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ABSTRACT 

 

Coordination chemistry is an important branch of chemistry which deals with study of 

compounds formed between metal ions and ligands (neutral or negatively charged). Inorganic 

chemistry has several branches and bioinorganic chemistry is one of them. Bioinorganic 

chemistry describes the mutual relationship between inorganic chemistry and biochemistry. This 

basically deals with the role of inorganic substances such as metal ions, composite ions, 

coordination compounds or inorganic molecules inside the living organism. Role of bioinorganic 

chemistry is to understand all the possible interactions between these inorganic substances and 

the biological tissues. These interactions can only be studied with the knowledge of coordination 

chemistry where metal ions bind with the ligands which could be the side chain of amino acid or 

any other biomolecule. Hence bioinorganic chemistry goes hand in hand with the coordination 

chemistry. These understandings could be further utilized for the advancement of several fields 

such as medicinal chemistry, biochemistry, environmental chemistry, chemistry of catalysis and 

metallopharmaceutical research. Transition metals have been a part of active site in various 

enzymes due to several bases such as stability in variety of geometries, multiple coordination 

site, stability in variety of oxidation state and capability of stabilizing intermediates in several 

processes. A significant aim of bioinorganic chemistry is to design small inorganic coordination 

complexes which have similar structural features and also function in a manner similar to their 

natural ones. The synthetic approach mainly deals with the active site and its coordination 

environment. Manganese and iron both the metals are found in the active site of native enzymes 

but these molecules as such cannot be utilized as pharmaceutical agents. These metals have been 

used widely for structural, functional or structuralfunctional mimicking of these metal enzymes. 

In this regard complexes which are cheap, low molecular weight, less toxic and having good 



iv 
 

solubility in water are highly demanding. Moreover, manganese and iron complexes have been 

utilized for various medicinal applications. In continuation of the importance of these metals, 

design and synthesis of fluorescent probes selective and sensitive for monitoring heavy and 

transition metal ions is a demanding and promising area of research because of the prominent 

impact of metal ions in environment and biology. A remarkable development of small 

fluorescent molecule with selectivity towards metal ions has been dragged attention of 

researchers. These studies are found to be helpful to understand transport and localization as well 

as physiological and pathological effect of metal ions in the cell. Due to high sensitivity, rapid 

response and simplicity, fluorescence has attracted much attention for the detection of several 

chemical analytes in solution. Iron is an important transition metal found in biology exhibiting 

crucial roles in several catalytic and enzymatic reactions and its imbalance can cause harmful 

effects hemochromatosis, cancer etc. Hence detection of iron and its concentration as well as 

localizations are extremely important for the treatment of such diseases. 

 

The thesis entitled “Some Aspects of Manganese and Iron Chemistry with Polydentate 

Ligands” is divided into seven chapters. In present studies, we have designed novel bidentate 

and tridentate ligands having meridional geometry. Synthesized ligands were further subjected to 

characterization and data supports the proper synthesis of ligands. The ligands used in present 

investigation have been depicted in the Fig. 1.  
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Fig.1 Ligands utilized for the present studies. 

These ligands were utilized to synthesize mononuclear manganese and iron complexes. 

Complexes of manganese and iron were also characterized using various spectroscopic 

techniques. The representative complexes were subjected to X–ray crystallography to justify the 

molecular structure. Redox activities of all the complexes were optimized using electrochemical 

studies.  

 

First chapter presents an introduction to coordination chemistry of manganese and iron. In 

this chapter background of the present work along with literature review are described. The 

chemical systems reported in this thesis are deeply introduced in this chapter. The various 

chemical methods and equipments used are comprehensively summarized. 
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In chapter two, tridentate ligands OCH3PhimpH, CH3PhimpH, tBuPhimpH and NO2PhimpH 

have been synthesized and characterized. The designed tridentate ligands having N2O donors 

upon deprotonation bind to iron(III) resulting in a series of novel iron complexes. All the 

complexes were characterized by elemental analysis, IR and UV–visible spectral studies. 

Spectroscopic data, magnetic moment and conductivity measurement clearly expressed the 

formation of  [Fe(OCH3Phimp)2](ClO4) (1), [Fe(CH3Phimp)2](ClO4) (2), [Fe(tBuPhimp)2](ClO4) (3) 

and [Fe(NO2Phimp)2](ClO4) (4) complexes. Molecular structure of complex 1 was determined by 

single crystal X–ray diffraction study. A distorted octahedral geometry was observed having 

FeN4O2 coordination sphere. Molecular structure studies interpret tridentate meridional 

coordination of ligand around iron(III) metal centre. Electrochemical studies were also 

investigated for synthesized complexes. Theoretical calculation using DFT was also performed 

to optimize the geometrical and structural parameters. TD–DFT was also optimized to observe 

the electronic properties and data obtained was found to be consistent with that of experimentally 

obtained values. Complexes 1, 2, 3 and 4 utilized to optimize oxidation of o–aminophenol in 

methanol. Complexes were found to be efficient in the oxidation of o–aminophenol. Kinetic 

experiments were also explored to gain better insight into the oxidation process. Representative 

complex exhibited nuclease as well as protease activities in absence of external agents. Complex 

was found to cleave the DNA and protein via self activated mechanism. 

 

Chapter three tridentate ligands OCH3PhimpH, CH3PhimpH, and tBuPhimpH having N2O 

donors coordinates to manganese(III) after deprotonation affording a series of mononuclear 

manganese complexes. All the complexes were characterized by elemental analysis, IR and UV–

visible spectral studies. Magnetic moments and conductivity measurements suggested the 
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formulation of [Mn(OCH3Phimp)2]ClO4 (5), [Mn(CH3Phimp)2]ClO4 (6) and [Mn(tBuPhimp)2]ClO4 

(7) manganese complexes respectively. Molecular structure of 7 was determined by X–ray 

crystallography and structural features were also explored. Cyclic voltammetric studies were also 

monitored for all the complexes in the series. DFT calculations were also monitored for 

representative metal complex to optimize geometrical and structural parameters. TD–DFT 

studies explained the electronic properties and are in good agreement with those of 

experimentally obtained. The phenoxyl radical complexes were generated at room temperature in 

CH3CN solution by adding [(NH4)2[CeIV(NO3)6] and were characterized by UV–visible spectral 

studies. The phenoxyl radical complex generated at room temperature exhibited nuclease as well 

as protease activity with pBR322 DNA without any external agent. 

