Fc
2)2 / Σw(Fo

2)2]1/2 
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Fig. 5.8. Molecular structure of [NiL1(H2O)2]2·4C3H7NO (13) along with the 
atom numbering scheme. The solvent molecules are omitted for clarity. 

 

 
Fig. 5.9. Asymmetric unit of [NiL1(H2O)2]2·4C3H7NO (13). 
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The complex crystallizes into a triclinic 1P  space group and has a 

dimeric structure with the two Ni(II) atoms bridged by phenolate oxygen 

atoms.  The X-ray structural investigation of the complex 13 confirms that the 

principal ligand, 4-benzyloxy-2-hydroxybenzaldehyde-4-nitrobenzoylhydrazone 

(H2L1) behaves as a tridentate coordinating agent via the azomethine nitrogen, 

iminolate oxygen and phenolate oxygen atoms, forming five and six 

membered chelate rings surrounding each nickel atom, with a dihedral angle 

of 2.21° between them.  The ligand is coordinated to each Ni atom via 

iminolate form without changing its configuration since the hydrazone and the 

complex adopts an E configuration with respect to C(14)═N(1) bond.  The 

C(14)═N(1) [1.272(3) Å] and C(15)–O(3) [1.282(3) Å] bond distances are 

very close to the formal C═N and C–O bond lengths respectively confirming 

the azomethine bond formation and the coordination via iminolate form.  The 

dihedral angle between the phenyl ring of hydrazide part C(16)-C(21) and the 

phenyl ring of aldehyde part C(8)-C(13) is 12.56°.  The bond lengths Ni(1)–

O(3), Ni(1)–N(1) and C(14)–N(1) are very close to other reported nickel 

complexes of hydrazones [27,28].  Table 5.4 shows the selected bond lengths 

and angles for the complex 13. 
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Table 5.4.  Selected bond lengths and angles for complex 
[NiL1(H2O)2]2·4C3H7NO (13) 

Bond lengths (Å) Bond angles (°) 

Ni(1)–N(1)      1.974(2)  N(1)–Ni(1)–O(2)            91.70(8) 

Ni(1)–O(2)      2.023(16) N(1)–Ni(1)–O(3)            79.10(8) 

Ni(1)–O(3)      2.033(17) O(2)–Ni(1)–O(2A)         80.54(7) 

Ni(1)–O(2A)  2.045(16) O(3)–Ni(1)–O(2A)         108.71(7) 

Ni(1)–O(2W)  2.136(2) N(1)–Ni(1)–O(2W)        91.81(9) 

Ni(1)–O(1W)  2.147(2) O(2)–Ni(1)–O(2W)        88.30(7) 

C(10)–O(2)  1.323(2)  O(3)–Ni(1)–O(2W)        93.28(8) 

C(14)–N(1)      1.272(3) O(2A)–Ni(1)–O(2W)     85.99(7) 

N(1)–N(2)      1.399(3)  N(1)–Ni(1)–O(1W)        92.89(9) 

C(15)–O(3)  1.282(3)  O(2)–Ni(1)–O(1W)        87.03(8) 

N(2)–C(15)  1.311(3) O(3)–Ni(1)–O(1W)        92.07(8) 

O(1)–C(7) 1.434(4)  O(2A)–Ni(1)–O(1W)     88.74(7) 

O(1)–C(8) 1.372(3)  O(2)–Ni(1)–O(3)            170.70(7) 

N(3)–C(19)  1.474(4) N(1)–Ni(1)–O(2A)         171.98(7) 

Ni(1)···Ni(1A) 2.351(2)  O(2W)–Ni(1)–O(1W)    173.47(7) 
 
 

Both the Ni centers being hexacoordinated, the coordination around the 

Ni(II) ion can be best described as a distorted octahedron with NiO5N1 

chromophore.  For each Ni(II) center of the octahedral dimeric complex, the 

water molecules complete the coordination sphere.  The coordination sites of 

the basal square plane are occupied by azomethine nitrogen N(1), iminolate 

oxygen O(3) and two phenolate oxygen atoms O(2) and O(2A) of the 

hydrazone ligands and the axial positions by two coordinated water molecules.  

This is further confirmed from the respective bond lengths and bond angles.  
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The equatorial bond lengths are shorter than the axial bond lengths.  The 

atoms N(1), O(2), O(2A) and O(3) in the complex define a plane showing high 

degree of planarity, the Ni atoms are displaced by 0.0016 Å from this plane.  

There is slight deviation for the equatorial bond angles from the expected 

value of 90° which indicates a distortion of the basal plane from a square 

geometry.  The two trans oxygen atoms are not exactly linear since O(2W)–

Ni(1)–O(1W) bond angle is 173.47(7)°.  The coordination polyhedra present 

in a unit cell is shown in Fig. 5.10. 

 

 
Fig. 5.10. Coordination polyhedra in a unit cell. 

The O–H···O and C–H···O (conventional and nonconventional) 

hydrogen bonding interactions interconnect the neighboring complex and the 

solvent DMF molecules which make the crystal structure more stable (Table 5.5).  

The π···π interaction between Cg(5) [C(8), C(9), C(10), C(11), C(12), C(13)] 
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and Cg(6) [C(16), C(17), C(18), C(19), C(20), C(21)] of neighboring 

molecules occur at a Cg···Cg distance of 3.681(2) Å.  C–H···π interactions 

also play an important role in the stabilization of the unit cell.  Two C–H···π 

interactions progressing along c axis and a π···π interaction (Fig. 5.11) 

progressing along b axis also support the dominant intermolecular hydrogen 

bonding interactions to establish a supramolecular three-dimensional network 

in the crystal system (Fig. 5.12).  Fig. 5.13 shows the packing diagram of the 

complex along b axis. 

Table 5.5. Interaction parameters of [NiL1(H2O)2]2·4C3H7NO (13) 

Hydrogen bonding interactions 
D–H···A  D–H (Å) H···A (Å)  D···A (Å)  D–H···A (°) 
O(1W)–H(1A)···O(7)a 0.84 1.98 2.674(4) 139 
O(1W)–H(1B)···O(6) 0.84 2.00 2.702(4) 140 
C(9)–H(9)···O(3)b 0.93 2.36 3.217(3) 153 
C(18)–H(18)···O(7)c 0.93 2.43 3.257(6) 147 
C(26)–H(26B)···O(5)d 0.96 2.56 3.320(8) 136 
π···π interaction 
Cg(I)···Cg(J)  Cg···Cg (Å) α (º)  β (º)   
Cg(5)···Cg(6)e 3.681(2) 12.54(18) 9.12  
C–H···π interactions 
C–H(I)···Cg(J) H···Cg (Å)   C–H···Cg  (˚)  C···Cg (Å)  
C(23)–H(23B)···Cg(4)f 2.94 172 3.89(8)  
C(22)–H(22A)···Cg(5) 2.95 115 3.440(5)  
Equivalent position codes : a = x, 1+y, z; b = 1-x, 1-y, 1-z; c = x-1, y, z; d = x+1, y, z; e = -x, 1-y, 1-z; 
f = -x+1, y+1, -z 
Cg(4) = C(1), C(2), C(3), C(4), C(5), C(6); Cg(5) = C(8), C(9), C(10), C(11), C(12), C(13);  
Cg(6) = C(16), C(17), C(18), C(19), C(20), C(21) 
D, Donor; A, acceptor; Cg, Centroid; α, dihedral angle between planes I & J; β, angle between 
Cg···Cg and Cg(J) perp. 
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Fig. 5.11. C–H···π and π···π interactions present in [NiL1(H2O)2]2·4C3H7NO (13). 

 
Fig. 5.12. Supramolecular chain mediated by hydrogen bonding interactions. 
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Fig. 5.13. Packing diagram of complex  viewed along b axis. 

5.3.6. Thermogravimetric analyses 

Thermogravimetric methods are based on the measurement of the dynamic 

relationship between change in weight of the substance with respect to temperature.  

TG-DTG measurements under N2 atmosphere in the 50-700 °C temperature range 

help to study the thermal stability and nature of water molecules in complexes. The 

TGA curve for the complex [NiL1(H2O)2]2·4C3H7NO (13) shows initially a 

weight loss of 22.29% in the 56-107 °C range in two steps corresponding to 

loss of four DMF molecules (calcd. 23.17%).  This suggests that DMF 

molecules are present outside the coordination sphere.  The second weight loss 

of 30.30% (calcd 29.23%) has been observed in the temperature range of 320 

°C to 410 °C corresponds to loss of four coordinated water molecules together 

with C14H11O2 fragment of the ligand.  After 420 °C, oxidative decomposition 
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of the remaining part of the complex takes place gradually to give NiO as the 

ultimate residue [29]. 

In complex [(NiL2)2]·H2O (16), the first weight loss of 2.04% in the 66-

139 °C range (calcd. 2.16%) corresponds to removal of one molecule of lattice 

water.  The second weight loss from 330 °C to 440 °C corresponds to the loss 

of the two Br atoms.  The observed weight loss of 20.12% is close to the 

calculated value (19.66%).  Beyond 450 °C, a gradual weight loss occurs due 

to the decomposition of the remaining contents of the ligand and the formation of 

NiO as the end product. The thermograms of complexes [NiL1(H2O)2]2·4C3H7NO 

(13) and [(NiL2)2]·H2O (16) are presented in Figs. 5.14 and 5.15 

respectively. 

 

 
Fig. 5.14. Thermogram of [NiL1(H2O)2]2·4C3H7NO (13). 
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Fig. 5.15. Thermogram of [(NiL2)2]·H2O (16). 

Based on the above physico-chemical data, the proposed structures for 

some Ni(II) complexes are shown in Fig. 5.16.  Complexes 13, 16 and 17 are 

binuclear and the remaining two (14 and 15) are mononuclear mixed ligand 

metal chelates.  Out of the five Ni(II) complexes synthesized, complex 13 has 

got octahedral geometry, while others have been assigned tetrahedral 

geometry.  In all the complexes hydrazones exist in the iminolate form and act 

as dideprotonated ONO donor ligands.  
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[NiL1py] (15) 

 
[(NiL3)2] (17) 

Fig. 5.16. Tentative structures of some of the Ni(II) complexes. 
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CChhaapptteerr  66		
SSYYNNTTHHEESSEESS  AANNDD  SSPPEECCTTRRAALL  CCHHAARRAACCTTEERRIIZZAATTIIOONN  OOFF  

CCOOPPPPEERR((IIII))  CCHHEELLAATTEESS  OOFF  TTRRIIDDEENNTTAATTEE  AARROOYYLLHHYYDDRRAAZZOONNEESS  
6.1 Introduction 
6.2 Experimental 
6.3 Results and discussion  
 References 

 

6.1.  Introduction 

Copper’s unique combination of beauty and usability together with its 

excellent corrosion resistance has made it one of our most widely used 

industrial and architectural metals.  The use of copper is of such importance in 

our societies that its usage is often considered as a key indicator of various 

major economies.  The physical properties of copper including malleability 

and workability, corrosion resistance and durability, high electrical and 

thermal conductivity and ability to alloy with other metals have made it an 

important metal to a number of diverse industries.  Among the common 

oxidation states of copper (+1 and +2), Cu(II) complexes have been 

extensively studied.  These complexes have tetrahedral, octahedral, square 

planar and trigonal bipyramidal geometries.   

C
on
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nt

s 
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Coordination chemistry of copper has been studied extensively due to its 

occurrence in the active site of several enzymes and proteins.  The biological 

functions of copper proteins/enzymes include electron transfer, dioxygen 

transport, oxygenation, oxidation, reduction and disproportionation [1-3].  

Copper is essential to all living organisms as a trace dietary mineral because it 

is a key constituent of the respiratory enzyme complex, cytochrome c oxidase.  

In molluscs and crustacea copper is a constituent of the blood pigment 

hemocyanin. Copper compounds are used as bacteriostatic substances, fungicides 

and wood preservatives.   

Aroylhydrazones with two or more donor groups are used as versatile 

ligands because they can coordinate to metal ions in various chelating modes 

and bridge two or more metal centers through the imine N atom, iminolate O 

atom and substituent donor groups.  A wide variety of copper complexes of 

hydrazones have been reported because of their excellent biological applications 

and their uses in various fields.  The coordination of copper by hydrazone 

ligands is an efficient way to design highly effective drug candidates [4,5].  The 

low value of the Cu(II)/Cu(I) redox potential in hydrazone complexes has been 

identified as a possible factor for their biological activity.  They also have 

potential applications as antitubercular and antibacterial agents [6,7].  

Krishnamoorthy and co-workers have shown that copper hydrazone complexes 

have better potential than other metal complexes in the conversion of DNA from 

supercoiled form to the nicked circular form [8].  The role of copper(I/II) and O2 

in the cytotoxic activity of several alkaloids such as tambjamine and prodigiosin 

has recently been recognized and explained by the ability of the latter to bind the 

metal ion [9,10].  Recently copper complexes of hydrazones are gaining 

prominence in medicinal chemistry due to its great chemotherapeutic 
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application [11]. There are numerous copper complexes of hydrazones which 

possess anticancer properties [12,13].  Therefore, copper complexes of 

hydrazones are one of the important candidates in metal based drugs research.  

They also act as catalyst for many reactions [14].  Recently Shi et al. have 

shown that copper complexes of hydrazones catalyze the aerobic oxidation of 

benzyl alcohol under solvent less and room temperature conditions [15].    

N-Aroyl-N-salicylidene-hydrazine copper(II) complexes and their adducts with 

monodentate neutral Lewis bases have been studied for second order nonlinear 

optical properties.  The use of square planar coordinating metals like Cu(II) 

should force the organic ligand in a planar conformation so as to maximize 

conjugation and increase the second order nonlinear optical property [16]. 

Keeping all these facts in mind, we have synthesized five copper(II) 

complexes of ONO donor aroylhydrazones. 

6.2. Experimental 
6.2.1. Materials 

4-Benzyloxy-2-hydroxybenzaldehyde (Sigma-Aldrich), 5-bromo-2-

hydroxy-3-methoxybenzaldehyde (Sigma-Aldrich) 4-diethylamino-2-hydroxy 

benzaldehyde (Sigma-Aldrich), nicotinic hydrazide (Sigma-Aldrich),                    

4-nitrobenzoic hydrazide (Sigma-Aldrich), copper(II) acetate monohydrate 

(Merck), pyridine (S.D. Fine) and 3-picoline (Sigma-Aldrich) were of Analar grade 

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

6.2.2. Syntheses of hydrazones 

The syntheses of hydrazones 4-benzyloxy-2-hydroxybenzaldehyde-4-

nitrobenzoylhydrazone dimethylformamide monosolvate (H2L1·C3H7NO),              
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5-bromo-2-hydroxy-3-methoxybenzaldehyde nicotinoylhydrazone dihydrate 

methanol monosolvate (H2L2·2H2O·CH3OH) and 4-diethylamino-2-

hydroxybenzaldehyde nicotinoylhydrazone monohydrate (H2L3⋅H2O) have already 

discussed in Chapter 2.  

6.2.3. Syntheses of Cu(II) complexes  

6.2.3.1. [(CuL1)2] (18) 

This complex was synthesized by refluxing a methanolic solution of 

H2L1·C3H7NO (0.464 g, 1 mmol) with a methanolic solution of copper(II) 

acetate monohydrate (0.199 g, 1 mmol) for 3 h. and cooled.  The green colored 

complex separated was filtered, washed thoroughly with methanol followed by 

ether and dried over P4O10 in vacuo. 

[(CuL1)2] (18): Yield: 72%, μeff (B.M.): 1.45, Elemental Anal. Found 

(Calcd.) (%): C: 55.11 (55.69); H: 3.74 (3.34); N: 8.93 (9.28).  

6.2.3.2. [CuL1pic] (19) 

This complex was prepared by refluxing 1:1:1 ratio of H2L1·C3H7NO (0.464 

g, 1 mmol), 3-picoline (0.093 g, 1 mmol) and copper(II) acetate monohydrate 

(0.199 g, 1 mmol) in methanolic medium for 3 h.  The brown colored complex 

formed was filtered, washed with methanol followed by ether and dried over 

P4O10 in vacuo. 

[CuL1pic] (19): Yield: 72%, λm (DMF): 21 ohm-1 cm2 mol-1, μeff (B.M.): 

1.81, Elemental Anal. Found (Calcd.) (%): C: 59.19 (59.39); H: 3.74 

(4.06); N: 9.68 (10.26). 

 



Syntheses and spectral characterization of copper(II) chelates of tridentate aroylhydrazones 

151 

6.2.3.3. [CuL1py] (20) 

A hot solution of H2L1·C3H7NO (0.464 g, 1 mmol) in methanol was mixed 

with pyridine (0.079 g, 1 mmol).  To this a methanolic solution of copper(II) 

acetate monohydrate (0.199 g, 1 mmol) was added and refluxed for 3 h.  

The brown colored product formed was filtered, washed with methanol 

followed by ether and dried over P4O10 in vacuo. 

[CuL1py] (20): Yield: 71%, λm (DMF): 18 ohm-1 cm2 mol-1, μeff (B.M.): 

1.79, Elemental Anal. Found (Calcd.) (%): C: 58.40 (58.70); H: 3.57 

(3.79); N: 10.35 (10.53).  

6.2.3.4. [(CuL2)2]·2H2O (21) 

This complex was synthesized by refluxing a methanolic solution of 

H2L2·2H2O·CH3OH (0.418 g, 1 mmol) with a methanolic solution of copper(II) 

acetate monohydrate (0.199 g, 1 mmol) for 3 h.  The dark green colored complex 

formed was filtered, washed with methanol and dried over P4O10 in vacuo. 

[(CuL2)2]·2H2O (21): Yield: 63%, μeff (B.M.): 1.34, Elemental Anal. 

Found (Calcd.) (%): C: 39.53 (39.13); H: 2.66 (2.81); N: 9.22 (9.78). 

6.2.3.5. [(CuL3)2] (22)  

This complex was synthesized by refluxing a methanolic solution of 

H2L3·H2O (0.330 g, 1 mmol) with a methanolic solution of Cu(OAc)2·H2O 

(0.199 g, 1 mmol) for 3 h.  The green colored product formed was filtered, 

washed with methanol followed by ether and dried over P4O10 in vacuo. 

[(CuL3)2] (22): Yield: 59%, μeff (B.M.): 1.32, Elemental Anal. Found 

(Calcd.) (%): C: 54.12 (54.61); H: 4.45 (4.85); N: 14.44 (14.98).  
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6.3.  Results and discussion 

The copper(II) complexes 18, 21 and 22 were synthesized by refluxing 

methanolic solutions of the respective hydrazones and copper acetate 

monohydrate in 1:1 ratio.  The complexes 19 and 20 were synthesized by 

refluxing the methanolic solutions of hydrazones, copper acetate monohydrate 

and heterocyclic bases in 1:1:1 ratio.  Out of the five complexes prepared, 18, 

21 and 22 are binuclear, while the remaining two are mixed ligand metal 

chelates.  The complexes 18, 21 and 22 are green in color and are partially 

soluble in solvents like DMSO, DMF and CH3CN while complexes 19 and 

20 are brown in color and are soluble in solvents like DMSO and DMF.  In 

all the complexes synthesized, the hydrazones are coordinated to the metal 

centre in the iminolic form and act as dideprotonated tridentate ligands.  The 

synthesized compounds are characterized by the following physico-chemical 

methods.  Attempts to grow single crystals suitable for crystal structure 

determination were unsuccessful. 

6.3.1. Elemental analyses 

Elemental (C, H, N) analyses of all the samples were carried out using a 

Vario EL III CHNS elemental analyzer at the SAIF, Kochi, India and the 

values are given in Section 6.2.3.  The analytical data indicate that all the 

complexes are analytically pure.   

6.3.2. Molar conductivity and magnetic susceptibility measurements 

The molar conductivity values of 10-3 M DMF solutions of the metal 

complexes are in the 18-21 ohm-1 cm2 mol-1 range, indicating the non-

electrolytic nature of these complexes [17].  The observed values of magnetic 

moment for complexes (Section 6.2.3) are generally diagnostic of the 



Syntheses and spectral characterization of copper(II) chelates of tridentate aroylhydrazones 

153 

coordination geometry about the metal ion.  The room temperature magnetic 

moments of the mononuclear complexes 19 and 20 in the polycrystalline state 

are in the 1.79-1.81 B.M. range which is very close to the spin only value of 1.73 

B.M. for d9 copper system.  The copper(II) complexes 18, 21 and 22 exhibit 

μeff values in the 1.32-1.45 B.M. range and this low magnetic moment may be 

attributed to considerable antiferromagnetic interaction between metal centres 

suggesting dimeric nature of these complexes [18,19]. 

6.3.3. Infrared spectra 

The IR spectra provide valuable information regarding the coordination 

modes of hydrazones.  The prominent infrared spectral data of the hydrazones 

and their Cu(II) complexes are given in Table 6.1.  The characteristic IR bands 

of the complexes show significant changes when compared with those of the 

proligands and these changes in the characteristic vibrational frequencies of 

the ligands upon complexation provide evidence for the mode of their 

binding to the metal ion.  IR spectra of some complexes are presented in 

Figs. 6.1-6.3. 

The spectra of the proligands show ν(C=N) bands in the 1603-1609 cm-1 

region which are shifted to lower frequencies in the spectra of all the 

complexes (1600-1604 cm-1) indicating the involvement of azomethine 

nitrogen in coordination to the metal ion.  The ν(C=O) and ν(N–H) bands 

present in the IR spectra of hydrazones are absent in complexes but new band 

appears in the 1233-1339 cm-1 region due to ν(C–O) stretching vibration, 

indicating that the deprotonated ligand is in the iminolate form in the 

complexes.  The appearance of bands in the 1514-1534 cm-1 range in the 

complexes are due to the asymmetric stretching vibration of the newly formed 



Chapter 6 

154 

C=N bond as a result of the iminolization of the ligands.  In the case of free 

hydrazones broad bands in the 3377-3505 cm-1 region are due to the 

stretching mode of phenolic O–H group.  This band is found to be absent in all 

the complexes, indicating deprotonation of phenolic –OH and its coordination 

to the central metal ion.  In complex 21, a broad band at 3448 cm-1 is due to the 

presence of lattice water which is further confirmed from its thermogravimetric 

analysis.  The bands due to heterocyclic bases are observed in the 724- 

1426 cm-1 range for complexes 19 and 20.  Assignment of the proposed 

coordination sites is further supported by the appearance of medium bands in 

the 462-495 cm-1 and 415-428 cm-1 regions which could be attributed to the 

stretching modes of the metal to ligand bonds, ν(Cu–O) and ν(Cu–N) 

respectively.  Accordingly, the ligands act as tridentate chelating agent with 

azomethine nitrogen, phenolate and iminolate oxygen atoms as donor sites 

[20-22]. 

Table 6.1. The important IR frequencies (cm-1) of hydrazones and their Cu(II) 
complexes 

 

Compound ν(C=N) ν(C=N)a ν(C=O)/ 
ν(C–O)  

ν(N–H)
 

ν(Cu–O) ν(Cu–N) 

H2L1·C3H7NO 1604 ---- 1661 3186 ---- ---- 

[(CuL1)2] (18) 1601 1529 1339 ---- 464 427 

[CuL1pic] (19) 1602 1525 1335 ---- 464 415 

[CuL1py] (20) 1600 1524 1334 ---- 495 420 

H2L2·2H2O·CH3OH 1609 ---- 1669 3067 ---- ---- 

[(CuL2)2]·2H2O (21) 1604 1534 1233 ---- 462 428 

H2L3·H2O 1603 ---- 1632 3075 ---- ---- 

[(CuL3)2] (22) 1600 1514 1242 ---- 486 418 
a Newly formed C=N 
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Fig. 6.1. IR spectrum of [(CuL1)2] (18). 

       
Fig. 6.2. IR spectrum of [CuL1pic] (19). 
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Fig. 6.3. IR spectrum of [(CuL3)2] (22). 

 

6.3.4. Electronic spectra 

The electronic absorption spectra are often very helpful in the evaluation 

of results furnished by other methods of structural investigation.  The 

electronic spectral measurements are used for assigning the stereochemistry 

of metal ions in the complexes based on the position and number of d-d 

transition peaks.  The electronic spectra of the complexes 21 and 22 were 

taken in solid state and the rest in DMF.  The electronic spectral data are 

presented in Table 6.2.   

The intraligand transitions of complexes are assigned to bands in the 

41340-26070 cm-1 range.  It is observed that n→π* and π→π* transitions of 

hydrazones suffered a marginal shift up on complexation.  The shift of the 

bands due to intraligand transitions is the result of the weakening of the C=N 

bond and extension of conjugation upon complexation.  The shift is also due to 

coordination via phenolate and iminolate oxygen and is an indication of the 



Syntheses and spectral characterization of copper(II) chelates of tridentate aroylhydrazones 

157 

iminolization followed by the deprotonation of the ligands during complexation.  

The charge transfer bands are observed as intense bands in the 18210-23730 cm-1 

region and the broadness of these bands is due to the combination of O → Cu 

and N → Cu LMCT transitions [23].  Electronic spectra of some complexes 

are presented in Figs. 6.4 and 6.5. 

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

an octahedral field into two levels, 2T2g and 2Eg.  However, in lower symmetry 

copper(II) complexes, the energy levels again split and more transitions will be 

observed.  For square planar complexes with dx
2
-y

2 ground state, three transitions 

are possible viz., dx
2
-y

2 → dxy, dx
2
-y

2 → dz
2 and dx

2
-y

2 → dxz, dyz (2B2g ← 2B1g, 2A1g ← 
2B1g and 2Eg ← 2B1g).  Since the four d orbitals lie very close together, each 

transition cannot be distinguished by its energy and hence it is very difficult to 

resolve the three bands into separate components.  The visible spectra of the 

complexes were recorded in DMF and exhibit d-d bands in the 14060-19640 cm-1 

range.  However we could not locate any d-d bands for [(CuL2)2]·2H2O (21), 

probably due to masking by the high intensity charge transfer bands [24,25]. 

Table 6.2. Electronic spectral assignments (cm-1) of hydrazones and their 
Cu(II) complexes 

 

Compound n→π*/π→π* LMCT d-d 
H2L1·C3H7NO 36990, 34130, 28970 ---- ---- 
[(CuL1)2] (18)  36940, 30840 23730 19320 
[CuL1pic] (19)  36140, 31330 23570 19640 
[CuL1py] (20)  36290, 31030 23310 14090 
H2L2·2H2O·CH3OH 33240, 29350 ---- ---- 
[(CuL2)2]·2H2O (21) 28950 22390 ---- 
H2L3·H2O 36780, 27020 ---- ---- 
[(CuL3)2] (22) 41340, 26070 18210 14060 
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Fig. 6.4. UV spectra of H2L1·C3H7NO and its Cu(II) complexes. 

 
         [(CuL1)2)] (18)                                         [CuL1pic] (19) 

 
         [CuL1py] (20)                                         [(CuL3)2] (22) 

Fig. 6.5. Visible spectra of Cu(II) complexes. 
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6.3.5. Electron paramagnetic resonance spectra 

Electron paramagnetic resonance is a branch of absorption spectroscopy 

in which radiation of microwave frequency is absorbed by a molecule or ion 

having unpaired electron(s).  Thus it is a convenient and effective way to 

probe the electronic structure of paramagnetic molecules. 

The copper(II) ion with a d9 configuration has an effective spin of S = 1/2 

and is associated with a spin angular momentum ms = ±1/2 leading to a doubly 

degenerate spin state in the absence of magnetic field.  In a magnetic field this 

degeneracy is lifted and the energy difference between these states is given by    

ΔE = hν = gβB where h is the Planck’s constant, ν is the microwave frequency for 

transition from ms = +1/2 to ms = -1/2, g is the Lande splitting factor (equal to 

2.0023 for a free electron), β is the Bohr magneton and B is the magnetic field 

strength.  The copper(II) ion, with an effective spin of S = 1/2 couples with 

nuclear spin of 63Cu (I = 3/2) and give rise to four (2nI+1 = 4) hyperfine lines. 

EPR spectroscopy plays an important role in determining the 

stereochemistry of copper complexes. For coordination geometries 

corresponding to an elongated octahedron, a square pyramid or square planar, 

the ground state is dx
2
-y

2.  When the coordination around Cu(II) ion is a 

compressed octahedron or a trigonal bipyramid, the ground state is dz
2.  EPR 

spectroscopy can distinguish the ground states dx
2
-y

2 and dz
2 on the basis of the 

principal values of the g tensor in the anisotropic spectra [26].  For copper(II) 

in most environments, the ground state magnetism is essentially spin only and 

orbital motion is said to be quenched.  The g factors are shifted from the free 

electron value of 2.0023 by spin-orbit coupling of the ground state to excited 

states [27]. 
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The EPR spectra of complexes 18-22 in polycrystalline state at 298 K 

and in frozen DMF at 77 K were recorded in the X band using 100 kHz field 

modulation and 9.4 GHz microwave frequency; g factors were quoted relative 

to the standard marker TCNE (g = 2.00277).  Some of the EPR spectra are 

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

included [28].   

In polycrystalline state at 298 K, [(CuL1)2] (18) displays a typical axial 

spectrum with g|| = 2.197 and g⊥ = 2.052 (Fig. 6.6).  In polycrystalline state, 

since it is magnetically concentrated the anisotropy may be lost.  Dilution of 

the solid isolates the electron spin of the given complex from that of another 

paramagnetic molecule.   

 

 
Fig. 6.6. EPR spectrum of [(CuL1)2] (18) in polycrystalline state at 298 K. 
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In frozen DMF at 77 K, complex 18 displays a well resolved axial 

spectrum with four hyperfine lines in both the perpendicular and parallel regions 

(g|| = 2.225, g⊥ = 2.030, A|| = 196 x 10 -4 cm-1 and A⊥ = 21 x 10-4 cm-1) and is 

presented in Fig. 6.7.  The trend g|| > g⊥> 2.0023 is consistent with dx
2
-y

2 

ground state in a square planar geometry [29].  But the expected 

superhyperfine splittings due to azomethine nitrogen are missing in this 

complex.   

 

 
Fig. 6.7. EPR spectrum of [(CuL1)2] (18) in DMF at 77 K. 

The complex [CuL1pic] (19) exhibits an axial spectrum in the 
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frozen DMF, it displays well-resolved axial anisotropy with four hyperfine 

splittings resulting from coupling of the electron spin with the spin of the 63Cu 
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nucleus (I = 3/2) (Fig. 6.9).  The pattern observed for g values, g|| > g⊥> 2.0023 

(g|| = 2.210, g⊥ = 2.061) suggests square planar geometry with unpaired 

electron in dx
2
-y

2  orbital.  

 
Fig. 6.8. EPR spectrum of [CuL1pic] (19) in polycrystalline state at 298 K. 

 
Fig. 6.9. EPR spectrum of [CuL1pic] (19) in DMF at 77 K. 
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The spectrum of [CuL1py] (20) is axial in nature in polycrystalline state 

at 298 K (Fig. 6.10) with well defined g|| and g⊥ features (g|| = 2.192, g⊥ = 2.054).  

In DMF at 77 K, it shows well resolved axial spectrum (g|| = 2.210, g⊥ = 2.059 

and A|| = 206 x 10-4 cm-1) with four hyperfine lines in the parallel region    

(Fig. 6.11).  Since g|| > g⊥> 2.0023, a square planar geometry can be assigned 

to this complex.  The g|| values are nearly the same for all the complexes 

indicating that the bonding is dominated by the hydrazone moiety rather than 

the heterocyclic base [30].  

 

 
Fig. 6.10. EPR spectrum of [CuL1py] (20) in polycrystalline state at 298 K. 
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Fig. 6.11. EPR spectrum of [CuL1py] (20) in DMF at 77 K. 

The complex [(CuL2)2]·2H2O (21) exhibits an isotropic spectrum    

(giso = 2.103) in the polycrystalline state at 298 K (Fig. 6.12).  Such isotropic 

spectrum consisting of only one broad signal and hence only one g value 

(giso) arises from extensive exchange coupling through misalignment of the 

local molecular axes between different molecules in the unit cell (dipolar 

broadening) and enhanced spin lattice relaxation.  This type of spectra 

unfortunately give no information on the electronic ground state of copper(II) 

ion present in the complex.  The complex 21 in frozen DMF at 77 K exhibits an 

axial spectrum with four hyperfine lines in the parallel region (g|| = 2.250,  

g⊥ = 2.063, A|| = 201 x 10 -4 cm-1) and in addition to this three 

superhyperfine signals are also observed (Fig. 6.13) which arise from the 

coupling of the electron spin with the nuclear spin of the azomethine 

nitrogen atom. 
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Fig. 6.12. EPR spectrum of [(CuL2)2]·2H2O (21) in polycrystalline state at 298 K. 

 

 
Fig. 6.13. EPR spectrum of [(CuL2)2]·2H2O (21) in DMF at 77 K. 
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In polycrystalline state at 298 K, the EPR spectrum of complex 

[(CuL3)2] (22) is found to be axial in nature (Fig. 6.14) with g|| = 2.097 and   

g⊥ = 2.026.  In frozen DMF at 77 K, the complex 22 displays well-resolved 

axial anisotropy with four hyperfine splittings in the parallel region          

(g|| = 2.200, g⊥ = 2.060, A|| = 190 x 10 -4 cm-1) resulting from coupling of the 

electron spin with the spin of the 63Cu nucleus (I = 3/2) (Fig. 6.15).  The trend 

of g values g|| > g⊥> 2.0023 observed for the complex indicates that the 

unpaired electron most likely resides in the dx
2
-y

2 orbital which is consistent 

with proposed planar stereochemistry.  

 

 
Fig. 6.14. EPR spectrum of [(CuL3)2] (22) in polycrystalline state at 298 K. 
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Fig. 6.15. EPR spectrum of [(CuL3)2] (22) in DMF at 77 K. 