 

In chapter four, two novel ligands H–N3L (1–phenyl–1–(pyridine–2–ylmethyl)–2–

(pyridine–2–ylmethylene)hydrazine) and Me–N3L (1–phenyl–2–(1–(pyridin–2–yl)ethylidene)–

1–(pyridin–2–ylmethyl)hydrazine) have been designed and synthesized. These ligands have been 

characterized using various spectroscopic techniques such as UV–visible, IR, GC–MS and NMR 

spectral studies. Synthesized ligands have been utilized to prepare mononuclear complexes of 

manganese. A series of manganese complexes [Mn(H–N3L)Cl2] (8), [Mn(H–N3L)2](ClO4)2 (9), 

Mn(Me–N3L)Cl2 (10) and [Mn(Me–N3L)2](ClO4)2 (11) were synthesized and characterized by 

spectroscopic techniques. Molecular structure of complex 10.CH3COCH3 was determined by 

single crystal X–ray diffraction technique. Molecular structures interpret distorted octahedral 

geometry and tridentate meridional coordination of ligand around manganese. Redox properties 

were also explored for the synthesized metal complexes. Theoretical calculations were also 

performed using complex 10 and the geometrical and structural parameters were also 
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investigated. TD–DFT calculations justify the electronic properties obtained from the 

experimentally obtained values. The complexes 8, 9, 10 and 11 were employed to catalyze the 

dismutation of superoxide using xanthine–xanthine oxidase–nitroblue tetrazolium assay and 

obtained good IC50 values. DNA interaction studies were also monitored using all complexes. 

Nuclease as well as protease activity exhibited in presence of oxidising agent for the 

representative complex. 

 

In chapter five, tridentate ligands H–N3L (1–phenyl–1–(pyridine–2–ylmethyl)–2–

(pyridine–2–ylmethylene)hydrazine) and Me–N3L (1–phenyl–2–(1–(pyridin–2–yl)ethylidene)–

1–(pyridin–2–ylmethyl)hydrazine) have been utilized to synthesized mononuclear iron 

complexes. Complexes [H–Fe(N3L)Cl3] (12) [H–Fe(N3L)2](ClO4)2 (13) [Fe(Me–N3L)Cl3] (14) 

and [Fe(Me–N3L)2](ClO4)2 (15) have been synthesized and characterized using elemental 

analysis, IR, UV–visible and ESI–MS spectral studies. Magnetic moment and conductivity 

measurements also supported the formulated structures of the complexes. NMR spectral studies 

were also performed for complexes 13 and 15 due to the presence of low spin Fe(II) metal 

centre. Structural and geometrical aspects were monitored using DFT calculations. TD–DFT 

calculations were also performed to optimize the electronic properties and found to be in good 

agreement with the experiment one. Electrochemical studies were also investigated for all the 

complexes in the series. Due to the stability in buffer these complexes were subjected to the 

DNA interaction studies. DNA binding studies were monitored using UV–visible, fluorescence 

and CD spectral studies. These studies indicated that all the complexes bind well with the DNA. 

Nuclease activity was also monitored for the representative complexes and exhibited oxidative 

DNA nuclease in presence of oxidizing agent (H2O2). 
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In chapter six, a naphthylamine based probe NED1 (N–(2–aminoethyl)naphthalen–1–

amine) was utilized for the detection of Hg(II), Fe(II), Fe(III) in mixed aqueous media via 

fluorescence quenching. These sensitive metal ions bind with the probe by forming a 1:1 

complex. Time resolved fluorescence and quantum yield of probe NED1 in absence as well as in 

presence of metal ions were investigated. Extent of binding of probe with sensitive metal ions 

was calculated. Sensitivity of the probe in presence of other metal ions was examined using 

competitive binding studies. Probe NED1 displayed sensitivity towards Hg(II) during in vitro as 

well as in vivo studies. This multianalyte probe demands biological applications in cell imaging 

and in logic gates. 

 

Chapter seven presents the synthesis a novel fluorescent probe NED2 (2–((2–

(naphthalen–1–ylamino)ethylimino)methyl)phenol) has been synthesized via a simple one step 

synthetic procedure and characterized by various spectroscopic methods. Photo–physical 

properties of NED2 have been investigated to study the sensing of metal ions in methanolic 

solution. Probe NED2 was found to be highly selective for iron over tested metal ions. Probe 

NED2 selectively detected iron in both +2 and +3 oxidation states giving rise to yellow–brown 

and purple color respectively. The naked eye detection of iron is useful for the discrimination of 

+2 and +3 oxidation state while fluorescence studies concludes selective and specific sensitivity 

towards Fe(III). Probe NED2 was found to be highly sensitive and selective towards Fe(III) 

during fluorimetric detection. Binding stoichiometry was found to be 1:1 for Fe(III) and probe 

NED2. DFT calculation provided that the decrease in the energy gap between HOMO and 

LUMO is probably responsible for the quenching of fluorescence. Logic gates application of the 

probe NED2 was also explored. 
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The material, reagents synthetic procedure and experimental details for complexes will be 

described in the respective chapters. 

The thesis concludes with a few suggestions for further work. 
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Chapter 1 

 
1.1. Abstract 

In this chapter, background of the present work along with literature review has been 

described. The chemical systems reported in this thesis are deeply introduced in this chapter. 

The various chemical methods and equipments used are comprehensively summarized. 
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1.2. Introduction 

Coordination chemistry is an important branch of chemistry which deals with the 

study of compounds formed between metal ions and ligands (neutral or negatively 

charged).1 Inorganic chemistry has several branches and bioinorganic chemistry is one of 

them. Bioinorganic chemistry describes the mutual relationship between inorganic 

chemistry and biochemistry. This basically deals with the role of inorganic substances 

such as metal ions, composite ions, coordination compounds or inorganic molecules 

inside the living organism. Role of bioinorganic chemistry is to understand all the 

possible interactions between these inorganic substances and the biological tissues. These 

interactions can only be studied with the knowledge of coordination chemistry where 

metal ions bind with the ligands. These could be the side chain of amino acids or any 

other biomolecule.2 Hence bioinorganic chemistry goes hand in hand with the 

coordination chemistry. These understandings could be further utilized for the 

advancement of several fields such as medicinal chemistry, biochemistry, environmental 

chemistry, chemistry of catalysis and metallopharmaceutical research.3,4 

1.3. Coordination chemistry in biology  

Metal ions such as alkali, alkaline earth metals and transition metals have evolved 

during life processes and found in living organism. In living organism some metals bind 

with the ligands more efficiently as compare to others. These preferential bindings have 

been suggested by Irving–Williams series for divalent transition metals for a ligand.5 On 

the other hand, some ligands preferentially bind with a particular metal. These trends can 

be explained in terms of hard and soft acidbase interactions. Hard and soft acids and 

bases (HSAB) principle is basically implied to understand the way of coordination of 
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ligand with the metal ion. HSAB principle states that “hard acids prefer to react with hard 

bases, and soft acids react with soft bases”.6,7 

1.3.1. Metal ions 

In biological function there are some deciding factors which control the properties 

of metal ions in biological system such as: 

(i) Metal site and protein environment which regulates the reactivity at metal site. 

(ii) Stereochemistry at metal site and ligand coordination to metal center. 

Metals are important in biological system due to their redox and coordination 

properties. These metals can bind with the ligands following ionic or covalent mode of 

coordination. Hence metals can be classified into two categories according to the strength 

of metal ions to form complexes with the ligands. 

1.3.1.1. Ionic (hard, class A) group  

This involves metals having small ionic radii and/or high oxidation states such as 

groups 1 and 2 and the left hand side transition metals (preferentially in higher oxidation 

state). These metals generally form stable complexes with nitrogen and oxygen donors 

(amines, ketones, water). 

1.3.1.2. Covalent (soft, class B) group 

This includes metals with large ionic radii, high polarizablity such as transition 

metals in lower oxidation states (metal carbonyls). These sorts of metals form stable 

complexes with the ligands SCN, CN etc. 
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1.3.2. Ligands  

Ligands also behave in the similar fashion. A particular type of ligand prefers to 

bind with a certain kind of metal ion only. Hence ligands can also be categorized into two 

classes on the basis of donor sites and polarizability.  

1.3.2.1. Ionic (hard) group 

Preferentially those ligands which are small, highly electronegative and not highly 

polarisable such as oxygen donor group (carboxylate, alcohol) fall in this class. 

1.3.2.2. Covalent (soft) group 

Ligands which are more polarizable, less electronegative and larger in size are the 

members of this class of group. Mainly ligands having sulphur (thioethers, thiolates) or 

phosphorus donor atoms belong to this category. Nitrogen donor ligands such as 

imidazole are considered as intermediates.  

Hence it can be summarized that ionic metals preferentially bind with ionic ligands 

and covalent metal ions preferentially bind with covalent ligands. Some of the examples 

of hard and soft acidbases have been listed into Table 1.1. 
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Table 1.1 Hard and soft acidbases6,7 

Metal ions (acids) Ligands (bases) 

Hard acids 

H+, Li+, Na+, K+, Be+2, Mg+2, Ca+2, Al+3, Cr+3, 

Mn+2, Fe+3 

Hard bases 

NH3, N2H4, H2O, OH, NO3
, ClO4

, CO3
2, 

SO4
2, F, Cl 

Borderline (intermediate) acids 

Fe+2, Co+2, Ni+2, Cu+2, Zn+2, Pb+2 

Borderline (intermediate) bases 

C6H5NH2, C5H5N, Br, NO2
, SO3

2, N2 

Soft acids 

Pd+2, Pt+2, Cu+, Ag+ 

Soft bases 

H,CN, SCN, I, CN, C2H4, CO, C6H6 

 

1.3.3. Nature of metal ions  

Selection of metal by an enzyme can be classified on the basis of several origins 

such as availability of metal ion at the place and time of origin of that enzyme. On the 

other hand, the role of metal enzyme in a particular activity also helps in the selection 

process of metal ion. A redox inactive metal (zinc) can be preferred in those enzymes 

which requires metal ion for coordination only and activate the substrate due to its Lewis 

acidity. Alternatively, if metal is involved in variable oxidation state during catalytic 

cycle then redox active metal is required for the same. Redox active metals play crucial 

role in several electron transfer reactions.8,9 Oxidation state, donor atoms in ligands and 

geometry of ligands are the other deciding factors to perform a specific function in an 

enzyme. 

1.3.4. Biological significance of transition metal ions  

Transition metals have been a part of active site in various enzymes due to several 

origins such as stability in variety of geometries, multiple coordination site, stability in 
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variety of oxidation state and capability of stabilizing intermediates in numerous 

processes. Metalloproteins and cofactors consume transition metals to maintain the 

optimum concentration inside living organism.10–13 The optimum concentration range is 

very narrow and hence both the deficiency as well as excess could be dangerous for the 

organism.14 These transition metals can impart crucial role in several processes such as 

electron transfer, charge carriers, storage and transport as given in Table 1.2 (Fig. 1.1). 

 

Fig. 1.1 Metal ions involved in biology and their functions 
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Table 1.2 Functions performed by a number of transition metals in biology 

Metal Function 

Vanadium Nitrogen fixation, oxygenation, halogenation (haloperoxidases), ATPase 

inhibition 

Chromium Carbohydrate utilization 

Manganese Photosynthesis, oxidase, superoxide dismutase, dehydrogenase 

Iron Oxygenation, deoxygenation, dioxygen transport and storage, electron 

transfer, nitrogen fixation, superoxide dismutase 

Cobalt Oxidase, alkyl group transfer 

Nickel Hydrogenase, hydrolase, dehydrogenase, urease 

Copper Oxidase, dioxygen transport, electron transfer, oxygenation, superoxide 

dismutase 

Zinc Structure, hydrolase, oxidoreductase, transferase, ligase, lipase 

Molebednum Nitrogen fixation, oxidoreductases, oxotransfer 

Tungsten Dehydrogenase 

 

1.3.5. Ligands in biological systems 

Ligands are equally important as that of metal ions due to their ability to alter the 

redox properties. Ligands also facilitate stabilization of multiple oxidation states, lability 

and stability of complexes. In living organism, there are several ligands which could bind 

with the metal ions to perform specific functions. These ligands can be classified into two 

classes. 

1.3.5.1. Natural ligands or biological ligands 

Ligands which are found in biological systems15 and have ability to coordinate with 

metals are known as natural ligands such as 

 (a) Peptides and proteins: These can behave as a ligand into two ways: 
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 (i) Deprotonated amide nitrogen or carbonyl oxygen from the peptide chain acting 

as ligand (nitrile hydratase).16 

 

Fig. 1.2 Synthetic model of nitrile hydratase 
  

(ii) Amino acid side chains such as imidazole (histidine), carboxylate (aspartic 

acid) etc acting as ligand (Table 1.3). 