All the complexes show well resolved axial spectra in frozen DMF at    

77 K with g|| > g⊥> 2.0023 relationship consistent with dx
2
-y

2 ground state in a 

square planar geometry.  The empirical factor, f = g|| / A|| (cm-1) is an index of 

tetragonal distortion and it may be vary from 105 to 135 for small to extreme 

distortion and that depends on the nature of the coordinated atoms.  In all the 

complexes f falls in the 107-115 cm range corresponding to small to medium 

distortion from planarity [31,32].  The EPR spectral parameters of the 

copper(II) complexes are presented in the Table 6.3. 
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Kivelson and Neiman showed that for an ionic environment g|| ≥ 2.3 

but for a covalent environment g|| < 2.3.  The fact that g|| values are less 

than 2.3 for all the complexes is an indication of significant covalent bond 

in them.  The higher g values observed in case of these complexes, when 

compared to the g value of a free electron, 2.0023, also indicate the 

covalent nature of the bond between the metal ion and the ligand.  The gav 

value of the complexe 21 in solution state is consistent with the giso value 

suggesting that it is not undergoing any kind of dissociation in the solution 

state [33,34].  The EPR spectra of dimeric complexes 18, 21 and 22 do not 

exhibit any half field signals typical for coupled binuclear complexes which 

may be due to the lack of enough intensity [35].  The geometric parameter 

G which is a measure of the exchange interaction between the copper 

centers in the polycrystalline state is calculated using the equation:             

G = g||
_2.0023/g⊥_2.0023 for axial spectra.  The G value in copper(II) 

complexes are less than 4.4 suggesting dx
2
-y

2 ground state with considerable 

exchange coupling [35,36].  

The EPR parameters g||, g⊥, A|| and the energies of d-d transitions are 

used to evaluate the bonding parameters α2, β2 and γ2 which may be regarded 

as measures of the covalency of the in-plane σ bonds, in-plane π bonds and 

out-of-plane π bonds respectively.  The fraction of the unpaired electron 

density located on the copper ion ie., value of in-plane σ-bonding parameter α2 

is estimated from the expression, 

α2 = _A||/0.036+( ||g _2.0023)+3/7(g⊥_2.0023)+0.04 
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The orbital reduction factors, K||
2 = α2β2 and K⊥

2 = α2γ2 are calculated 

using the following expressions  

||K
2 = ( ||g _2.0023) Ed-d /8λo 

⊥K 2 = (g⊥_2.0023) Ed-d /2λo 

where λo represents the spin orbit coupling constant with a value of _828 cm-1 

[37,38]. 

Hathaway has pointed out that for pure σ bonding, K|| ≈ K⊥ ≈ 0.77, and 

for in-plane π bonding, K|| < K⊥, while for out-of-plane π bonding, K⊥ < K|| 

[39].  Here in compounds 19, 20 and 22 it is observed that K|| < K⊥ which 

indicates the presence of significant in-plane π bonding.  In complex 18,     

K⊥< K||, i.e., out-of-plane π bonding is significant.  The values of bonding 

parameters α2, β2 and γ2  < 1.0 (value of 1.0 for 100% ionic character) indicate 

that the metal-ligand bonds in the complexes under investigation are partially 

ionic and partially covalent in nature.   

6.3.6. Thermogravimetric analysis 

The thermogravimetric analysis was carried out within the temperature 

range from room temperature to 700 °C.  The main aim of the thermal analysis 

is to obtain information concerning the thermal stability of the complex, the 

number of water molecules present in the complex and to decide whether they are 

inside or outside the coordination sphere [40]. Thermogram of [(CuL2)2]·2H2O 

(21) shows a weight loss of 4.48% (calcd. 4.19%) due to the removal of two 

molecules of lattice water in the 61-120 °C range.  Further degradation of the 

complex takes place between 218-420 °C with a weight loss of 42.68% (calcd. 
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42.28%) corresponds to the elimination of one of the hydrazone ligands.  

Beyond 490 °C a gradual weight loss occurs due to the thermal degradation of 

the remaining part of the complex and the decomposition is not completed up 

to 700 °C indicating strong ligand to metal bond. 

 
Fig. 6.16. Thermogram of [(CuL2)2]·2H2O (21). 

 

Thus, based on the above analytical and physico-chemical data, the 

proposed structures for some complexes are shown in Fig. 6.17.  Out of 

the five complexes synthesized, complexes 18, 21 and 22 are binuclear 

and the remaining two (19 and 20) are mononuclear mixed ligand metal 

chelates.  EPR study suggests a distorted square-planar structure for these 

complexes.   

 



Chapter 6 

172 

 
[CuL1pic] (19) 

 
[(CuL2)2]·2H2O (21) 

N N

O

N

O
Cu

NN

O

N

O
Cu

N

N

 
[(CuL3)2] (22) 

Fig. 6.17. Tentative structures of some of the Cu(II) complexes. 
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CChhaapptteerr  77		
SSYYNNTTHHEESSEESS,,  SSPPEECCTTRRAALL  CCHHAARRAACCTTEERRIIZZAATTIIOONN  AANNDD  CCRRYYSSTTAALL  

SSTTRRUUCCTTUURREESS  OOFF  ZZIINNCC((IIII))  AANNDD  CCAADDMMIIUUMM((IIII))  CCHHEELLAATTEESS  OOFF  
TTRRIIDDEENNTTAATTEE  AARROOYYLLHHYYDDRRAAZZOONNEESS  

7.1 Introduction 
7.2 Experimental 
7.3 Results and discussion  
 References 

 

7.1.  Introduction 

Zinc and its congener cadmium are different from the typical transition 

metals, which do not have partially filled d or f electron shells in the elemental 

or in its common oxidation states.  Similar to zinc, cadmium prefers +2 

oxidation state in most of its complexes (only very rare examples of +1 are 

known).  Zinc and cadmium are two heavy metals naturally occurring in small 

amounts in soil.  Zinc was named by the Swiss alchemist Theophrastus 

Bombastus von Hohenheim (1493-1541), who coined the new Latin word 

zincum from antecedents that are not clear.  Cadmium was discovered in 1817 

as an impurity in zinc by Stromeyer, who studied the deposits in lead and zinc 

furnaces called cadmiafornacis and accordingly the metal was called 

cadmium.  Zinc is a bluish-white metal of moderate strength, hardness and 

ductility.  Cadmium is a soft, malleable, ductile, bluish-white divalent  metal.  

C
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As a micronutrient, zinc is an essential element to maintain metabolic 

functions of living organisms.  Cadmium is a very toxic divalent heavy metal 

and is non-essential for plants.  For a long time, cadmium was used in 

fluorescence microscopy, semiconductor and chemical battery although the 

toxicity of cadmium largely limits its potential applications.  Zinc is the only 

metal known to be required for at least one enzyme in each of the major classes of 

enzymatic activities.  Zinc can function as an active site of hydrolytic enzymes, 

where it is ligated by hard donors (N or O).  It has long been recognized as an 

important co-factor in biological molecules, either as a structural template in 

protein folding or as a Lewis acid catalyst that can readily adopt the coordination 

numbers 4, 5 or 6 [1-3]. 

The chemical similarity of zinc(II) and cadmium(II) suggests that the 

latter may displace the former from the active site in enzymes containing 

zinc(II).  Elements having similar physical and chemical characteristics, such 

as Cd and Zn, might have biologically antagonistic impact on each other: Zn 

inhibits Cd intake and accumulation in plants and prevents Cd toxicity [4].  

Accordingly, Zn enhances antioxidant enzyme activities of zinc containing 

enzyme superoxide dismutase and competes Cd to bind –SH groups and 

membrane proteins of enzymes to protect plants against Cd toxicity [5].  

Cadmium is a known carcinogen that inactivates the DNA mismatch repair 

pathway.  Even though cadmium has been known as a toxic metal, the Cd(II) 

ion has recently been found to serve as the catalytic centre in a newly 

discovered carbonic anhydrase [6,7].  Cadmium can induce the synthesis of 

cadmium binding protein, in fact, the administration of cadmium and zinc to 

animals induce the synthesis of these proteins called metallothioneins, which 

play an important role in the metabolism of these elements [8]. 
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The coordination chemistry of zinc and cadmium in both non-biological 

and biological areas has been the subject of intensive studies.  Complexes of 

d10 metal ions, such as zinc(II) and cadmium(II) are of great interest because 

of their involvement in various biological processes [10-13].  Zn(II) and Cd(II) 

complexes have been very interesting in the context of their structural 

diversity and photophysical properties.  Noncentrosymmetric compounds of 

zinc and cadmium are promising materials for optical second harmonic 

generation as they possess wide transparent window in the visible and near 

infrared regions [14,15].  Zn(II) and Cd(II) complexes have also attracted 

considerable interest due to potential applications of their fluorescence 

properties [16,17]. 

The varieties of possible metal complexes with wide choice of hydrazone 

ligands, and coordination environments, have prompted us to undertake research 

in this area.  As a part of our continuing work on tridentate aroylhydrazones 

containing N and O donor atoms and in the light of the importance of Cd and 

Zn metals, we have synthesized and characterized five zinc(II) and five 

cadmium(II) complexes of the tridentate aroylhydrazones and studied the 

coordination behavior of hydrazones with these metals. 

7.2. Experimental 

7.2.1. Materials 

4-Benzyloxy-2-hydroxybenzaldehyde (Sigma-Aldrich), 5-bromo-2-

hydroxy-3-methoxybenzaldehyde (Sigma-Aldrich), 2-benzoylpyridine (Sigma-

Aldrich), nicotinic hydrazide (Sigma-Aldrich), 4-nitrobenzoic hydrazide (Sigma-

Aldrich), cadmium(II) acetate dihydrate (Merck), cadmium(II) bromide 

tetrahydrate (Sigma-Aldrich), zinc(II) acetate dihydrate (Sigma-Aldrich), 
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zinc(II) chloride (Sigma-Aldrich), pyridine (S.D.Fine) and 3-picoline (Sigma-

Aldrich) were of Analar grade and were used as received.  Solvents used were 

methanol, ethanol and DMF. 

7.2.2. Syntheses of hydrazones 

The syntheses of hydrazones 4-benzyloxy-2-hydroxybenzaldehyde-4-

nitrobenzoylhydrazone dimethylformamide monosolvate (H2L1·C3H7NO), 5-

bromo-2-hydroxy-3-methoxybenzaldehyde nicotinoylhydrazone dihydrate 

methanol monosolvate (H2L2·2H2O·CH3OH) and 2-benzoylpyridine-4-

nitrobenzoylhydrazone (HL4) have already discussed in Chapter 2.  

7.2.3. Syntheses of Zn(II) complexes  

7.2.3.1. [(ZnL1)2] (23) 

A methanolic solution of H2L1·C3H7NO (0.464 g, 1 mmol) was treated with 

a methanolic solution of zinc(II) acetate dihydrate (0.218 g, 1 mmol).  The 

solution was refluxed for 4 h. and the yellow colored complex separated out was 

collected, washed with methanol followed by ether and dried over P4O10 in vacuo.  

[(ZnL1)2] (23): Yield: 57%, λm(DMF): 9 ohm-1 cm2 mol-1, Elemental Anal. 

Found (Calcd.) (%): C: 55.00 (55.46); H: 3.45 (3.32); N: 9.37 (9.24). 

7.2.3.2. [ZnL1pic] (24) 

To a hot methanolic solution of H2L1·C3H7NO (0.464 g, 1 mmol), a 

methanolic solution of zinc(II) acetate dihydrate (0.218 g, 1 mmol) and 3-picoline 

(0.093 g, 1 mmol) were added.  The mixture was refluxed for 4 h. and kept 

overnight for cooling.  The yellow colored product formed was filtered, 

washed with methanol followed by ether and then dried over P4O10 in vacuo. 
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[ZnL1pic] (24): Yield: 55%, λm(DMF): 14 ohm-1 cm2 mol-1, Elemental 

Anal. Found (Calcd.) (%): C: 59.37 (59.19); H: 4.43 (4.05); N: 10.45 (10.23). 

7.2.3.3. [ZnL1py] (25) 

To a hot methanolic solution of H2L1·C3H7NO (0.464 g, 1 mmol), a 

methanolic solution of zinc(II) acetate dihydrate (0.218 g, 1 mmol) was added 

followed by pyridine (0.079 g, 1 mmol).  The resulting solution was refluxed 

for 4 h.  The yellow colored complex separated out was filtered, washed 

with methanol followed by ether and dried over P4O10 in vacuo. 

[ZnL1py] (25): Yield: 68%, Elemental Anal. Found (Calcd.) (%): C: 

58.14 (58.49); H: 3.40 (3.78); N: 10.34 (10.49). 

7.2.3.4. [(ZnL2)2]·H2O (26) 

A methanolic solution of H2L2·2H2O·CH3OH (0.418 g, 1 mmol) was 

treated with a methanolic solution of zinc(II) acetate dihydrate (0.218 g, 1 

mmol).  The solution was heated under reflux for 4 h.  The yellow colored 

complex formed was filtered, washed with methanol followed by ether and 

dried over P4O10 in vacuo. 

[(ZnL2)2]·H2O (26): Yield: 61%, λm(DMF): 15 ohm-1 cm2 mol-1, Elemental 

Anal. Found (Calcd.) (%): C: 39.46 (39.79); H: 2.93 (2.62); N: 10.10 (9.94). 

7.2.3.5. [Zn(L4)2]·0.5CH3OH·0.5CH3CH2OH (27)  

Methanolic solutions of HL4 (0.346 g, 1 mmol) and ZnCl2 (0.136 g, 1 mmol) 

were mixed and the reaction mixture was refluxed for 4 h.  The resulting 

solution was allowed to evaporate at room temperature and the yellow 

precipitate obtained was filtered, washed with methanol, followed by ether and 
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dried over P4O10 in vacuo.  Single crystals of the complex suitable for X-ray 

diffraction were obtained by recrystallization from a mixture of ethanol and 

methanol (1:1 v/v). 

[Zn(L4)2]·0.5CH3OH·0.5CH3CH2OH (27): Yield: 67%, λm(DMF): 13 

ohm-1 cm2 mol-1, Elemental Anal. Found (Calcd.) (%): C: 60.05 (59.67); 

H: 3.76 (3.93); N: 14.49 (14.09). 

7.2.4. Syntheses of Cd(II) complexes  

7.2.4.1. [CdL1(H2O)]2 (28) 

Methanolic solutions of H2L1·C3H7NO (0.464 g, 1 mmol) and 

Cd(CH3COO)2·2H2O (0.266 g, 1 mmol) were mixed and heated under reflux for 

4 h.  The product formed was yellow colored and it was filtered, washed with 

methanol followed by ether and dried over P4O10 in vacuo. 

[CdL1(H2O)]2 (28): Yield: 61%, Elemental Anal. Found (Calcd.) (%): C: 

49.02 (48.52); H: 3.17 (3.30); N: 8.54 (8.08). 

7.2.4.2. [CdL1pic] (29) 

This complex was synthesized by refluxing hot methanolic solutions of 

H2L1·C3H7NO (0.464 g, 1 mmol), Cd(CH3COO)2·2H2O (0.266 g, 1 mmol) 

and 3-picoline (0.093 g, 1 mmol) for 4 h.  The yellow colored product 

formed was filtered, washed with methanol followed by ether and dried 

over P4O10 in vacuo. 

[CdL1pic] (29): Yield: 59%, Elemental Anal. Found (Calcd.) (%): C: 

55.01 (54.51); H: 4.23 (3.73); N: 8.98 (9.42). 
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7.2.4.3. [CdL1py] (30) 

This complex was synthesized by refluxing hot methanolic solutions of 

H2L1·C3H7NO (0.464 g, 1 mmol), Cd(CH3COO)2·2H2O (0.266 g, 1 mmol) and 

pyridine (0.079 g, 1 mmol) for 4 h.  On slow evaporation, yellow colored solid 

formed was separated, washed with methanol followed by ether and dried over 

P4O10 in vacuo. 

[CdL1py] (30): Yield: 62%, Elemental Anal. Found (Calcd.) (%): C: 

53.25 (53.76); H: 3.82 (3.47); N: 9.45 (9.65). 

7.2.4.4. [(CdL2)2]·H2O (31) 

A solution of H2L2·2H2O·CH3OH (0.418 g, 1 mmol) in methanol was 

mixed with a methanolic solution of cadmium(II) acetate dihydrate (0.266 g,  

1 mmol) and the mixture was heated under reflux for 4 h. and cooled.  The 

yellow colored complex formed was filtered, washed with methanol followed 

by ether and dried over P4O10 in vacuo. 

[(CdL2)2]·H2O (31): Yield: 67%, λm(DMF): 10 ohm-1 cm2 mol-1, Elemental 

Anal. Found (Calcd.) (%): C:36.02 (35.81); H: 2.45 (2.36); N: 8.68 (8.95). 