Table 1.3 List of amino acid residue as a ligand and their preferred metal ions 

Residue Substituents Metals 

Histidine 
CH2HN

N

 

Zn, Fe, Cu 

Cysteine CH2SH Zn, Fe, Cu 

Methionine CH2CH2SCH3 Fe, Cu 

Glutamic acid CH2CH2COOH Ca, Zn, Fe 

Aspartic acid CH2COOH Ca, Zn, Fe 

Tyrosine 
CH2HO

 

Ca, Zn, Fe, Mn 

Serine CH2OH Ca 

Asparagine CH2CONH2 Ca 

Glutamine CH2CH2CONH2 Fe 

Threonine 

 

CH(OH)CH3 Ca 
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(b) Cofactors and prosthetic groups: Flavin adenine dinucleotide (FAD), 

tetrapyrole, pterin (Fig. 1.3) respectively. 

 

 

Fig. 1.3 Cofactors and prosthetic groups 
 

(c) Small molecules: Oxygen, water. 

(d) Nucleic acids: Nitrogenous bases of nucleic acid (guanine). 

1.3.5.2. Nonbiological ligands  

These are the molecules which are not found inside the body but taken from outside 

the body and behave as ligands.  

(a) Drugs: Ligands found in drugs. 

(b) Small toxic ligands: CO, NO, CN, F, H2S. 

1.4. Bioinorganic coordination chemistry 

A significant aim of bioinorganic chemistry is to design small inorganic 

coordination complexes which have similar structural features and also functions in a 

manner similar to their natural ones. The synthetic approach mainly deals with the active 
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site and its coordination environment. Existence of transition metals in the active site of 

various metalloenzymes has been described previously. This work deals with the 

manganese and iron chemistry therefore the enzymes having these metals will be the 

main area of concern. Hence in this context of present thesis, the details of the roles of 

manganese and iron have been described below. 

1.5. Manganese: General chemistry  

Manganese (symbol Mn) is the third most abundant transition metal in Earth’s crust 

and the eighth most abundant crustal metal overall. In terms of abundance of transition 

metals manganese is considerable less abundant than iron. In periodic table this metal 

positioned in 4th period and 7th group having electronic configuration [Ar] 3d54s2. It has 

only one naturally occurring isotope. Manganese is more electropositive metal ion as 

compared to its neighbor in the periodic table. Oxidation states of manganese have been 

observed from III to VII but on the basis of geochemical distribution of manganese in 

hydrosphere, lithosphere and atmosphere mainly Mn(II), Mn(III) and Mn(IV) were 

involved. Out of these metal oxidation state Mn(II) is most stable one. Spin pairing in 

manganese (II) complexes can be achieved using ligands such as cyanide. [Mn(CN)6]
3is 

lowspin octahedral complex of manganese. Almost all Mn(III) complexes are highspin 

and have octahedral geometry. Mn(IV) is found in photosystem II which is a water 

oxidising enzyme. Mn(VII) behaves as an extremely strong oxidising agent. These 

oxidation states behave as Lewis acids and exhibit a preferential coordination for the 

oxygen donors.17 
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1.5.1. Biological role of manganese 

Manganese is found to be an essential element in living beings and plays key role in 

various important functions such as photosystem II and disposal of harmful radicals (such 

as superoxide dismutase). A healthy human adult contain 1020 mg of manganese. In 

biological system manganese may have oxidation state II, III, IV and possibly V. In many 

proteins containing manganese, preferentially manganese is having II oxidation state with 

highspin and no coordination geometry preference. Strength of complexes is weak as 

compared to other transition metal ions found in biological system excluding Ca(II) and 

Mg(II) ions. Due to the similar ionic radius Mn(II) can substitute Zn(II) and Fe(II) in 

protein. The one of the crucial role of manganese in nature is in photosynthesis (Fig. 

1.4).18,19 

 

 
 

Fig. 1.4 Manganese in oxygen evolving complex in photosystem II20 

 

Manganese is found in the active site of various enzymes and imparts crucial 

properties to achieve specific functions. Table 1.4 depicts enzyme containing manganese 

in the active site and functions performed by them. 

 



Chapter 1: General Introduction and Reactivity of Manganese and Iron………..... 
 

 11

Table 1.4 List of enzymes containing manganese in active site and their functions 

Enzymes Functions Type 

Manganese superoxide dismutase 

(MnSOD)21 

Dismutation of superoxide radicals Mononuclear 

 

Manganese peroxidase 

(MnP)22 

Convert peroxide to water using H+ Mononuclear 

Manganese dioxygenase23 Incorporating two atoms of oxygen Mononuclear 

3DeoxyDarabinoheptuloson

ate7phosphate synthetase 

(DAHPS)24 

Responsible for synthesis of aromatic 

compounds in microorganism and 

plants 

Mononuclear 

2CmethylDerythritol 

2,4cyclodiphosphate synthase 

(MECDP)25 

Part of isoprenoid biosynthesis in 

many plants and bacteria 

Mononuclear 

Inorganic phosphatase26 Catalyze the hydrolysis of P2O7
4 to 

phosphate 

Mononuclear 

Isopentenyl diphosphate 

isomerase27 

Catalyze the isomerisation of 

isopentenyl diphosphate to 

dimethylallyl diphosphate 

Mononuclear 

Manganese lipoxygenase 

(MnLO)28 

Catalyze dioxygenation of 

polyunsaturated fatty acids in lipids 

Mononuclear 

Oxalate oxidase29,30 Convert oxalate to CO2 and H2O2 Mononuclear 

Oxalate decarboxylase31 Convert oxalate to formate and CO2 Mononuclear 

Manganese ribonucleotide 

reductase32 

Catalyzes the formation of 

deoxyribonucleotides from 

ribonucleotides 

Dinuclear 

 

Arginases33 

 

Catalyze the hydrolysis of Larginine 

to Lornithine and urea 

Dinuclear 

Manganese catalase34 Detoxification of hydrogen peroxide Dinuclear 

http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Dioxygenation
http://en.wikipedia.org/wiki/Polyunsaturated
http://en.wikipedia.org/wiki/Fatty_acids
http://en.wikipedia.org/wiki/Lipid
http://en.wikipedia.org/wiki/Oxalate
http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Hydrogen_peroxide
http://en.wikipedia.org/wiki/Deoxyribonucleotide
http://en.wikipedia.org/wiki/Ribonucleotide
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Amino peptidase35 

 

Catalyze the hydrolysis of the amino 

end of polypeptides and protein 

Dinuclear 

Isomerases36 Catalyze the interconversion of 

Dglucose and Dfructose 

Dinuclear 

Transferases37 Catalyze the transfer of nucleotide 

sugar residue to a hydroxyl group on 

target protein, lipid or carbohydrate 

Dinuclear 

Glutamine synthetase38 

 