7.2.4.5. [Cd(HL4)Br2]·C3H7NO (32)  

Methanolic solutions of HL4 (0.346 g, 1 mmol) and CdBr2·4H2O 

(0.344 g, 1 mmol) were mixed and heated under reflux for 4 h.  It was allowed 

to stand at room temperature and upon slow evaporation the light yellow 

colored crystalline product separated out was filtered, washed with methanol 

followed by ether and dried over P4O10 in vacuo.  Single crystals of the complex 

suitable for X-ray diffraction were obtained by recrystallization from a mixture of 

methanol and DMF (1:1 v/v). 
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[Cd(HL4)Br2]·C3H7NO (32): Yield: 75%, λm(DMF): 18 ohm-1 cm2 mol-1, 

Elemental Anal. Found (Calcd.) (%): C: 38.27 (38.20); H: 2.88 (3.06); 

10.39 (10.13). 

7.3.  Results and discussion 

The complexes 23, 26, 27, 28, 31 and 32 were prepared by refluxing the 

hydrazones and the corresponding metal(II) salts in 1:1 ratio, while the 

complexes 24, 25, 29 and 30 were prepared by refluxing corresponding 

hydrazones, metal salts and heterocyclic bases in 1:1:1 ratio.  Complexes 25, 

28, 29 and 30 are partially soluble in solvents like DMSO and DMF, while others 

are completely soluble in these solvents.  In complex 32, hydrazone coordinates 

in the neutral amido form while in others they are in the iminolate form.  

Single crystals of compounds 27 and 32 could be isolated and the structures 

were established by single crystal XRD studies.  The complexes were 

characterized by the following physico-chemical methods.   

7.3.1. Elemental analyses 

Elemental analyses data (C, H, N) of all complexes are given in Section 

7.2.3-7.2.4.  The observed C, H, N values show that all the complexes are 

analytically pure and are consistent with the stoichiometry of the formula 

given in Section 7.2.3 and 7.2.4. 

7.3.2. Molar conductivity measurements 

The synthesized complexes [ZnL1py] (25), [CdL1(H2O)]2 (28), 

[CdL1pic] (29) and [CdL1py] (30) are partially soluble in most of the common 

solvents like DMSO, DMF, ethanol, methanol etc. and therefore, conductance 

measurements of these complexes were not carried out. The molar 
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conductivities of the soluble complexes 23, 24, 26, 27, 31 and 32 in DMF   

(10-3 M) were measured at 298 K with a Systronic model 303 direct reading 

conductivity bridge.  The molar conductance values of these complexes lie 

in the 4-18 ohm-1 cm2 mol-1 range which is much less than the value of    

65-90 ohm-1 cm2 mol-1 obtained for a 1:1 electrolyte in the same solvent.  

These low values indicate their non-electrolytic nature as expected [18]. 

7.3.3. Infrared spectra 

The comparison of the IR spectra of the complexes with that of the 

parent aroylhydrazones helps to establish the mode of coordination of the 

ligands to the metal center.  The tentative infrared spectral assignments of the 

complexes are listed in Table 7.1.  In principle, the hydrazone can exhibit 

amido-iminol tautomerism since it contains –NH–C=O functional group.  In all 

the complexes synthesized for our present study, except in complex 32, the 

hydrazone coordinates in the iminolate form, while in complex 32, it is in the 

amido form.  The ν(C=O) bands observed in the 1632-1683 cm-1 region in the 

infrared spectra of the free hydrazones disappear in those of the complexes, 

except in 32, but new bands appear in the 1210-1313 cm-1 region probably due 

to ν(C–O) stretching, suggesting the iminolization followed by deprotonation 

of hydrazones and chelation of iminolate oxygen with the metal ion.  

Correspondingly v(N–H) bands disappear and new ν(C=N) bands are appeared 

in the 1515-1534 cm-1 region, due to the stretching frequency of the newly formed 

C=N group which results by the iminolization of the ligands, except in complex 

32 [19].  In complex 32, ν(C=O) band is shifted to lower frequency by 4 cm-1  

indicating coordination through the carbonyl oxygen and suggesting the 

existence of ligand in the amido form [20].  The stretching frequencies of the 

azomethine (C=N) group of the free hydrazones observed in the 1597-1609 cm-1 
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region are shifted to 1593-1606 cm-1 region in complexes, in agreement with 

coordination of the azomethine nitrogen in their complexes.  The bands at 

3488 and 3505 cm-1 ascribed to phenolic –OH group for H2L1 and H2L2 

respectively have disappeared, giving evidence for deprotonation of phenolic 

–OH and its coordination to the central metal ion.  The ligand coordination to 

the metal center is substantiated by bands in the 480-565 cm-1 and 412-480 cm-1 

regions, attributable to stretching modes of the metal to ligand bonds,   

v(M–O) and v(M–N) respectively.  For the complexes 24, 25, 27, 29, 30 and 

32 the bands in the 753-1462 cm-1 region are assigned to coordinated pyridine 

ring.  The complexes 26, 28 and 31 also show broad bands centered at 3437, 

3430 and 3420 cm-1 respectively due to the presence of water molecules in 

these complexes [19-22].  IR spectra of some complexes are presented in  

Figs. 7.1-7.5.   

Table 7.1. The important IR frequencies (cm-1) of Zn(II) and Cd(II) complexes 
of hydrazones 

 

Compound ν(C=N) ν(C=N)a

 
ν(C=O)/
ν(C–O) 

ν(M–O) ν(M–N) 

[(ZnL1)2] (23) 1599 1534 1218 530 431 
[ZnL1pic] (24) 1601 1525 1210 502 469 
[ZnL1py] (25) 1600 1529 1217 480 417 
[(ZnL2)2]·H2O (26) 1606 1515 1225 565 445 
[Zn(L4)2]·0.5CH3OH·0.5CH3CH2OH (27) 1594 1519 1313 513 412 
[CdL1(H2O)]2 (28) 1597 1533 1217 512 466 
[CdL1pic] (29) 1600 1530 1220 511 466 
[CdL1py] (30) 1593 1534 1216 513 468 
[(CdL2)2]·H2O (31) 1600 1522 1239 537 480 
[Cd(HL4)Br2]·C3H7NO (32)  1593 ---- 1673 521 416 
a Newly formed C=N 
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Fig. 7.1. IR spectrum of [ZnL1pic] (24) . 

 
Fig. 7.2. IR spectrum of [ZnL1py] (25). 
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Fig. 7.3. IR spectrum of [CdL1(H2O)]2 (28).  

 
Fig. 7.4. IR spectrum of [CdL1py] (30). 
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Fig. 7.5. IR spectrum of [Cd(HL4)Br2]·C3H7NO (32). 

7.3.4. Electronic spectra 

The electronic spectra of the Zn(II) and Cd(II) complexes were 

recorded in DMF and spectral data are given in Table 7.2.  Electronic 

spectra of some of the complexes are presented in Figs.7.6-7.9. The 

absorption bands due to n→π* and π→π* transitions of free hydrazones 

suffered considerable shift upon complexation.  This is due to the weakening 

of the C=O bond and the extension of conjugation upon complexation.  This 

may also due to the involvement of phenolate oxygen atom and azomethine 

nitrogen atom in coordination.  The new bands observed for complexes in the 

22060-24820 cm-1 region can be assigned to the metal to ligand charge 

transfer transitions.  No appreciable absorptions occurred below 20000 cm-1 

indicating the absence of d-d bands which is in accordance with d10 

configuration of Zn(II) and Cd(II) ions [23,24]. 
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Table 7.2. Electronic spectral assignments (cm-1) of Zn(II) and Cd(II) complexes 
of hydrazones 

 

Compound  n→π*/π→π* MLCT 

[(ZnL1)2] (23) 36780, 31250 23210 

[ZnL1pic] (24) 36450, 30930 23110 

[ZnL1py] (25) 36660, 31630 23470 

[(ZnL2)2]·H2O (26) 36540, 31590 24400 

[Zn(L4)2]·0.5CH3OH·0.5CH3CH2OH (27) 36480 24820 

[CdL1(H2O)]2 (28) 36830, 29310 22500 

[CdL1pic] (29) 36430, 29480 22060 

[CdL1py] (30) 36340, 30360  22540 

[(CdL2)2]·H2O (31) 36570, 32980 24820 

[Cd(HL4)Br2]·C3H7NO (32)  36400 24640 
 

 
Fig. 7.6. Electronic spectra of H2L1·C3H7NO and its Zn(II) complexes. 
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Fig. 7.7. Electronic spectra of H2L1·C3H7NO and its Cd(II) complexes. 

 
Fig. 7.8. Electronic spectra of H2L2·2H2O·CH3OH and its Zn(II) complex. 
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Fig. 7.9. Electronic spectra of HL4 and its Zn(II) complex. 

7.3.5. X-ray crystallography 

Single crystals of complex [Zn(L4)2]·0.5CH3OH·0.5CH3CH2OH (27) 

suitable for X-ray diffraction studies were obtained by recrystallization from 

a mixture of ethanol and methanol (1:1 v/v) while that of complex 

[Cd(HL4)Br2]·C3H7NO (32) were obtained by recrystallization from a mixture 

of DMF and methanol (1:1 v/v).  Single crystals of dimensions 0.30 × 0.20 × 

0.20 mm3 of the complex 27 and 0.30 × 0.25 × 0.20 mm3 of the complex 32 

were selected and mounted on a Bruker SMART APEXII CCD diffractometer 

with graphite-monochromated Mo Kα (λ = 0.71073 Å) radiation at the  

Sophisticated Analytical Instruments Facility (SAIF), Cochin University of 

Science and Technology, Kochi-22, Kerala, India.  The crystallographic data 

and structure refinement parameters for the complexes 27 and 32 are given in 

Tables 7.3 and 7.5 respectively.  Bruker SMART software was used for data 

acquisition and Bruker SAINT software for data integration [25].  The 
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structure was solved by direct methods using SHELXS97 and refined by full-

matrix least-squares refinement on F2 using SHELXL97 [26].  The molecular 

and crystal structures were plotted using DIAMOND version 3.2g [27]. 

In [Zn(L4)2]·0.5CH3OH·0.5CH3CH2OH (27) and [Cd(HL4)Br2]·C3H7NO 

(32) all non-hydrogen atoms were refined anisotropically and all H atoms on C 

were placed in calculated positions, guided by difference maps, with C–H 

bond distances 0.93–0.96 Å.  The H atoms were assigned as Uiso=1.2Ueq (1.5 

for Me).  In complex 27, H atoms of O13–H13 and O14–H14 were located 

from difference maps and the bond distances were restrained using DFIX 

instructions.  N3–H3′ H atom of complex 32 was located from difference maps 

and refined isotropically.   

7.3.5.1. Crystal structure of [Zn(L4)2]·0.5CH3OH·0.5CH3CH2OH (27) 

The molecular structure of the bis-ligated complex, 

[Zn(L4)2]·0.5CH3OH·0.5CH3CH2OH (27) (Fig.7.10) shows that it is monomeric, 

with each tridentate ligand coordinating to the Zn(II) ion in a monodeprotonated 

iminolate form.  The selected bond lengths and angles are given in Table 7.4.  

The complex crystallizes in to a monoclinic space group P21/c.  The Zn(II) 

centre is hexacoordinated and the coordination around the Zn(II) ion can be 

best described as a distorted octahedron with a ZnO2N4 chromophore.  Each 

Zn atom is coordinated by azomethine nitrogen, iminolate oxygen and pyridyl 

nitrogen from two monodeprotonated hydrazone ligands.  The cis angles O(4)–

Zn(1)–N(1), N(6)–Zn(1)–N(1), O(1)–Zn(1)–N(5) and N(2)–Zn(1)–N(1) are 

91.1(8)°, 90.6(9)°, 94.2(8)° and 75.1(8)° and trans angles N(6)–Zn(1)–N(2), 

O(1)–Zn(1)–N(1), O(4)–Zn(1)–N(5) are 165.3(9)°, 150.0(8)°, 147.0(9)° 

respectively indicating that the complex 27 has large distortion from 
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octahedral geometry.  All the angles subtended at the Zn(II) ion by donor 

atoms show marked deviation from that expected for an ideal octahedral 

geometry.  The torsion angle of 178.04° observed for C(5)–C(6)–N(2)–N(3) 

supports E configuration with respect to N(2)=C(6) bond.  It is interesting to 

note that the proligand changes from Z configuration to E (with respect to 

N(2)=C(6) bond) upon complexation.  The asymmetric unit consists of two 

molecules of Zn(II) complexes with one ethanol and methanol molecules as 

solvates (Fig. 7.11).  Each of the two molecules in the asymmetric unit of 27 

have very similar structural parameters and are comparable to those observed 

in other similar Zn(II) complexes [28].   

 
Fig. 7.10. Molecular structure of [Zn(L4)2]·0.5CH3OH·0.5CH3CH2OH (27) 

(solvent molecules are omitted for clarity). 
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Table 7.3.  Crystal data and structure refinement parameters for 
[Zn(L4)2]·0.5CH3OH·0.5CH3CH2OH (27) 

Parameters [Zn(L4)2]·0.5CH3OH·0.5CH3CH2OH (27) 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
 
 
 
 
 
Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(000)   
Crystal size 
θ range for data collection   
Limiting indices 
 
 
Reflections collected   
Unique Reflections (Rint) 
Refinement method 
Data / restraints / parameters  
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data)   
Largest diff. peak and hole   

C79H62N16Zn2O14 
1590.25 
293 K 
0.71073 Å 
Monoclinic 
P21/c 
a = 28.874(4) Å 
b = 14.442(2) Å 
c = 18.019(2) Å 
α = 90.00° 
β = 90.12(5)° 
γ= 90.00° 
7513.9(18) Å3 
4 
1.371 mg/m3 
0.715 mm-1 
3192 
0.30 x 0.20 x 0.20 mm3 

1.33 to 25.00° 
-30 ≤ h ≤ 34 
-17 ≤ k ≤ 10 
-21 ≤ l ≤ 14 
23962  
13178 [R(int) =  0.1060]  
Full-matrix least-squares on F2 

13178 / 2452 / 1188  
0.938 
R1 = 0.0857, wR2 = 0.1859 
R1 = 0.2997, wR2 =0.3058 
0.620 and -0.486 e Å-3 

R1 = Σ||Fo|-|Fc|| / Σ|Fo| 

wR2 = [Σw(Fo
2-Fc

2)2 / Σw(Fo
2)2]1/2 
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Fig. 7.11. Asymmetric unit of [Zn(L4)2]·0.5CH3OH·0.5CH3CH2OH (27). 

The Zn(II) center is shared by two fused five membered chelate rings.  

The bicyclic chelate system [N(1), C(5), C(6), N(2), N(3), C(13), O(1), Zn(1)] 

makes a dihedral angle of 84.87° with its counterpart [N(5), C(24), C(25), 

N(6), N(7), C(32), O(4), Zn(1)] and is approximately planar with a maximum 

mean plane deviation of 0.088 Å for Zn(1). 
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 Table 7.4.  Selected bond lengths and angles for complex 
[Zn(L4)2]·0.5CH3OH·0.5CH3CH2OH (27) 

Bond lengths (Å) Bond angles (°) 

Zn(1)–N(1)      2.262(2) O(4)–Zn(1)–N(1) 91.1(8) 

Zn(1)–N(2)      2.080(2) N(5)–Zn(1)–N(1) 99.1(8) 

Zn(1)–O(1)      2.045(19) N(6)–Zn(1)–N(1) 90.6(9) 

Zn(1)–N(5) 2.190(2) N(2)–Zn(1)–N(1) 75.1(8) 

Zn(1)–N(6) 2.060(2) N(6)–Zn(1)–N(5) 73.0(9) 

Zn(1)–O(4) 2.110(2) O(1)–Zn(1)–N(5) 94.2(8) 

C(13)–O(1)    1.240(2) N(2)–Zn(1)–O(4) 107.6(9) 

C(32)–O(4)      1.310(3) N(6)–Zn(1)–O(4)        75.6(9) 

N(2)–C(6)  1.270(3) N(2)–Zn(1)–N(5)        105.3(9) 

N(2)–N(3)    1.333(2) N(6)–Zn(1)–N(2) 165.3(9) 

C(13)–N(3)      1.370(3) O(4)–Zn(1)–N(5) 147.0(9) 

N(7)–C(32)  1.290(3) O(1)–Zn(1)–N(1) 150.0(8) 

 
The Zn–N(azo) bond lengths are less compared to Zn–N(py) indicating 

the strength of former bond than the latter.  The Zn–N(py), Zn–N(azo) and 

Zn–O bond lengths observed here are within the range reported for other 

similar complexes of divalent metal ions [28].  The ligand has undergone 

amido-iminol tautomerism and coordination through iminolate oxygen is 

confirmed from the increased bond length of C(13)–O(1) and C(32)–O(4) 

bonds of complex when compared to the corresponding value in the free 

ligand.  Here packing of the complex is stabilized by weak non-conventional 

hydrogen bonding interactions.  The unit cell packing diagram of the complex 

27 viewed along c axis is given in Fig. 7.12.  
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Fig. 7.12.  Packing diagram of Zn(L4)2]·0.5CH3OH·0.5CH3CH2OH (27) viewed 

along c axis. 

7.3.5.2. Crystal structure of [Cd(HL4)Br2]·C3H7NO (32) 

The molecular structure of the mononuclear Cd(II) complex with the 

atom numbering scheme is shown in Fig. 7.13.  The complex crystallizes as a 

DMF solvate in the monoclinic space group P21/n.  In this complex, Cd(II) ion 

is in a pentacoordinated environment and the coordination sites are occupied by 

azomethine nitrogen N(2), pyridyl nitrogen N(1) and ketoxy oxygen O(1) of the 

hydrazone ligand and the remaining coordination positions are occupied by two 

bromide ions.  The proligand HL4, adjusts in such a fashion that the Z 

configuration is changed to E upon complexation.  The oxygen atom of the 

hydrazone ligand is coordinated to the metal atom in amido form, which is 

confirmed by the single bond nature of C(13)–N(3) (1.371 Å) and double bond 

nature of C(13)–O(1) (1.217 Å) bonds.   
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The bond lengths, Cd–N(py), 2.358(4) Å and Cd–N(azo), 2.360(3) Å are 

very similar to other Cd(II) complexes of hydrazones [30].  The bond distances 

to Cd are in the order Cd–N(py) < Cd–N(azo) < Cd–O(ketoxy) < Cd–Br(2)            

< Cd–Br(1).  The basal plane involves either Br(1) or Br(2) with hydrazone 

moiety and the Cd atom is displaced with a distance of 0.9667 Å above the basal 

plane.  The dihedral angle between the two aromatic rings of 2-benzoylpyridine 

part of the hydrazone ligand is 62.45° and that between phenyl ring of the 

hydrazide part and pyridyl ring is 19.42°.  The selected bond lengths and bond 

angles are given in Table 7.6.   

 
Fig. 7.13. Molecular structure of [Cd(HL4)Br2]·C3H7NO (32) (DMF molecule 

is omitted for clarity). 
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Table 7.5.  Crystal data and structure refinement parameters for 
[Cd(HL4)Br2]·C3H7NO (32) 

Parameters [Cd(HL4)Br2]·C3H7NO (32) 

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
 
 
 
 
 
Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(000)   
Crystal size 
θ range for data collection   
Limiting indices 
 
 
Reflections collected   
Unique Reflections (Rint) 
Refinement method 
Data / restraints / parameters  
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data)   
Largest diff. peak and hole   

C22H21Br2CdN5O4 
691.65 
293 K 
0.71073 Å 
Monoclinic 
P21/n 
a = 8.333(7) Å 
b = 18.789(2) Å 
c = 16.809(17) Å 
α = 90.00° 
β = 97.18(4)° 
γ = 90.00° 
2611.4(4) Å3 
4 
1.759 mg/m3 
3.933 mm-1 
1352 
0.30 x 0.25 x 0.20 mm3 

2.67 to 25.00° 
-7 ≤ h ≤ 9 
-21 ≤ k ≤ 22 
-19 ≤ l ≤ 19 
16940 
4588 [R(int) =  0.0429]  
Full-matrix least-squares on F2 

4561 / 0 / 309 
1.017 
R1 = 0.0350, wR2 = 0.0769 
R1 = 0.0631, wR2 =0.0880 
741 and -0.482 e Å-3 

R1 = Σ||Fo|-|Fc|| / Σ|Fo| 
wR2 = [Σw(Fo

2-Fc
2)2 / Σw(Fo

2)2]1/2 
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 Table 7.6.  Selected bond lengths and angles for complex 
[Cd(HL4)Br2]·C3H7NO (32) 

 

Bond lengths (Å) Bond angles (°) 

Cd(1)–N(1)      2.358(4) N(1)–Cd(1)–N(2)           67.60(12) 

Cd(1)–N(2)      2.360(3) N(1)–Cd(1)–O(1)           133.93(12) 

Cd(1)–O(1)      2.401(3) N(2)–Cd(1)–O(1)           66.88(11) 

Cd(1)–Br(1) 2.554(7) N(1)–Cd(1)–Br(2)          100.83(9) 

Cd(1)–Br(2) 2.532(6) N(2)–Cd(1)–Br(2)          113.28(9) 

C(6)–N(2) 2.283(5) O(1)–Cd(1)–Br(2)          103.09(8) 

N(2)–N(3)  1.378(4) N(1)–Cd(1)–Br(1)          99.99(9) 

C(13)–N(3)      1.371(5) N(2)–Cd(1)–Br(1)          120.84(9) 

C(13)–O(1)      1.217(5) O(1)–Cd(1)–Br(1)          96.99(9) 
 

According to Addison et al., for five coordinated complexes, the 

angular structural parameter (τ) is used to propose an index of trigonality.  

The value of τ is defined by an equation represented by τ = (β–α)/60, where 

β is the greatest basal angle and α is the second greatest angle; τ is 0 for 

square pyramidal forms and 1 for trigonal bipyramidal forms [30,31].  

However, in the case of the five coordinate systems, the structures vary 

from near regular trigonal bipyramidal (RTB) to near square based 

pyramidal (SBP).  The value of τ for the complex 32 is 0.21 indicating that 

the coordination geometry around Cd(II) is best described as distorted 

square based pyramidal geometry.  The cis angles N(1)–Cd(1)–Br(2) and  N(1)–

Cd(1)–Br(1) are 100.83(9)° and 99.99(9)° and trans angles N(1)–Cd(1)–O(1) 

and N(2)–Cd(1)–Br(1) are 133.93(12)° and 120.84(9)° respectively indicating 

that the complex 32 has large distortion from square pyramidal geometry.  The 

coordination polyhedra present in a unit cell is shown in Fig. 7.14. 
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Fig. 7.14. Coordination polyhedra in a unit cell. 

In the unit cell, π···π and hydrogen bonding interactions are observed 

(Figs. 7.15-7.16).  A strong conventional N(3)–H(3')···O(4) hydrogen bond is 

present in the crystal structure in which the oxygen atom of the solvent 

dimethylformamide acts as the acceptor.  The π···π interaction is present  

between Cg(3) rings [N(1), C(1), C(2), C(3), C(4), C(5)] of neighboring 

molecules at a Cg···Cg distance of 3.711(3) Å.  The intermolecular hydrogen 

bonding interactions supported with π···π interactions establish a 

supramolecular linkage among the molecules in the crystal system.  The unit 

cell packing diagram of the complex 32 viewed along c axis is given in       

Fig. 7.17.  
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Table 7.7. Interaction parameters of [Cd(HL4)Br2]·C3H7NO (32) 

Hydrogen bonding interaction 
D–H···A  D–H (Å) H···A (Å)  D···A (Å)  D–H···A (°) 

N(3)–H(3′)···O(4)a 0.86 1.98 2.744(5) 146.6 

π···π interactions  

Cg(I)···Cg(J) Cg···Cg (Å) α (º)  β (º)  

Cg(3)···Cg(3)b 3.711(3) 0 22.60 
Equivalent position codes : a = x-1, y, z; b = 1-x, 1-y, 2-z
Cg(3) =N(1), C(1), C(2), C(3), C(4), C(5) 
D, Donor; A, acceptor; Cg, Centroid; α, dihedral angle between planes I & J; β, 
angle between Cg···Cg and Cg(J) perp. 

 
 

 
Fig. 7.15. The π···π interaction in [Cd(HL4)Br2]·C3H7NO (32). 
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Fig. 7.16. Hydrogen bonding interaction shown as dotted line. 

 
Fig. 7.17. Packing diagram of complex viewed along c axis. 
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7.3.6. Thermogravimetric analyses 

Thermogravimetry is a powerful method for determining complex 

stoichiometries.  The thermal analyses of the complexes 26, 28 and 31 were 

carried out in the 50-700 °C range in dynamic nitrogen atmosphere.  The 

complexes show a gradual weight loss indicating decomposition by 

fragmentation with increasing temperature.  Thermogravimetric analyses of 

the complexes gave information concerning the thermal stability and the 

nature of water molecules in the complexes [32,33].  It was observed that the 

hydrated complexes lose water of hydration in the first step, followed by 

decomposition of ligand molecules in the subsequent steps.  Analyses show that the 

weight loss for lattice water are observed below 200 °C and weight loss due to 

coordinated water molecules are in the 200-350 °C range.  The thermograms of 

complexes 26, 28 and 31 are presented in Figs. 7.18-7.20. 

For the complex [(ZnL2)2]·H2O (26), the first step in the decomposition 

sequence within the temperature range of 70-94 °C corresponds to the loss of 

one molecule of lattice water present in the complex.  The observed weight 

loss of 1.93% is in good agreement with the calculated value of 2.13%.  The 

anhydrous complex is stable up to 210 °C.  The decomposition of the ligands 

take place in the 210-601 °C range and after this temperature a plateau is 

obtained, which indicates the formation of stable metal oxide (Fig. 7.18). 

In [CdL1(H2O)]2 (28), the first weight loss of 3.96% (calcd. 3.46%) is 

observed in the 220-250 °C range indicating the presence of two coordinated 

water molecules.  Above 350 °C, the compound decomposes gradually due to 

the removal of the organic part of the complex (Fig. 7.19). 
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Fig. 7.18. Thermogram of [(ZnL2)2]·H2O (26). 

 

 
Fig. 7.19. Thermogram of [CdL1(H2O)]2 (28).  
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In [(CdL2)2]·H2O (31), a weight loss of 1.87% is observed in the 65-97 °C 

range due to the loss of one molecule of water from its lattice (calcd. 1.91%).  The 

anhydrous complex is stable up to 294 °C.  After this temperature, the complex 

undergoes two step degradation in the 294-707 °C range corresponding to the 

degradation of two molecules of ligands and finally reduces to cadmium oxide.  

The observed weight loss of 79.00% is close to the calculated value (75.57%) 

(Fig. 7.20). 
 

 

Fig. 7.20. Thermogram of [(CdL2)2]·H2O (31). 

On the basis of the physico-chemical measurements discussed above, the 

tentative structures proposed for some Zn(II) and Cd(II) complexes are 

presented below.  In all complexes except 32, the hydrazones exist in the 

iminolate form, while in 32 it is in the amido form.  Compounds 23, 26, 28 

and 31 are dimeric in nature while others are monomeric metal chelates.   
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[(ZnL1)2] (23) 

 
[CdL1pic] (29) 

 
[(CdL2)2]·H2O (31) 

Fig. 7.21. Tentative structures of some of the Zn(II) and Cd(II) complexes. 
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CChhaapptteerr  88		
SSYYNNTTHHEESSEESS,,  SSPPEECCTTRRAALL  CCHHAARRAACCTTEERRIIZZAATTIIOONN  AANNDD  CCRRYYSSTTAALL  

SSTTRRUUCCTTUURREE  OOFF  DDIIOOXXIIDDOOMMOOLLYYBBDDEENNUUMM((VVII))  CCHHEELLAATTEESS  OOFF  
TTRRIIDDEENNTTAATTEE  AARROOYYLLHHYYDDRRAAZZOONNEESS  

8.1 Introduction 
8.2 Experimental 
8.3 Results and discussion  
 References 

 

8.1.  Introduction 

Molybdenum is a hard, silver-white transition metal discovered by Swedish 

chemist Carl Wilhelm Scheele in 1778.  Molybdenum is a biologically important 

trace metal that occurs in the redox-active sites of molybdoenzymes involved 

in nitrogen, carbon or sulfur metabolism.  Among the second series of 

transition metals, only molybdenum represents a biometal important for 

microorganisms, plants and animals [1].  The biochemical importance of 

molybdenum is due to its ability to provide facile electron-transfer pathways, a 

consequence of the easy inter-convertibility of the different oxidation states 

and to form bonds with nitrogen and oxygen donors, which are sufficiently 

strong to permit the existence of stable complexes but also sufficiently labile 

to permit facile ligand exchange reactions or changes in the molybdenum 

coordination number.  The mononuclear molybdoenzymes containing terminal 

oxo group(s) are believed to be obligatory for the oxotransferase activity of 

C
on

te
nt

s 
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these enzymes.  The mechanism of molybdenum oxotransferase has extensively 

been investigated for a long time.  Some of the complexes possess oxygen atom 

transfer properties as they were found to oxidize thiols, hydrazine, polyketones 

and tertiary phosphines [2,3]. 

Coordination chemistry of molybdenum still engages the attention of 

researchers due to the chemistry of its oxidation state, coordination number, 

ligating atoms, their impact on structure, reactivity and also because of the 

potential applications of molybdenum compounds [4-7]. Studies on 

oxidomolybdenum and dioxidomolybdenum complexes have opened up a new 

vista of research and analysis of uncharted biochemical significance [8-13].  

Molybdenum complexes with hydrazone ligands have been reported to possess 

interesting antibacterial activities [14].  The molybdenum complexes of 

hydrazones show remarkable catalytic activities in several industrial processes 

such as epoxidation of olefins [15], oxidation of sulfides [16-17], olefin 

metathesis [18], ammoxidation of propene [19] and isomerization of allylic 

alcohols [20]. 

Molybdenum is a versatile transition metal with a large number of stable 

and accessible oxidation states, the oxidation states +4, +5 and +6 have received 

much attention recently.  It has been reported that dioxidomolybdenum(VI) and 

oxidomolybdenum(V) complexes are stable, whereas oxidomolybdenum(IV) 

complexes are unstable, but stable at vacuum condition [21].  Complexes 

containing the oxidomolybdenum and dioxidomolybdenum groups 

dominate the higher oxidation state of molybdenum [22].  Most simple 

dioxidomolybdenum(VI) coordination complexes contain the cis-MoO2
2+ 

cation.  The studies on dioxidomolybdenum complexes of the type MoO2L 
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derived from dianionic tridentate ligand system are particularly significant 

because they provide an open coordination site that can be utilized for 

substrate binding [23].  For that reason dioxidomolybdenum(VI) complexes 

with dibasic tridentate ligands occupy a significant place within the scope of 

fundamental chemistry of this metal. 

8.2.  Experimental 
8.2.1. Materials 

4-Benzyloxy-2-hydroxybenzaldehyde (Sigma-Aldrich), 5-bromo-2-hydroxy-

3-methoxybenzaldehyde (Sigma-Aldrich), 4-diethylamino-2-hydroxybenzal-

dehyde (Sigma-Aldrich), nicotinic hydrazide (Sigma-Aldrich), 4-nitrobenzoic 

hydrazide (Sigma-Aldrich) and MoO2(acac)2 (Sigma-Aldrich) were of Analar 

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

dimethylformamide.   

8.2.2. Syntheses of hydrazones 

The syntheses of hydrazones 4-benzyloxy-2-hydroxybenzaldehyde-4-

nitrobenzoylhydrazone dimethylformamide monosolvate (H2L1·C3H7NO),      

5-bromo-2-hydroxy-3-methoxybenzaldehyde nicotinoylhydrazone dihydrate 

methanol monosolvate (H2L2·2H2O·CH3OH) and 4-diethylamino-2-

hydroxybenzaldehyde nicotinoylhydrazone monohydrate (H2L3·H2O) have 

already discussed in Chapter 2.  

8.2.3. Syntheses of MoO2(VI) complexes  
8.2.3.1. [(MoO2L1)2] (33) 

The complex [(MoO2L1)2] (33) was prepared by refluxing methanolic 

solutions of H2L1·C3H7NO (0.464 g, 1 mmol) and MoO2(acac)2 (0.326 g,            

1 mmol) for 4 h.  The resulting solution was allowed to evaporate at room 
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temperature and the orange colored product formed was filtered, washed with 

methanol followed by ether and dried over P4O10 in vacuo. 

[(MoO2L1)2] (33): Yield: 69%, λm (DMF): 8 ohm-1 cm2 mol-1, Elemental 

Anal. Found (Calcd.) (%): C: 48.51 (48.76); H: 3.03 (2.92); N: 7.70 (8.12). 

8.2.3.2. [MoO2L1DMF] (34)  

To a solution of H2L1·C3H7NO (0.464 g, 1 mmol) in DMF, MoO2(acac)2 

(0.326 g, 1 mmol) in DMF was added.  The resultant solution was refluxed 

for 4 h.  This was cooled and the orange colored crystalline complex formed 

was collected, washed with methanol followed by ether and dried over P4O10 

in vacuo. 

[MoO2L1DMF] (34): Yield: 67%, λm (DMF): 11 ohm-1 cm2 mol-1, 

Elemental Anal. Found (Calcd.) (%): C: 48.98 (48.82); H: 3.93 (3.76); N: 

9.87 (9.49). 

8.2.3.3. [(MoO2L2)2]·2H2O (35) 

 A solution of H2L2·2H2O·CH3OH (0.418 g, 1 mmol) in methanol was 

treated with a methanolic solution of MoO2(acac)2 (0.326 g, 1 mmol) and 

refluxed for 4 h.  The resulting orange solution was allowed to stand at room 

temperature and after slow evaporation the orange colored complex formed 

was filtered, washed with methanol followed by ether and dried over P4O10 

in vacuo. 