Catalyze the conversion of 

Lglutamate, ATP and ammonia  into 

Lglutamine, ADP and PO4
3 

Dinuclear 

Phosphoglycerate mutase39 Catalyze the interconversion of 

3phosphoglycerate and 2 

phosphorglycerate 

Dinuclear 

Oxygen evolving complex (OEC) 

or (PSII)40 

Carry out the four electron oxidation 

of water to dioxygen 

Tetranuclear 

 

1.6. Iron: General chemistry  

Iron is a distinctive metal present around and inside us having electron 

configuration [Ar]3d64s2. It is a member of 4th period and 8th group in the modern 

periodic table. This metal has been a part of man’s material progress since prehistoric 

times. It is found to be the fourth most abundant element (after oxygen, silicon and 

aluminium) and the second most abundant metal in Earth’s crust. Iron has four naturally 

occurring isotopes. Iron can have oxidation state −II to VI, although two most stable 

oxidation states are II and III. Iron (III) complexes may be low or highspin and 

generally have octahedral geometry. One important aspect to be considered in the iron 

chemistry is the effect of ligand on oxidation and spin state of iron as shown in Fig. 1.5. 
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Fig. 1.5 Effect of ligand environment on the oxidation state and spin state of iron 

 

Ligand strength and the environment around metal centre have a tendency to 

modulate the redox property of the iron. A complex will be labile if it is having a weak 

field ligand and will form preferentially highspin complexes and vice versa. Presence of 

large, bulky ligands as in metalloproteins can cause a tetrahedral environment, in which 

iron prefers to form highspin complexes in both the oxidation state.19 Iron has been 

found an important metal in various catalytic processes due to its biological relevance 

and abundance in nature.41–43 

1.6.1. Biological role of iron  

Being vital to plant as well as animal, iron imparts valuable role in biology. The 

adult human body contains about 4 g of iron out of which only 1 g of iron per day is 

absorbed while about 3 g are in the form of haemoglobin. Iron is important in several 

aspects such as dioxygen transport (Fig. 1.6), storage, electron transfer, nitrogen fixation, 

superoxide dismutation.20,44  
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Fig. 1.6 Oxygen transport process 

 

Iron is preferred over other transition metal due to some characteristic features 

present in iron, less or not at all present in the other transition metals which are as 

followed: 

(a) Abundant and ubiquitous in nature.  

(b) Ease of swapping between the oxidation states II and III and can reach up to IV 

and V in some processes. 

(c) Change of spin state in the presence of ligand environment and strength. 

(d) Flexibility towards donor atom in a ligand, coordination and geometry. 

Iron containing protein can be classified depending on its prosthetic group as 

depicted in Table 1.5.  
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Table 1.5 Iron containing protein and their sites 

Iron containing protein 

Heme 

protein 

Protein Hemoglobin Myoglobin Cytochrome 

oxidase 

Cytochrome 

P450 

Fe atom 4 1 2 1 

Site RBC Muscle Mitochondria ER, 

Mitochondria 

Nonheme 

protein 

Protein Aconitase Transferrin Lactoferrin Ferritin 

Fe atom 2 2 2 4000 

Site TCA cycle Plasma Milk Tissue 

Ironsulfur 

proteins 

Protein Complex III 

FeS 

Xanthine 

oxidase 

Succinate 

DH 

Adrenodoxin 

Fe atom 2 8 4 2 

Site Mitochondria Liver Mitochondria Mitochondria 

 

One of the interesting family of enzymes containing iron is cytochrome which are 

the members of heme proteins (Table 1.5).45–48 These are monooxygenase enzyme 

containing type b heme protein which catalyzes a variety of oxo transfer reactions such as 

hydroxylation, epoxidation, amine and sulphide oxidation. 48–50 

1.7. Applications of manganese and iron complexes 

In metalloenzymes presence of metal and environment of ligand around metal 

centre exhibit unique properties to perform special functions such as catalysis and 

electron transfer.51–53 To mimic these enzymes, there is a need to synthesize some 

inorganic coordination complexes. These complexes should possess similar structural and 

spectroscopic features along with similar functions, as of their natural counterparts. 
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Synthesized model inorganic complexes could be helpful to understand native enzymes 

by changing ligand environment, coordination geometry, metal ion etc. In this regard, a 

wide range of metalloenzymes have been synthesized to perform specific functions.  

1.7.1. Structural–functional modeling of metalloenzymes 

Herein, the goal is to understand the contribution of manganese and iron complexes 

in the field of bioinorganic chemistry. These manganese and iron complexes could have 

been structural, functional and/or structural and functional model of enzymes. Herein 

some enzymes have been described which are of great significance in manganese and 

iron chemistry recently. These enzymes have been utilized either for structural or 

functional modelling using manganese and iron complexes. 

1.7.1.1. Superoxide dismutase (SOD) enzymes 

Superoxide radical is reactive oxygen species (ROS) produced during cellular 

processes or some environmental conditions such as interaction of UV radiation with 

biomolecules, enzymatic activities in phagocytic cells (neutrophils and macrophages) or 

as a byproduct of cellular respiration. ROS such as hydrogen peroxide, hydroxyl 

radicals and peroxynitrites are also formed through superoxide ions.54 These reactive 

oxygen species initiates damaging and uncontrollable reactions in cells leading damage to 

DNA and other cell components.55,56 These uncontrolled production of ROS and damage 

caused by them is responsible for many diseases such as atherosclerosis, rheumatoid 

arthritis, autoimmune disease, Parkinson's disease, Huntington’s disease and Alzheimer's 

disease.56,57 Superoxide radicals can act as signalling agent, a safe intermediate which 

decomposes immediately or a toxic species. In body its level is regulated by two enzymes 

superoxide reductase(SOR) and superoxide dismutase(SOD) (Scheme 1.1).58 

http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/B/Blood.html
http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/M/M.html
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Scheme 1.1 Superoxide dismutase: Production and dismutation of reactive 

oxygen species (plasma reduced glutathione (GSH), GSSG–oxidised glutathione or 

glutathione disulfide) 

 

Both the metalloenzymes are redox active and control the concentration of 

superoxide radicals. The equations shown below represent the difference in the functions 

of two enzymes. 