[(MoO2L2)2]·2H2O (35): Yield: 65%, λm (DMF): 9 ohm-1 cm2 mol-1, 
Elemental Anal. Found (Calcd.) (%): C: 34.33 (34.03); H: 2.98 (2.45); 
N: 8.29 (8.50). 
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8.2.3.4. [(MoO2L3)2] (36)  

Methanolic solutions of H2L3·H2O (0.330 g, 1 mmol) and MoO2(acac)2 

(0.326 g, 1 mmol) were mixed and the resulting mixture was refluxed for    

4 h.  The orange colored complex separated out was filtered, washed with 

methanol followed by ether and dried over P4O10 in vacuo. 

[(MoO2L3)2] (36): Yield: 65%, λm (DMF): 3 ohm-1 cm2 mol-1, Elemental 

Anal. Found (Calcd.) (%): C: 46.33 (46.59); H: 4.32 (4.14); N: 12.58 

(12.78). 

8.3.  Results and discussion 

 Out of the four Mo(VI) complexes presented here, complexes 33, 35 

and 36 were synthesized by refluxing methanolic solutions of the hydrazones 

and bis(acetylacetonato)dioxomolybdenum(VI) in 1:1 ratio.  The stoichiometric 

reaction of bis(acetylacetonato)dioxomolybdenum(VI) with 4-benzyloxy-2-

hydroxybenzaldehyde-4-nitrobenzoylhydrazone in N,N-dimethylformamide 

afforded the six coordinate complex [MoO2L1DMF] (34).  All the complexes are 

orange in color and are soluble in solvents like DMSO, DMF and acetonitrile.  

Single crystals of complex 34 could be isolated and the structure was 

established by single crystal XRD studies.  The synthesized complexes are 

characterized by the following physico-chemical methods.  

8.3.1. Elemental analyses 

The elemental analyses data indicate that the complexes are analytically 

pure.  The observed C, H, N values of the complexes are in close agreement 

with that of the formula suggested and are given in Section 8.2.3. 
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8.3.2. Molar conductivity and magnetic susceptibility measurements 

The molar conductivity values of 10-3 M DMF solutions of all the four 

complexes are found to be in the 3-12 ohm-1 cm2 mol-1 range which is much less 

than the value of 65-90 ohm-1 cm2 mol-1 obtained for uni-univalent electrolytes 

in this solvent [24].  Thus it can be concluded that these complexes are 

undissociated in DMF which indicates the non-electrolytic nature of these 

complexes.  Magnetic susceptibility measurements indicate the diamagnetic 

nature of these complexes and it is a clear evidence for the +6 oxidation state 

of molybdenum.   

8.3.3. Infrared spectra 

In order to study the binding modes of the hydrazones to the metal in the 

complexes, the IR spectrum of the proligand was compared with the spectra of 

the complexes.  Important infrared frequencies of the hydrazones and 

complexes along with their tentative assignments are given in Table 8.1. 
 

Table 8.1. The important IR frequencies (cm-1) of hydrazones and their 
dioxidomolybdenum(VI) complexes 

 

Compound  ν(C=N) ν(C=N)a ν(C=O)/ν(C–O) ν(N–H) ν(Mo=O) 
H2L1·C3H7NO 1604 ---- 1661 3186 ---- 
[(MoO2L1)2] (33) 1599 1538 1283 ---- 897, 935 
[MoO2L1DMF] (34) 1594 1538 1335 ---- 903, 940 
H2L2·2H2O·CH3OH 1609 ---- 1669 3067 ---- 
[(MoO2L2)2]·2H2O (35) 1608 1554 1336 ---- 912, 938 
H2L3·H2O 1603 ---- 1632 3075 ---- 
[(MoO2L3)2] (36) 1599 1574 1345 ---- 894, 970 

a Newly formed C=N 



Syntheses, spectral characterization and crystal structure of dioxidomolybdenum(VI) chelates .. 

219 

The aroylhydrazones show stretching bands attributed to ν(C=O), 

ν(C=N) and ν(N–H) at 1661, 1604 and 3186 cm-1 for H2L1, 1669, 1609 and 

3067 cm-1 for H2L2 and at 1632,1603 and 3075 cm-1 for H2L3 respectively.  

The bands due to ν(C=O) and ν(N–H) are absent in the complexes, suggesting 

the occurrence of amido-iminol tautomerization followed by deprotonation of 

the ligands during complexation.  The ν(C=N) absorption observed in the 

1603-1609 cm-1 region for the proligands are shifted to lower frequency in all 

the complexes indicating the coordination of azomethine nitrogen to the metal.  

The broad band occurs at 3434 cm-1 for the complex 35 indicating the presence 

of lattice water.  All the complexes exhibit two bands in the 894-912 and 935-

970 cm-1 regions assigned to symmetric and asymmetric vibrations 

respectively of the cis-MoO2 cores [25].  The weak bands in the 550-585 and 

460-470 cm-1 regions in the metal complexes have been assigned to ν(Mo–O) 

and ν(Mo–N) modes respectively.  Figs. 8.1-8.2 depict the infrared spectra of 

some of the dioxidomolybdenum complexes of aroylhydrazones. 

 
Fig. 8.1. IR spectrum of [(MoO2L2)2]·2H2O (35). 
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Fig. 8.2. IR spectrum of [(MoO2L3)2] (36). 

8.3.4. Electronic spectra 

The electronic spectra of the hydrazones and the complexes were 

recorded in DMF and the electronic spectral assignments are given in Table 8.2.  

The electronic spectra of the hydrazones show bands in the 27020-36990 cm-1 

region due to n→π*/π→π* transitions.  These bands suffered considerable 

shift in intensity and wavelength on coordination.  The complexes show broad 

bands in the 21110-23620 cm-1 region which may be assigned to ligand to 

metal charge transfer transitions and the absence of any bands in the visible 

region suggests that the oxidation state of molybdenum is +6 which indicates 

the diamagnetic behaviour of the complexes.  Fig. 8.3 represents the electronic 

spectra of some of the complexes. 
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Table 8.2.  Electronic spectral assignments (cm-1) of hydrazones and their 
MoO2(VI) complexes 

 

Compound  n→π*/π→π* LMCT 

H2L1·C3H7NO 36990, 34130, 28970 ---- 

[(MoO2L1)2] (33) 36680, 34140, 29270 23010 

[MoO2L1DMF] (34) 36950, 29810 23340 

H2L2·2H2O·CH3OH 33240, 29350 ---- 

[(MoO2L2)2]·2H2O (35) 33090 23620 

H2L3·H2O 36780, 27020 ---- 

[(MoO2L3)2] (36) 36740, 27650 21110 

 
   Fig. 8.3. Electronic spectra of H2L1·C3H7NO and its 

dioxidomolybdenum(VI) complexes. 

8.3.5. X-ray crystallography 

Orange block shaped crystals of [MoO2L1DMF] (34) were obtained by 

recrystallization from DMF.  A single crystal with approximate dimensions of             

0.40 × 0.35 × 0.30 mm3 was mounted on a Bruker SMART APEXII CCD 
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diffractometer equipped with a graphite crystal, incident-beam monochromator 

and a fine focus sealed tube with Mo Kα radiation (λ = 0.71073 Å) as the X-ray 

source.  The unit cell dimensions were measured and the data collection was 

performed at 296 K.  Bruker SMART software was used for data acquisition 

and Bruker SAINT software for data integration [26].  Absorption corrections 

were carried out using SADABS based on Laue symmetry using equivalent 

reflections [27].  The structure was solved with direct methods and refined 

with full-matrix least-squares calculations using the SHELXS97 and SHELXL97 

[28] software programs respectively.  The molecular and crystal structures were 

plotted using DIAMOND version 3.2g [29].  The crystallographic data and 

structure refinement parameters for the complex at 296 K are given in Table 8.3.  

All non-hydrogen atoms were refined anisotropically and all H atoms on C were 

placed in calculated positions guided by difference maps with C–H bond 

distances 0.93-0.96 Å.  H atoms were assigned as Uiso=1.2Ueq (1.5 for Me). 

The molecular structure of the complex with atom numbering scheme is 

shown in Fig. 8.4 and relevant bond distances and angles are presented in 

Table 8.4.  The complex crystallizes into a triclinic space group 1P .  There are 

two crystallographically independent molecules in the asymmetric unit of the 

compound (Fig. 8.5) with bond lengths and angles which agree with each 

other and are within the normal ranges and are comparable to those observed 

in other similar dioxidomolybdenum(VI) complexes [30,31]. The coordination 

geometry around molybdenum can be described as distorted octahedral with 

phenolate oxygen, imino nitrogen, iminolate oxygen and one oxo oxygen 

defining the equatorial plane and with DMF and the other oxo oxygen 

occupying axial positions.   
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Table 8.3. Crystal data and structure refinement parameters for complex 34 

  Parameters [MoO2L1DMF] (34) 

Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
 
 
 
 
 
Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(000)   
Crystal size 
θ range for data collection   
Limiting indices 
 
 
Reflections collected   
Unique Reflections (Rint) 
Refinement method 
Data / restraints / parameters  
Goodness-of-fit on F2 
Final R indices [I>2σ(I)] 
R indices (all data)   
Largest diff. peak and hole   

C24H22MoN4O8  
590.40 
296 K 
0.71073 Å 
Triclinic 

1P  
a = 14.0681(12) Å 
b = 14.0982(12) Å 
c = 15.2049(12) Å 
α = 95.301(3)° 
β = 114.053(3)°  
γ = 111.047(3)° 
2467.2(4) Å3 
4 
1.589 mg/m3 
0.588 mm-1 
1200 
0.40 × 0.35 × 0.30 mm3 

1.80 to 27.00° 
-14≤ h ≤ 17 
-18 ≤ k ≤ 12  
-19 ≤ l ≤ 19 
17880 
10768 [R(int) = 0.0204]   
Full-matrix least-squares on F2 

10548 / 0 / 672 
1.031 
R1 = 0.0377, wR2 = 0.0919 
R1 = 0.0573, wR2 = 0.1059 
1.063 and -0.649 e Å-3 

R1 = Σ||Fo|-|Fc|| / Σ|Fo| 

wR2 = [Σw(Fo
2-Fc

2)2 / Σw(Fo
2)2]1/2 
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The hydrazone ligand is coordinated in its dianionic iminolate form which is 

evident from the C(15)–N(2) and C(15)–O(3) bond lengths with values of 

1.292(4) and 1.316(3) Å respectively.  In the complex, the dianionic 

hydrazone ligand is bonded to the MoO2 core in a planar fashion without 

changing its E configuration with respect to C(14)=N(1) bond.  The atoms 

O(2), N(1), O(3) and O(6) in the complex define a plane with high degree of 

planarity and the Mo atom is displaced by 0.3264 Å from this plane.  The 

tridentate hydrazone ligand coordinate to Mo atom in a meridional fashion 

forming five and six membered metallocycles involving the MoO2
2+ moiety.   

The angular distortion in the octahedral environment around Mo comes 

from the five and six membered chelate rings taken by the hydrazone ligand so 

that the trans angles and cis angles significantly deviate from the ideal values 

of 180° and 90° respectively.  The rings Cg(4) [C(8), C(9), C(10), C(11), C(12), 

C(13)] and Cg(5) [C(16), C(17), C(18), C(19), C(20), C(21)] make a dihedral 

angle of 17.10(11)° with each other.  The Mo(1)–O(8) bond is longer than the 

other Mo–O bonds indicating that the DMF molecule is weakly coordinated to 

the MoO2 core and this position holds the possibility of functioning as a 

substrate binding site.  
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Fig. 8.4. Structure and labelling diagram for [MoO2L1DMF] (34). 

 
 Fig. 8.5.  Asymmetric unit of [MoO2L1DMF] (34) (hydrogen atoms 

are omitted for clarity). 
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Table 8.4. Selected bond lengths and angles for [MoO2L1DMF] (34) 

Bond lengths (Å) Bond angles (°) 

Mo(1)–O(7)      1.689(2)  O(7)–Mo(1)–O(6) 104.84(11) 
Mo(1)–O(6)      1.705(2)  O(7)–Mo(1)–O(2) 99.95(12) 
Mo(1)–O(2)      1.923(2)  O(6)–Mo(1)–O(2) 102.31(9) 
Mo(1)–O(3)  2.009(2)  O(7)–Mo(1)–O(3) 97.10(11) 
Mo(1)–N(1)  2.217(2) O(6)–Mo(1)–O(3) 97.19(9) 
Mo(1)–O(8)  2.341(2)  O(7)–Mo(1)–N(1) 95.07(10) 
Mo(2)–O(14)      1.682(2)  O(2)–Mo(1)–O(3) 149.74(9) 
Mo(2)–O(15)      1.701(2) O(7)–Mo(1)–O(8)        170.90(9) 
Mo(2)–O(10)      1.923(2)  O(6)–Mo(1)–N(1)        158.54(10) 
Mo(2)–O(11)  2.007(2)  O(14)–Mo(2)–O(15) 104.87(12) 
Mo(2)–N(5)  2.218(2) O(15)–Mo(2)–O(10) 102.52(10) 
Mo(2)–O(16)  2.351(2)  O(14)–Mo(2)–O(10) 100.83(12) 
C(15)–O(3)    1.316(3)  O(15)–Mo(2)–O(11) 97.47(10) 
C(10)–O(2)      1.353(4)  O(14)–Mo(2)–O(11) 96.23(11) 
N(1)–C(14)  1.289(4)  O(14)–Mo(2)–N(5)      94.12(10) 
C(39)–O(11)    1.313(3)  O(10)–Mo(2)–O(11) 149.27(9) 
C(34)–O(10)      1.348(4)  O(14)–Mo(2)–O(16)    170.79(10) 
N(5)–C(38)  1.292(4)  O(15)–Mo(2)–N(5) 159.40(11) 

 

There are no conventional hydrogen bonds present in the molecular 

system.  However some weak interactions like π···π, C–H···π and C–H···O 

nonconventional hydrogen bonding interactions are observed in the crystal 

structure.  The adjacent molecules are linked into chains by nonconventional 

hydrogen bonding interactions as shown in Fig. 8.6.  Rings Cg(9) and Cg(10) 

of neighboring molecules are involved in π···π stacking with a distance of 

3.808(2) Å (Fig. 8.7).  C–H···π interactions exist between H(1) and Cg(10) 

[C(40), C(41), C(42), C(43), C(44), C(45)] and H(42) and Cg(3) [C(1), C(2), 
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C(3), C(4), C(5), C(6)] (Fig. 8.8).  The π···π and C–H···π interactions can support 

the packing stability in the absence of strong conventional hydrogen bonds.  The 

interaction parameters are shown in Table 8.5.   

Table 8.5. Interaction parameters of [MoO2L1DMF] (34) 

Hydrogen bonding interactions 

D–H···A  D–H (Å) H···A (Å)  D···A (Å)  D–H···A (°) 

C(3)–H(3)···O(6)a 0.93 2.49 3.330(5) 150 

C(22)–H(22)···O(6) 0.93 2.43 2.910(4) 112 

C(22)–H(22)···O(15)b 0.93 2.51 3.403(4) 161 

C(23)–H(23A)···O(8) 0.96 2.39 2.784(5) 104 

C(38)–H(38)···O(14)c 0.93 2.49 3.181(5) 132 

C(46)–H(46)···O(6)d 0.93 2.48 3.400(5) 168 

C(46)–H(46)···O(15) 0.93 2.55 2.936(5) 105 

C(48)–H(48C)···O(16) 0.96 2.39 2.776(6) 104 

π···π interactions 

Cg(I)···Cg(J)  Cg···Cg (Å) α (°)  β (°)  

Cg(9)···Cg(10)e 3.808(2) 8.39(19) 21.41 

C–H···π interactions 

C–H(I)···Cg(J) H···Cg (Å)   C–H···Cg  (°)  C···Cg (Å) 

C(1)–H(1)···Cg(10)f 2.74 135 3.465(5) 

C(42)–H(42)···Cg(3)g 2.83 138 3.577(5) 

Equivalent position codes : a = 1-x, 1-y, -z; b = x, -1+y, z; c = 2-x, 2-y, 1-z; d = x, 1+y, z; 
e = 2-x, 2-y, 1-z; f = x, y, z; g = 1-x,2-y,-z 
Cg(3) = C(1), C(2), C(3), C(4), C(5), C(6); Cg(9) = C(32), C(33), C(34), C(35), C(36), C(37); 
Cg(10) = C(40), C(41), C(42), C(43), C(44), C(45) 
D, Donor; A, acceptor; Cg, Centroid; α, dihedral angle between planes I & J; β, angle 
between Cg···Cg and Cg(J) perp. 
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Fig. 8.6. Supramolecular chain mediated by nonconventional hydrogen 

bonding interactions. 
 

 

 
Fig. 8.7. The π···π interaction present in [MoO2L1DMF] (34). 
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Fig. 8.8. C–H···π interactions present in [MoO2L1DMF] (34). 

The unit cell packing diagram of the complex viewed along b axis is shown 

in Fig. 8.9.  The coordination polyhedra present in a super cell is shown in Fig. 8.10. 

 

Fig. 8.9. Packing diagram of complex viewed along b axis. 
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Fig. 8.10. Coordination polyhedra of [MoO2L1DMF] (34) in a super cell. 