 

 

 

Superoxide dismutase enzymes were first discovered by Irwin Fridovich and Joe 

McCord.59 This enzyme is responsible for the regulation of antioxidantoxidant balance 

in many organisms.60 On the basis of metal ion present, this metalloenzyme has been 

categorized into four types: NiSOD,61 MnSOD,3 FeSOD,62 and Cu/ZnSOD.55 

NiSOD was found in cytosol of streptomyces and cyanobacteria,61 as well as in a few 

http://en.wikipedia.org/wiki/Irwin_Fridovich
http://en.wikipedia.org/wiki/Joe_M._McCord
http://en.wikipedia.org/wiki/Joe_M._McCord
http://en.wikipedia.org/wiki/Joe_M._McCord
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green algae.63,64 MnSOD was discovered in the cytosol of archaea,65,66 bacteria67 and 

eukaryotic cells typically contain MnSOD in the mitochondrial matrix. FeSOD is 

found in bacterial cytosol enzyme.67 In eukaryotic cells, Cu/ZnSOD is primarily found 

in cytosol but also found in the mitochondrial membrane space and nucleus.68 

MnSOD and FeSOD enzymes both have subunit of size about 22 kDa and have 

substantial sequence similarity.69 Two residues are considered as distinguishing 

MnSOD from FeSODs which are residue 77 (E. coli numbering) is glycine in 

MnSODs and glutamine in FeSODs and residue 146 is alanine in all FeSODs, and 

either glutamine or histidine in MnSODs.21 

 

 

Fig. 1.7 Active site structure of human mitochondrial MnSOD 

 

Metal ion is located deep within hydrophobic pocket in the protein formed by two 

subunits. Manganese coordination geometry is distorted trigonal bipyramidal with two 

histidine ligands and the aspartate donor in the equatorial plane and axial histidine and a 

water or OH group in axial position (Fig. 1.7). 

Catalytic mechanism have been shown in Scheme 1.2 which involves change in 

oxidation state of metal ion between II and III.70 In the beginning metal is found in 
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oxidized state where axial ligand is hydroxide. On arrival of superoxide anion metal 

centre expands its coordination number (trigonal bipyramidal to octahedral) and metal 

itself got reduced to Mn(II) on protonation of the OH group and finally release of a 

dioxygen molecule occurs. Another superoxide anion binds to this reduced Mn(II) centre, 

which oxidizes to transfer its proton with the production of hydroperoxo species. Finally, 

H2O2 release subsequently upon protonation of the manganese (III)hydroperoxo 

intermediate. 

 

 

Scheme 1.2 Schematic representation of mechanism of superoxide dismutase enzyme 

 

Manganese and iron complexes as SOD mimic  

Manganese and iron both the metals are found in the active site of native 

enzyme69,71–73 but these molecules as such cannot be utilized as pharmaceutical agents.74 

These metals have been used widely for structural, functional or structuralfunctional 
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mimicking of these metal enzymes. In this regard complexes which are cheap, low 

molecular weight, less toxic and having good solubility in water are highly demanding.  

Manganese complexes have been displayed SOD activity and used to cure 

oxidative stress. Several manganese complexes have been synthesized in this regard 

using ligands as shown in Fig. 1.8. Remarkable work in this area has been done by 

several groups. Ivanovic–Burmazovic and co–workers have synthesized 

sevencoordinated manganese complexes [Mn(L)(H2O)2]
2+, L represents an equatorial 

pentadentate macrocyclic ligand with five nitrogen donor atoms. SOD activities of these 

complexes were monitored and these complexes found to be potent superoxide dismutase 

(SOD) mimics. They have also indicted probable use of the synthesized complexes as 

potential human therapeutics to cure diseases caused by the overproduction of 

superoxide.75 In continuation of these works, Burmazovic and co–workers have utilized 

Stopped–flow measurements combined with time–resolved UV–visible spectroscopy for 

the spectral analysis of superoxide decay. This group have performed the comparative 

study of catalytic activity of putative manganese SOD (superoxide dismutase) mimics 

known in the literature.76 Recently Kose and coworkers have synthesized manganese(II) 

complexes utilizing pentadentate ligand derived from Schiff’s base which exhibited 

excellent SOD (IC501μM) activity.77 Similarly Signorella and coworkers synthesized 

manganese(III) complex using unsymmetrical hexadentate ligand 1–[N–(2–

pyridylmethyl),N–(2–hydroxybenzyl)amino]–3–[N′–(2–hydroxybenzyl),N′–(4–

methylbenzyl)amino]propan–2–ol having N3O3 donor which exhibited SOD activity 

having good IC50 value (1.26 μM). This complexes was found to be efficient in 

disproportionation of H2O2 and superoxide ion.78 Scorpiandlike ligands are also an 
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important class of ligands. Clares et. al. have utilized these macrocyclic ligands to 

prepare manganese(II) complexes and monitored in vitro and in vivo activities. In vitro 

activity was performed following the McCord–Fridovich method. Manganese complexes 

were subjected to monitor the antioxidant behavior of these compounds on bacteria, yeast 

and fish embryos.79 

 

 

Fig. 1.8 Ligands utilized for the synthesis of complexes as SOD mimic 
 

Studies on, SOD activities have been an interesting area to explore and a lot of 

work has been done in this regard.48,80–93 Most of the SOD mimic molecules are 

manganese complexes as mentioned above and they have been found successful in in 

vitro as well as in vivo studies such as EUK134. EUK134 has been found a potent 

antioxidant in rat kidneys and limbic systems.94,95 Investigation of the literature illustrated 

that manganese(II) as well as manganese(III) complexes could be used as superoxide 

scavenger molecules. 
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Fig. 1.9 Manganese complexes as potent SOD mimic  
 

Iron complexes have also been studied as SOD mimic although they can produce 

hydroxyl radical on reacting with H2O2 which could be fatal. The advantage of iron 

complex over manganese is that these complexes are kinetically and thermodynamically 

more stable.96 Recently, Hitomi and coworkers reported iron complexes 

[FeIII(dpaqR)Cl]Cl having different electron donating and withdrawing substituent in 

ligand framework and these complexes served as pure SOD mimic without any 

peroxidase activity. Iron complexes were found to be more effective SOD mimic as 

compare to iron salen complexes. Introduction of electron donating group in ligand frame 

showed enhancement in the SOD activity.97 Pap and co–workers reported 

hexacoordinated iron(III) complexes utilizing isoindoline derived ligands. The SOD 

activities of complexes were evaluated using indirect method and NBT assay. 

Synthesized complex exhibited good correlation between the redox potential and SOD 

activity. SOD like activity exhibited that the rate determining step is the reduction of the 

metal center.98 Ivanovic–Burmazovic and co–workers have synthesized seven–

coordinated iron and manganese complexes [FeIII(dapsox)(H2O)2]ClO4.H2O, 

[FeII(H2dapsox)(H2O)2](NO3)2‚H2O and [MnII(H2dapsox)(CH3OH)(H2O)](ClO4)2(H2O) 

using acyclic and rigid pentadentate H2dapsox ligand [H2dapsox=2,6–

diacetylpyridinebis(semioxamazide)]. Superoxide dismutase activities of these complexes 
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were studied spectrophotometrically, electrochemically, and using a submillisecond 

mixing UV–visible stopped–flow techniques. The IC50 values were found to be in the 

millimolar (mM) range and proved to be effective SOD mimic.99 In this regard, several 

iron complexes were synthesized and there SOD activities were optimized.97,99–106 

1.7.1.2. Catechol dioxygenases (CDO) 

Dioxygenactivating enzymes are very important for several catalytic reactions.107–

114 Catechol dioxygenase enzymes play crucial role during degradation of aromatic 

compounds in soil bacteria usually using cisdiol catechol as a substrate.115 On the basis 

of site of cleavage these can be further categorized into two classes: Intradiol catechol 

dioxygenase and extradiol catechol dioxygenase116 as shown in Scheme 1.3. 

 

 

Scheme 1.3 Oxidative cleavage of catechol using (a) intradiol dioxygenase to give 
cis,cismuconic acid product; (b) extradiol dioxygenase to give 2–hydroxymuconate 

semialdehyde product 

 

Crystallographic studies were found to be helpful to understand the reason behind 

different cleavage products. It was found out that intradiol catechol dioxygenase contains 

iron(III) centre having two tyrosine and two histidine residue117 while in extradiol 
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catechol dioxygenase two histidine and one glutamic acid was coordinated to iron(II) 

centre in square pyramidal geometry (Fig. 1.10).118–121 

Hence modelling of these enzymes have appeared as an interesting area to 

explore.121,122 

 

 

Intradiol Extradiol 

 Cleave C–C double bond between 

phenolic hydroxyl group 

 Fe(III) as a cofactor 

 Trigonal bipyramidal geometry 

 e.g. 3,4 PCD and 1,2 CTD 

 Cleave C–C double bond adjacent 

to  phenolic hydroxyl group 

 Fe(II) as a cofactor 

 Square pyramidal geometry 

 e.g. 4,5 PCD and 2,3 CTD 

Fig. 1.10 Active site structures of catechol dioxygenase enzymes 
 

Manganese and iron complexes as catechol dioxygenase mimic  

Pioneer work has been done by several research groups to exploit the chemistry of 

these enzymes. Most of the work has been done using iron complexes but manganese 

catechol dioxygenase have also been characterized.123 Reddig et. al. have synthesized 

mononuclear manganese complexes [Mn(L1)(tcc)], [Mn(L2)(tcc)]. H2O. 0.5CH3OH, 

[Mn(L3)(tcc)]. CH2Cl2, [Mn(L4)(tcc)]. 1.5CH2Cl2, [Mn(L5)(tcc)] and 

(HN(C2H5)3)[Mn(L6)(tcc)]. CH2Cl2 using tetradentate ligands HL1 (2–[(bis(pyridin–2–
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ylmethyl)amino)methyl]phenol), HL2 (2–[[((6–methylpyridin–2–yl)methyl)(pyridin–2–

ylmethyl)amino]methyl] phenol), HL3 (2–[[((6–methylpyridin–2–yl)methyl)(pyridin–2–

ylmethyl)amino]methyl]–4–nitrophenol), HL4 (2–[(bis(pyridin–2–

ylmethyl)amino)methyl]–4–bromophenol), HL5 (2–[(bis(pyridin–2–

ylmethyl)amino)methyl]–6–methoxyphenol) and H2L6 ([(bis(2–hydroxy–5–

nitrobenzyl))(pyridin–2–ylmethyl)]amine) respectively and monitored effect of electron 

donating and withdrawing group on the enzymatic activity. These complexes were found 

as structural manganese analogous for substituted forms of iron–containing intradiol 

cleaving catechol dioxygenases. Hence complexes exhibited structural mimicking of the 

active site of manganese substituted catechol dioxygenases.124  

Bugg and coworkers explained the reaction mechanism involved during the 

catalytic process. They have synthesized an iron complex using tridentate ligand 1,4,7–

triazacyclononane (TACN) and a proton donor. Complex was found to be an extradiol 

mimic and the effect of Fe(II) and Fe(III) on extradiol catechol cleavage was also 

optimized. Both the oxidation states was found to be active to the cleavage but promising 

results were obtained for Fe(II) which is the oxidation state found in native enzyme. 

Effect of electron donating group was also optimized in the substrate.125 Bugg and 

coworkers further proposed the mechanism as well as reaction intermediate involved 

during the catalytic process.126–129 In continuation of advancement to this enzymatic 

chemistry, Que and coworkers also suggested role of iron centre, type and environment 

of the ligand around metal centre.130–133 Palani and coworkers synthesized iron 

complexes derived from tridentate N3 ligands pyrazol–1–ylmethyl(pyrid–2–

ylmethyl)amine (L1), 3,5–dimethylpyrazol–1–ylmethyl(pyrid–2–ylmethyl)amine (L2), 
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3–iso–propylpyrazol–1–ylmethyl(pyrid–2–ylmethyl)amine (L3) and (1–methyl–1H–

imidazol–2–ylmethyl)pyrid–2–ylmethylamine (L4) and also synthesized adduct of 

iron(III) [Fe(L)(DBC)(CH3OH)] using 3,5–di–tert–butylcatecholate (DBC2–) where 

ligand tridentate substituted monophenolate L such as 2–((N–benzylpyrid–2–

ylmethylamino)methyl)phenol (H(L1)), 2–((N–benzylpyrid–2–ylmethylamino)–methyl)–

4,6–dimethylphenol (H(L2)), 2–((N–benzylpyrid–2–ylmethylamino)methyl)–4,6–di–tert–

butylphenol (H(L3)) and 2–((N–benzylpyrid–2–ylmethylamino) methyl)–4–nitrophenol 

(H(L4)) and also optimized their activity as dioxygenase model. All these complexes 

exhibited the functional mimicing of the native enzyme.134,135 They have explored effect 

of Lewis acidity of iron,136 effects of ligand basicity, steric hindrance on the cleavage 

activity.136–145 In this regard, Paine and coworkers also synthesized iron complex 

[(L)3Fe3(DBC)3] where L is 1–(2–pyridylmethyl)pyrrolidine–2–carboxylate a proline 

based flexible tridentate facial NNO donor ligand and the complex was found to be 

selective towards functional modelling of extradiol cleavage activity. Cleavage products 

resulted into an equal amount of extra and intradiol cleavage products without any auto–

oxidation product.146 Several iron complexes have been synthesized and found as potent 

applicant for the catechol dioxygenase activity.136,147,148 

1.7.1.3. oaminophenol dioxygenase (APD)  

During microbial degradation of aromatic compound ring cleavage is a crucial step. 