8.3.6. Thermogravimetric analysis 

The thermogravimetric analysis will give information concerning the 

thermal stability and nature of water molecules in complexes.  Reports show 

that the weight loss for lattice water are observed below 200 °C and weight 

loss due to coordinated water are in the 200-350 °C range.  The TG curve for 

the complex [(MoO2L2)2]·2H2O (35) shows initially a weight loss of 3.55% in the 

162-183 °C range corresponding to the loss of two lattice water molecules   

(Fig. 8.11).  The observed weight loss of 3.55% is close to the calculated value 

(3.64%).  The second weight loss from 284 °C to 321 °C corresponds to the 

loss of the two Br atoms.  The observed weight loss of 16.34% agrees well 

with the calculated value (16.80%).  Beyond 321 °C gradual weight loss 
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occurs due to the thermal degradation of the remaining contents of the 

hydrazone ligand and the formation of MoO3 as the end product [32-34]. 
 

 

Fig. 8.11. Thermogram of [(MoO2L2)2]·2H2O (35). 

On the basis of the physico-chemical characterizations discussed above, 

the tentative structures proposed for some MoO2(VI) complexes are given 

below.  The MoO2(VI) complexes synthesized have got octahedral geometry 

and in all complexes the hydrazones exist in the dideprotonated iminolate 

form.   
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Fig. 8.12. Tentative structures of some of the MoO2(VI) complexes. 
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CChhaapptteerr  99		
SSTTUUDDIIEESS  OONN  SSEECCOONNDD  OORRDDEERR  NNOONNLLIINNEEAARR  OOPPTTIICCAALL  

PPRROOPPEERRTTIIEESS  OOFF  AARROOYYLLHHYYDDRRAAZZOONNEESS  AANNDD  SSOOMMEE  TTRRAANNSSIITTIIOONN  
MMEETTAALL  CCHHEELLAATTEESS  

9.1 Introduction 
9.2 Experimental 
9.3 Results and discussion  
 References 

 

9.1.  Introduction   

Nonlinear optics (NLO) is concerned with the nonlinear relationship 

between dielectric polarization P and electric field E in optical media.  

Nonlinear optics is a cornerstone of the emerging field of photonics in which 

photons instead of electrons are used for signal transmission and processing 

[1,2].  The field of nonlinear optics is complex and encompasses myriads of 

interesting effects and applications in the field of laser technology, fiber optic 

communication and optoelectronics [3-6].  Nonlinear optical materials play an 

important role in nonlinear optics and in particular they have a great impact on 

information technology and industrial applications.  Nonlinear optical 

materials have been used in electro-optic devices for more efficient processing 

and transmitting information in the field of fiber optic communications.  In a 

series of developments ranging from the use of wires to send signals along 

C
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wire telegraphy to wireless or radio telegraphy, science has achieved an 

increase of communication rates as measured in bits per second by a factor of 

one billion.  The latest in this series of advances is an optical fibre system in 

which large amounts of information coded as light pulses are passed along 

optical fibres.  The phenomenon of optical power limiting, a nonlinear optical 

effect has attracted much attention due to its application to the protection of 

eyes and sensitive optical devices from high power laser pulses [7]. 

In order to satisfy the day-to-day technological requirements, many 

scientists focused their attention on the growth of materials which have a good 

nonlinear optical behavior and be optically transparent in the visible region.  

Nonlinear optical phenomena occur only on the application of intense 

electromagnetic fields.  The advent of laser has led to the systematic studies of 

several nonlinear optical phenomena as laser is sufficiently intense to make 

changes in the optical properties of the molecular systems.  Nonlinear optical 

materials have a nonlinear response to the electric field associated with the 

light of a laser beam leading to the transformation of light of one wavelength 

to the light of another wavelength.  Second harmonic generation (SHG) is one 

of the major nonlinear optical processes in which a nonlinear optical material 

mediates the adding-up of two photons to form new one with twice the 

frequency [8].  After this discovery, numerous nonlinear optical phenomena 

have been studied and a number of NLO-active materials have been developed 

[9-12]. 

9.1.1. Theoretical explanation of nonlinear optics  

Nonlinear optics is concerned with the alterations in frequency, phase or 

other physical properties of intense applied electromagnetic fields on 
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interaction with various materials. The interaction of intense electromagnetic field 

with a nonlinear optical material will cause the material properties to change 

and the next photon that arrives will see a different material.  The propagation 

of a wave through a material causes changes in the spatial distribution of 

electric charges as the charged species in the material (ions or electrons) 

interact with the electric field of the wave.  In a nonlinear optical material, 

strong interactions can exist among the various fields.  The main effect of 

these interactions is the displacement of the valence electrons from their 

normal orbits.  This perturbation develops electric dipoles whose macroscopic 

manifestation is the polarization.  The displacement of the electron density 

away from the nucleus results in a charge separation which produces induced 

dipoles with moment μ.  This results in new fields, created by oscillating 

dipoles within the materials. 

At moderate field strength the displacement of charge from the 

equilibrium position is proportional to the electric field and a linear 

relationship of the induced polarization with the applied field is observed. 

Polarization , P = ɛoχE   ................................................. (1) 

where χ is the linear polarizability of the material, E is the electric field 

component of the incident light and ɛo is the permittivity of free space. 

At sufficiently intense fields such as electric fields from pulsed laser 

beams which can approach the magnitude of typical internal fields in crystals, 

polarization becomes independent of the field and a nonlinear optical 

phenomenon is observed.  Therefore, this nonlinear response is expressed by 

writing the induced polarization as a power series in the field. 
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P = Σ ɛoχ(n)E(n) ..............................................................  (2) 

P = ɛo (χij
(1)Ej +  χijk

(2)Ej Ek + χijkl
(3)Ej Ek El +···) .............  (3) 

where χ(2), χ(3) are the nonlinear susceptibilities of the medium.  χ(1) is the 

linear term responsible for material’s linear optical properties like refractive 

index, dispersion and absorption.  χ(2) is the quadratic term which describes 

second harmonic generation in noncentrosymmetric materials.  χ(3) is the cubic 

term responsible for third harmonic generation.  Hence the induced 

polarization is capable of multiplying the fundamental frequency to second, 

third and even higher harmonics.   

9.1.2. Second harmonic generation 

Second harmonic generation (SHG) is a nonlinear optical process in 

which photons interacting with nonlinear optical materials are effectively 

combined to form new photons with twice the energy and therefore, twice the 

frequency and half the wavelength of the initial photons.  The compound 

should have high second order hyperpolarizability (β) to exhibit large NLO 

properties. The hyperpolarizability can be enhanced by increasing intramolecular 

charge transfer interaction by extending the π-conjugated system.  The 

generation of second harmonic phenomenon is represented in Fig. 9.1. 

Second harmonic generation was first demonstrated by Franken et al. in 

1961 [13].  The demonstration was made possible by the invention of the laser 

which created the required high intensity monochromatic light.  They focused 

a ruby laser with a wavelength of 694 nm into a quartz sample that results in 

the conversion of 694 nm wavelength into an output light of 347 nm 

wavelength (Fig. 9.2).  This phenomenon occurs only within a noncentrosymmetric 

medium, usually a crystal.   



Studies on second order nonlinear optical properties of aroylhydrazones and  some transition metal chelates 

239 

 
Fig. 9.1.(a). Geometry of second harmonic generation (b). Energy level 

diagram describing second harmonic generation. 
 

 
Fig. 9.2. Schematic illustration of optical frequency doubling. 

The light propagated through a noncentrosymmetric crystalline medium 

generates light at second harmonics of the applied frequency.  Such frequency 

doubling processes are generally used to produce green light (532 nm) from a 

Nd-YAG laser operating at 1064 nm.  This important nonlinear property of 

noncentrosymmetric crystals is called second harmonic generation and this 

phenomenon is useful in optical communications, photonics and electro-optic 

devices, enriching the development of new nonlinear optical materials of 

inorganic and organic types.   

9.1.3. Second order nonlinear optical materials 

9.1.3.1. Design of molecules for second order nonlinear optics 

In recent years, there has been a growing interest in the studies of the 

nonlinear optical properties of different materials because of their practical use 
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in optoelectronic devices.  Second harmonic generation (SHG) is one of the 

major nonlinear optical processes and is extensively explored.  Second 

harmonic generation exists only in noncentrosymmetric materials.  If the 

molecule is centrosymmetric, then χ(2) in eqn. (3) is zero.  The response of 

centrosymmetric molecules to an external field is given by P(-E) = -P(E).  This 

relation expresses the requirement that the induced polarization of 

centrosymmetric molecules is opposite and of equal magnitude when the field 

is reversed.  In order to satisfy this condition, all coefficients of even power of 

E in eqn. (3) have to be zero.  Hence only noncentrosymmetric molecules have 

a nonzero χ(2) value, since then P(-E) ≠ -P(E). 

However, for a noncentrosymmetric compound to be used as NLO 

material, the essential requirements are that the molecules possess a large 

NLO response, good mechanical strength, chemical stability and be optically 

transparent in the visible and near IR regions [14]. 

The preliminary step for the syntheses of a second order nonlinear 

optical material involves the identification of suitable NLO chromophores.  

NLO chromophores are molecules with electron donor and acceptor 

conjugated π-systems.  The design strategy for NLO chromophores used by 

many with success involves connecting donor and acceptor groups at the 

terminal position of a π-bridge to create highly polarized molecules which 

could exhibit large molecular nonlinearity [15].  This indicates that optical 

nonlinearity of molecules can be enhanced by adding strong electron donating 

and withdrawing entities as well as adjusting the distance between donor and 

acceptor groups.  This creates a highly polarizable charge transfer compound 

with an asymmetric electron distribution in either or both the ground and 
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excited states, thus leading to an increased optical nonlinearity.  Several 

authors have pointed out the importance of charge delocalization in highly 

conjugated systems and emphasized the importance of charge transfer between 

donor and acceptor substituents on extended π-electron systems such as 

substituted benzene molecules.  The types of π bridges investigated for 

developing efficient NLO materials and molecules are acetylenes, azobridges, 

hydrazones, semicarbazones, aromatic and heteroaromatic rings [16-21].  The 

magnitude of molecular polarizability and hyperpolarizability coefficients 

are found to increase linearly with an increase in conjugation length between 

donor and acceptor groups.  The strength of donor and acceptor groups and 

the packing of molecules to build a noncentrosymmetric crystal structure 

plays important roles in determining the magnitude of nonlinear optical 

efficiency [22]. 

 

 

For NLO active metal complexes the primary role played by the metal is 

that of generating the actual push-pull chromophore.  The use of some 

transition metals should force the ligand in a planar conformation so as to 

maximize conjugation [23].  Proper choice of the ligand, metal and its 

oxidation state allows the compound to show excellent NLO activity.   

It has also been established that hydrogen bonds play a vital role in 

governing the NLO property [24].  Pure inorganic NLO materials, potassium 

dihydrogen phosphate (KDP) and its isomorphs are representative of hydrogen 

bonded materials which possess important electro-optic and nonlinear optical 

properties with excellent mechanical strength and thermal stability.  The effect 
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of hydrogen bonding will increase the hyperpolarizability value which is 

essential and required property for a system to exhibit SHG efficiency.  

Another requirement for a good nonlinear optical material is that it should 

have excellent optical quality.  This means that for new materials for which 

single crystals are not available it is necessary to grow single crystals of 

optical quality.  Thus in many cases the search for new and better nonlinear 

optical materials is very largely a crystal growing effort.  During the last two 

decades, a large number of nonlinear optical molecules have been synthesized 

and investigated allowing researchers to gain insight into the chemistry and 

physics of optical hyperpolarizabilities.   

9.1.3.2. Inorganic materials as second order NLO materials 

In the beginning, NLO studies were concentrated on inorganic materials 

such as quartz, potassium dihydrogen phosphate (KDP), potassium titanyl 

phosphate (KTP), beta barium borate and cadmium sulfide [25-27].  These 

compounds are found to exhibit very good SHG response.  Even though 

inorganic crystals are used as nonlinear optical materials, they have several 

drawbacks such as difficulty to grow high quality single crystals, their higher 

expenses and the difficulty in incorporating them into electronic devices.   

9.1.3.3. Organic molecules as second order NLO materials 

It has been shown that certain classes of organic molecules have large 

second order nonlinear hyperpolarizabilities [28].  Organic nonlinear materials 

have a number of potential advantages over inorganic materials.  Specifically 

they have been investigated due to their small dielectric constants, good 

optical properties, large nonlinear optical susceptibilities and rapid response in 

electro-optic effect.  Considerable studies have been done in order to 
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understand the origin of nonlinear behavior of organic NLO materials.  

Rentzepis and Pao observed SHG in 3,4-benzopyrene in 1964 [29].  These 

materials offer many possibilities to tailor materials with the desired properties 

through optimization of the microscopic hyperpolarizabilities and the 

incorporation of molecules in a crystalline lattice and polymers [30]. 

9.1.3.4. Hydrazones as second order NLO materials 

There is currently a considerable effort to develop materials with large 

second order nonlinear optical susceptibilities because of their potential 

applications in optical signal processing and frequency conversion.  For nonlinear 

optical materials with large second order nonlinearities, noncentrosymmetry is a 

prerequisite for nonvanishing molecular hyperpolarizabilities and macroscopic 

susceptibilities.  Among organic materials, hydrazones and their derivatives 

have recently attracted much attention due to their high tendency to crystallize 

in asymmetric structure and for their synthetic flexibility that can offer the 

modification of nonlinear properties.  Nonlinear optical properties shown by 

some hydrazones and their metal complexes offer their use in optoelectronic 

devices [31].  To date, compounds that have been developed for applications in 

nonlinear optics are built from donor-acceptor conjugated molecules.  It is well 

established that the extension of the conjugation path (transmitter) between the 

electron donating and withdrawing groups strongly increases the molecular 

nonlinearity.  Serbutoviez et al. prepared some compounds based on push-pull 

derivatives of benzaldehyde phenylhydrazone and thiophenecarboxaldehyde 

phenylhydrazone.  Since the hydrazone backbone is an asymmetric transmitter it 

allows for a given donor and acceptor group, the preparation of two different 

types of compounds: I and II, which are potentially active for second order 

nonlinear optics (Fig. 9.3).  The hydrazone backbone can be considered as a 
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transmitter bearing a donor group which is the central amino group and an 

attractor group which is the azomethine double bond [32].  This leads to a 

complex charge transfer associated with the hydrazone derivatives of types I 

and II which can be described with a cross conjugation between the electron 

donating and withdrawing group through the central amino group.  Since 

hydrazones contain the asymmetric transmitter backbone researchers have 

established various design strategies like Acceptor-Donor and Donor-Acceptor 

types.  Gu et al. [33] have reported that 1,8-naphthalimide hydrazone 

derivatives with effective electron push-pull structure exhibited good 

nonlinear absorption with nanosecond laser pulses at 532 nm.  Cariati et al. 

have accounted the NLO activity of Cu(II) and Pd(II) complexes of two N-

salicylidine-N-aroylhydrazones containing strong electron donor-acceptor 

groups with pyridine as an auxiliary ligand [34].  Metal coordination has been 

used in several ways to improve the behavior of all organic push-pull 

chromophores for applications in second order nonlinear optics.  The primary 

role played by the metal is that of generating the actual push-pull 

chromophore. Furthermore, the use of square planar coordinating metals can 

force the organic ligand in a planar conformation so as to maximize 

conjugation.  

 
Fig. 9.3. Push-pull hydrazones of type I and II. 
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9.1.4. NLO measurements 

Kurtz and Perry powder method is an important tool for studying 

nonlinear optical properties of organic and inorganic NLO materials [35].  It is 

a popular method to evaluate the second harmonic generation efficiencies of 

nonlinear optical materials.  The experimental arrangement for the nonlinear 

optical studies utilizes a Quanta-Ray DCR II Nd: YAG laser.  The well 

powdered sample was illuminated by a laser beam of fundamental wavelength 

1064 nm, with pulse width of 10 ns and repetition rate 10 Hz.  An output signal of 

532 nm (green) was measured in a 90° geometry using KDP as the standard. 

9.2. Experimental 
9.2.1. Syntheses of hydrazones 

 The syntheses of hydrazones 4-benzyloxy-2-hydroxybenzaldehyde-4-

nitrobenzoylhydrazone dimethylformamide monosolvate (H2L1·C3H7NO),      

5-bromo-2-hydroxy-3-methoxybenzaldehyde nicotinoylhydrazone dihydrate 

methanol monosolvate (H2L2·2H2O·CH3OH), 4-diethylamino-2-

hydroxybenzaldehyde nicotinoylhydrazone monohydrate (H2L3·H2O) and      

2-benzoylpyridine-4-nitrobenzoylhydrazone (HL4) have already discussed in 

Chapter 2.  

9.2.2. Syntheses of transition metal chelates  

The syntheses of transition metal chelates have already discussed in 

Chapters 3-8. 

9.2.3. Second harmonic generation studies 

The relative SHG efficiency of hydrazones and complexes with respect 

to KDP was made by the Kurtz and Perry powder technique.  The finely 
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powdered sample was packed in capillary tube having 0.8 mm thickness.  The 

experimental arrangement for the nonlinear optical studies utilizes a Quanta-

Ray DCR II Nd: YAG laser.  The sample was illuminated by a laser beam of 

fundamental wavelength 1064 nm, with pulse width of 10 ns and repetition 

rate 10 Hz.  The output from the sample was monochromated to collect the 

intensity of 532 nm components and the fundamental was eliminated.  The 

second harmonic radiation generated by the randomly oriented sample was 

focused by a lens and detected by a photo multiplier tube. A strong bright 

green emission emerging from the mounted sample shows that the sample 

exhibits good NLO property. KDP was used as a reference material for the 

present measurements.  

9.3.  Results and discussion 

The nonlinear optical properties of H2L1·C3H7NO, H2L2·2H2O·CH3OH, 

H2L3⋅H2O, HL4 and transition metal chelates of H2L1·C3H7NO were studied in 

powder form by Kurtz and Perry powder technique.  The second harmonic 

generation efficiencies of the compounds were determined using Nd: YAG 

laser of fundamental wavelength 1064 nm and microcrystalline powder of 

KDP as the reference material.  Second harmonic radiation generated by the 

sample was focussed by a lens and detected by a photomultiplier tube.  The 

second harmonic generation in the compounds is confirmed by the emission of 

green light from the samples.  Only H2L1·C3H7NO, [CdL1(H2O)]2 (28), 

[CdL1pic] (29) and [CdL1py] (30) are found to possess SHG activity.  For a 

laser input of 6 mJ/pulse, the SHG signal (532 nm) of 25.2 mV ,111 mV,      

22 mV, 23.2 mV and 24.0 mV were obtained for KDP, H2L1·C3H7NO, 

[CdL1(H2O)]2 (28), [CdL1pic] (29) and [CdL1py] (30) respectively.  The results 

indicate that the second harmonic generation efficiency of H2L1·C3H7NO is 
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about 4.40 times that of potassium dihydrogen phosphate (KDP).  The high 

value of SHG efficiency of H2L1·C3H7NO may be attributed to the 

contributions from the donor-π-acceptor benzyloxy-nitro functionality and 

hydrogen bonding interactions in the crystal system. The second harmonic 

generation efficiencies of the samples with respect to KDP are summarized 

in the Table 9.1.  
 

Table 9.1. Second harmonic generation efficiency of the compounds with 
respect to KDP 

Compound SHG efficiency w.r. to KDP 
H2L1·C3H7NO 4.40 
[CdL1(H2O)]2 (28) 0.87 
[CdL1pic] (29) 0.92 
[CdL1py] (30)   0.95 

    SHG activity of KDP = 1 

Conclusion 

Kurtz-Perry powder SHG test confirms the frequency doubling of the 

samples H2L1·C3H7NO, [CdL1(H2O)]2 (28), [CdL1pic] (29) and [CdL1py] (30).  

It is observed that the efficiency of H2L1·C3H7NO is 4.40 times as large as 

KDP.  The second harmonic generation efficiencies of [CdL1(H2O)]2 (28), 

[CdL1pic] (29) and [CdL1py] (30) are 0.87, 0.92 and 0.95 times respectively 

that of KDP. 
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  SSUUMMMMAARRYY  AANNDD  CCOONNCCLLUUSSIIOONNSS    

 

Aroylhydrazones are a class of azomethines with the structure       

Ar–CO–NH–N=CR1R2.  They are distinguished from other members of this 

family by the presence of two interlinking nitrogen atoms and are formed 

usually by the condenzation of aroylhydrazides with ketones or aldehydes.  

Amido-iminol tautomerism occurs readily in hydrazones and has an important 

role in determining the overall charge on the ligands coordinating the metal 

ions.  Thus coordination complexes derived from hydrazones contain either 

neutral amido form or deprotonated iminolate form.  The coordination mode 

adopted by a hydrazone can be altered by the use of suitable substituents both 

in the carbonyl and hydrazide part.  

There is a growing interest in the structural studies of aroylhydrazones 

as they show a broad spectrum of applications in pharmaceutical and industrial 

fields.  The aroylhydrazones show a variety of biological activities with 

potential uses in antibacterial, antifungal and anticancer studies.  In addition, 

their varied coordinating behavior makes them interesting candidates for 

metal-based drugs.  In many cases it was reported that metal chelates possess 

better biological activities than their corresponding ligands.  Hydrazones and 

their metal complexes have found applications in chemical processes like non 

linear optics, sensors etc.  Donor-π-Acceptor type aroylhydrazones play an 
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important role in the second harmonic generation efficiency.  The wide 

transparency window in the visible region makes them ideal candidates for 

NLO applications. 

The ability of aroylhydrazones to bind with transition metals is a 

developing area of research interest and the coordinating properties of 

hydrazones can be tuned by the appropriate choice of parent aldehyde or 

ketone and the hydrazide.  So in the present work we selected four different 

aroylhydrazones as principal ligands.  Introduction of heterocyclic bases like 

1,10-phenanthroline, 2,2′-bipyridine, 3-picoline and pyridine leads to the 

syntheses of mixed ligand metal chelates which can cause different bonding 

modes, spectral properties and geometries in coordination compounds.  The 

importance of aroylhydrazones and their complexes in various fields and their 

interesting coordinating properties stimulate our interest in the investigation of 

transition metal chelates with four different aroylhydrazones.  The aroylhydrazones 

selected are 4-benzyloxy-2-hydroxybenzaldehyde-4-nitrobenzoylhydrazone 

dimethylformamide monosolvate, 5-bromo-2-hydroxy-3-methoxybenzaldehyde 

nicotinoylhydrazone dihydrate methanol monosolvate, 4-diethylamino-2-

hydroxybenzaldehyde nicotinoylhydrazone monohydrate and 2-benzoylpyridine-

4-nitrobenzoylhydrazone.  The selection of 4-benzyloxy-2-hydroxybenzaldehyde-

4-nitrobenzoylhydrazone was based on the idea of developing ligands having 

D-π-A general structure, so that the proligand and metal complexes exhibit 

NLO activity.  Hence it is interesting to explore the coordinating capabilities 

of the synthesized hydrazones and to study the NLO activity of hydrazones 

and some of the metal complexes. 
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The work presented in this thesis is divided into nine chapters. 

Chapter 1 

Chapter 1 entitled ̒ A brief outline on aroylhydrazones ̓ involves a general 

introduction to aroylhydrazones, coordination diversity of aroylhydrazones and 

their applications in various fields.  The objectives of the present work and the 

details of different physico-chemical techniques used for the characterization 

of aroylhydrazones and their metal complexes are also discussed in this 

chapter.   

Chapter 2 

Chapter 2 deals with the syntheses of four different aroylhydrazones and 

their characterization by elemental analyses, mass, FT-IR, UV–Vis and 1H NMR 

spectral studies.  X-ray quality single crystals of all the four aroylhydrazones were 

grown and their molecular structures were established by single crystal X-ray 

diffraction studies.  The single crystal X-ray diffraction studies of the 

compounds reveal that aroylhydrazones exist in amido form in the solid state.   

The aroylhydrazones synthesized are 

1) 4-benzyloxy-2-hydroxybenzaldehyde-4-nitrobenzoylhydrazone 

dimethylformamide monosolvate (H2L1·C3H7NO) 

2) 5-bromo-2-hydroxy-3-methoxybenzaldehyde nicotinoylhydrazone 

dihydrate methanol monosolvate (H2L2·2H2O·CH3OH) 

3) 4-diethylamino-2-hydroxybenzaldehyde nicotinoylhydrazone 

monohydrate (H2L3·H2O) 

4) 2-benzoylpyridine-4-nitrobenzoylhydrazone (HL4) 
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Chapter 3  

Chapter 3 discusses the syntheses and characterization of seven 

oxidovanadium(IV) complexes with ONO donor aroylhydrazones.  These 

include three binuclear oxidovanadium(IV) complexes and four mononuclear 

mixed ligand chelates with heterocyclic bases like 1,10 phenanthroline,        

2,2′-bipyridine, 3-picoline and pyridine as coligands.  All the complexes are 

characterized by various physico-chemical methods such as elemental 

analyses, molar conductivity studies, magnetic susceptibility measurements, 

FT-IR, UV-Vis and EPR spectral studies.  In all the complexes, hydrazones 

are coordinated to the metal centre in the iminolate form and hence act as 

dideprotonated tridentate ligands as evidenced from the shift of characteristic 

IR bands of the complexes from the proligands.  Magnetic susceptibility 

measurements clearly indicate that all the complexes are paramagnetic in 

nature with vanadium in +4 oxidation state.  Some complexes exhibit 

subnormal magnetic moments due to the strong antiferromagnetic exchange, 

suggesting dimeric nature of these complexes.  In the EPR spectra, the g 

values are typically less than the free electron value and in DMF at 77 K, they 

displayed well resolved axial anisotropy with two sets of eight line pattern 

with g|| < g⊥ and A|| > A⊥ relationship characteristic of an axially compressed 
1
xyd  configuration.   

Chapter 4 

This chapter deals with the syntheses and characterization of five 

cobalt(II) complexes of aroylhydrazones.  The coligands used here are 

heterocyclic bases like 3-picoline and pyridine.  The complexes are characterized 

by elemental analyses, molar conductivity studies, magnetic susceptibility 
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measurements, thermogravimetric analyses, FT-IR and electronic spectral 

studies.  In all the complexes, the tridentate hydrazones are coordinated to 

metal  in the iminolate form which was well supported by IR spectral data.  

All the complexes are found to be non-electrolytic in nature.  Magnetic 

susceptibility measurements indicate that all the complexes are paramagnetic 

with cobalt in the +2 oxidation state. 

Chapter 5 

Chapter 5 describes the syntheses of five nickel(II) complexes followed 

by their characterization using various physico-chemical techniques such as 

elemental analyses, molar conductivity studies, magnetic susceptibility 

measurements, thermogravimetric analyses, FT-IR and electronic spectral 

studies and single crystal X-ray diffraction studies.  The IR spectral studies 

show that aroylhydrazones coordinate in the iminolate form in all the 

complexes and act as dideprotonated tridentate ligands.  All the complexes 

are found to be paramagnetic excluding the possibility of square planar 

geometry.  One of the complexes was recrystallized from a mixture of 

methanol and dimethylformamide (1:1 v/v) and the dimeric complex has a 

distorted octahedral geometry.   

Chapter 6  

Chapter 6 explains the syntheses of five copper(II) complexes along with 

their characterization using various physico-chemical techniques including 

elemental analyses, molar conductivity studies, magnetic susceptibility 

measurements, FT-IR, EPR, electronic spectral studies and thermal analyses. 

Heterocyclic bases like 3-picoline and pyridine were used as coligands.  In all 

the complexes the hydrazone exists in iminolate form and gets coordinated 
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through azomethine nitrogen, phenolate oxygen and iminolate oxygen.  The 

magnetic susceptibility measurements reveal that all the complexes are 

paramagnetic.  Some complexes have low the magnetic moment values 

indicating their dimeric nature.  EPR spectra of the complexes were taken in 

polycrystalline state at 298 K and in frozen DMF at 77 K.  The g|| > g⊥ > 

2.0023 indicate that the unpaired electron in Cu(II) resides in the dx
2
-y

2
 orbital.  

The g|| values in all these complexes are less than 2.3 which is an indication of 

covalent character for M–L bond in these complexes. 

Chapter 7 

Chapter 7 includes the syntheses and characterization of some zinc and 

cadmium complexes of aroylhydrazones.  Five Zn(II) and five  Cd(II)  

complexes have been synthesized and characterized by conductivity studies, 

magnetic susceptibility measurements, thermal analyses, infrared and 

electronic spectral studies and single crystal X-ray diffraction studies.  In 

one of the complexes the hydrazone moiety is coordinated in the amido form 

while in others it is in the iminolate form as evidenced from IR spectral data.  

One of the zinc complexes was crystallized in monoclinic space group P21/c 

and the Zn(II) complex has a distorted octahedral geometry.  The disposition 

of the two ligand moieties is in such a way that the meridional isomer is 

obtained.  The structure of one of the cadmium complexes has been resolved 

using single crystal X-ray diffraction studies.  The Cd(II) complex crystallizes 

into a monoclinic space group P21/n.  The complex adopts a distorted 

square pyramidal geometry with pyridyl nitrogen, azomethine nitrogen and 

ketoxy oxygen atom of the principal ligand and one of the Br atoms from the 

metal salt occupying the square plane and the other Br atom of metal salt 

occupying the axial position. 
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Chapter 8 

Chapter 8 explains the syntheses and characterization of four 

dioxidomolybdenum(VI) complexes.  The characterization techniques include 

elemental analyses, molar conductivity studies, magnetic susceptibility 

measurements, thermal analyses, infrared and electronic spectral studies 

and single crystal X-ray diffraction studies.  All the complexes are non-

electrolytic as well as diamagnetic in nature.  The molecular structure of one 

of the complexes has been resolved using single crystal X-ray diffraction 

studies.  The coordination geometry around molybdenum is distorted 

octahedral in which the tridentate ligand coordinates to the metal in a 

meridional fashion forming five membered and six membered metallocycles 

involving the MoO2
2+ moiety.  Phenolate oxygen, azomethine nitrogen and 

iminolate oxygen of the ligand and one of the terminal oxo atoms occupy the 

equatorial positions of the complex.  The axial positions are occupied by the other 

terminal oxygen and oxygen atom of the solvent, N,N-dimethylformamide.  The 

DMF molecule is weakly coordinated to the MoO2 core and this position holds 

the possibility of functioning as a substrate binding site. 

Chapter 9 

Chapter 9 discusses the nonlinear optical studies of synthesized 

aroylhydrazones and transition metal complexes of 4-benzyloxy-2-

hydroxybenzaldehyde-4-nitrobenzoylhydrazone dimethylformamide monosolvate.  

The second harmonic generation studies of the compounds were carried out 

using Kurtz and Perry powder technique.  In this experiment, Q-switched 

pulses were obtained from a Q-switched Nd: YAG laser of fundamental 

wavelength 1064 nm and the SHG efficiency of the sample was evaluated by 



Summary and Conclusions  

258 

taking the microcrystalline powder of KDP as the reference material.  The 

output from the sample was monochromated to collect the intensity of 532 nm 

components and the fundamental was eliminated.  Only H2L1·C3H7NO, 

[CdL1(H2O)]2, [CdL1pic] and [CdL1py] are found to possess SHG activity.  

The results indicate that the second harmonic generation efficiency of 

H2L1·C3H7NO is about 4.40 times that of potassium dihydrogen phosphate 

(KDP). The second harmonic generation efficiency of [CdL1(H2O)]2, 

[CdL1pic], [CdL1py] are 0.87, 0.92 and 0.95 times respectively that of KDP. 
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H2L1 4-benzyloxy-2-hydroxybenzaldehyde-4-nitrobenzoylhydrazone 
H2L2 5-bromo-2-hydroxy-3-methoxybenzaldehyde nicotinoylhydrazone 
H2L3 4-diethylamino-2-hydroxybenzaldehyde nicotinoylhydrazone  
HL4 2-benzoylpyridine-4-nitrobenzoylhydrazone 
bipy 2,2′-bipyridine 
phen 1,10-phenanthroline 
pic 3-picoline 
py pyridine 
DMF N,N-dimethylformamide 
Complex 1 [(VOL1)2]  
Complex 2 [VOL1pic] 
Complex 3 [VOL1py] 
Complex 4 [(VOL2)2]  
Complex 5 [VOL2phen]  
Complex 6 [VOL2bipy]  
Complex 7 [(VOL3)2] 
Complex 8 [(CoL1)2]  
Complex 9 [CoL1pic]  
Complex 10 [CoL1py]·2H2O  
Complex 11 [(CoL2)2]·2H2O  
Complex 12 [(CoL3)2]·4H2O  
Complex 13 [NiL1(H2O)2]2·4C3H7NO  
Complex 14 [NiL1pic]  
Complex 15 [NiL1py]  
Complex 16 [(NiL2)2]·H2O  
Complex 17 [(NiL3)2]  
Complex 18 [(CuL1)2]  
Complex 19 [CuL1pic]   
Complex 20 [CuL1py]  
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Complex 21 [(CuL2)2]·2H2O  
Complex 22 [(CuL3)2]  
Complex 23 [(ZnL1)2]  
Complex 24 [ZnL1pic]  
Complex 25 [ZnL1py]  
Complex 26 [(ZnL2)2]·H2O  
Complex 27 [Zn(L4)2]·0.5CH3OH·0.5CH3CH2OH  
Complex 28 [CdL1(H2O)]2  
Complex 29 [CdL1pic]  
Complex 30 [CdL1py]  
Complex 31 [(CdL2)2]·H2O  
Complex 32 [Cd(HL4)Br2]·C3H7NO  
Complex 33 [(MoO2L1)2]  
Complex 34 [MoO2L1DMF]  
Complex 35 [(MoO2L2)2]·2H2O  
Complex 36 [(MoO2L3)2]  
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