Dioxygenases are responsible for such reaction in aerobic bacteria using aromatic ring 

with cisdiol as a substrate.149 2aminophenol shows analogy to catechols as amino and 

hydroxyl group have comparable size and similar effects on electrophilic aromatic 

substitution. In continuation of this, a new ring cleaving enzyme oaminophenol 
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1,6dioxygenase has been discovered which converts oaminophenol to 

2aminomuconic acid semialdehyde.150 The process starts during growth of 

Pseudomonas pseudoalcaligenes JS45 on nitrobenzene where reduction of nitrobenzene 

to hydroxylaminobenzene and then rearrangement to 2aminophenol occurs.151 A 

schematic presentation has been shown in Scheme 1.4. 

 

Scheme 1.4 Formation of ring cleavage product picolinic acid during degradation of 
nitrobenzene in P. pseudoalcaligenes 

 

Manganese and iron complexes as oaminophenol dioxygenase mimic  

Iron complexes have been utilized for the mimicking of 2aminophenol 

dioxygenase enzyme. Fiedler and co–workers synthesized iron containing complexes 

having similar structural and electronic features as that of native enzyme.152 Paine and 

coworkers have synthesized non heme iron(II) complexes using tetradentate nitrogen 

donor ligand 6Me3TPA = tris(6methyl2pyridylmethyl)amine and 4tBuHAP = 

monoanionic 2 amino4tertbutylphenolate. In this work, they have utilized these 

complexes for dioxygen reactivity and found out that complexes behaves as a functional 

model for APD (2aminophenol1,6dioxygenase) and 

3hydroxyanthranilate3,4dioxygenase (HAD) enzymes.153,154 Paine and coworkers 

also elucidated effect of supporting ligands on the reactivity of iron(II)aminophenolate 
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complexes towards molecular oxygen.155 In continuation of these studies, Paine and 

coworkers also exploited tridentate ligand to explore the modelling of APD.156 

1.7.1.4. o–aminophenol oxidase 

Enzyme phenoxazinone synthase is naturally isolated from bacterium Streptomyces 

antibioticus and catalyzes the oxidative coupling of two molecules of a substituted o–

aminophenol to phenoxazinone chromophore in the final step during biosynthesis of the 

antineoplastic agent, acinomycin D.157 General reaction can be summarized as in Scheme 

1.5. 

 

 

Scheme 1.5 oxidation of o–aminophenol in presence of oxygen 

 

Later on, according to the extensive study on chemistry of the phenoxazinone 

chromophore, four pathways were proposed for the oxidation of o–aminophenol to 2–

aminophenoxazinone for the enzymatic reaction (Scheme 1.6).158,159 
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Scheme 1.6 Proposed mechanism for the formation of 2aminophenoxazinone 

 

Manganese and iron complexes as oaminophenol oxidase mimic 

Manganese complexes exhibiting oxidation of oaminophenol have been reported. 

Simandi and coworkers reported a dioximatomanganese(II) complex 

[Mn2(HL)2](BPh4)2 having ligand [HON=C(CH3)C(CH3)=NCH2CH2]2NH as H2L. On 

dissolution of this complex in methanol a monomeric species [Mn(HL)]+ is produced 

which oxidizes oaminophenol. Hence species generated behave as a functional model 

for phenoxazinone synthase.160 Speier and coworkers prepared mononuclear 

manganese(II) complex [Mn(6’Me2indH)(H2O)2(CH3CN)](ClO4)2 and monitored the 

oxidation of oaminophenol. Complex was found to be effective in oxidizing oxidation 

of oaminophenol and followed a first order kinetcis.161 Recently, Panja have reported 

manganese complexes [Mn(L1)Cl2]. 2MeOH and [Mn(L2)Cl2] complexes derived from 

tetradentate ligands and evaluated oxidation of o–aminophenol. Both the complexes were 

found to be effective in the oxidation of o–aminophenol.162 Iron complexes are also 
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equally important for such catalytic activities. Mathur and coworkers utilized ligands 

N,N′–Bis(2–methylbenzimidazolyl) pyridinediamide [GBPA=L1] and N–picolylated–

N,N′–Bis(2–methylbenzimidazolyl)hexandiamide [PicGBHA=L2] for the synthesis of 

iron complexes and optimize the oxidation of oaminophenol. Kinetic studies were also 

explored and effect of E1/2 on the catalytic activity was also studied.163 Kaizer and co–

workers synthesized series of iron complexes derived from 1,3–bis(5–methyl–2–

thiazolylimino)isoindoline ligand and these complexes were found to be a suitable 

catalyst for the oxidation of oaminophenol. They have also proposed mechanism 

depending on the oxidant (i) a metal based oxidation for dioxygen (ii) a hydroxyl radical 

mediated process. Kinetic studies were also performed for the complexes.164 In 

continuation of these studies several iron complexes were synthesized and found to be 

potent catalyst for the oxidation of oaminophenol.110,165,166 

1.7.1.5. Galactose and glyoxal oxidase (GAO and GLX)  

Function of the metal in the active site of enzymes such as galactose oxidase, amine 

oxidases, ribonucleotide reductase and cytochrome coxidase is to coordinate O2 in their 

reduced forms and then generation of a metalbound, activated oxygen species through 

the proper redox chemistry. Galactose oxidase is an enzyme having transition metal at 

centre along with the tyrosine residue which catalyzes the twoelectron oxidation of 

primary alcohols.167–169 Galactose oxidase although displays an unpredictably low 

specificity for the primary alcohol but completely regioselective. This enzyme does not 

utilize secondary alcohols as a substrate.170 

Free radical catalysis has become an emerging field of free radical enzymology.171–

173 Galactose oxidase (GAO) is the member of a family of enzymes known as 
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radicalcopper oxidases along with the fungal enzyme, glyoxal oxidase (GLX).174–176 

This enzyme is a physiological partner of lignin peroxidase177,178 and manganese 

peroxidase.179 Galactose oxidase utilizes primary alcohol as a substrate and converts it to 

aldehyde while the glyoxal oxidase converts aldehyde to carboxylic acid. Both the 

processes involve two electron oxidation and the overall reactions of GAO and GLX are 

described below in Scheme 1.7.173,180 

 

 

Scheme 1.7 Reaction catalyzed by galactose oxidase and glyoxal oxidase 

 

Galactose oxidase171,181 is an oxidationreduction catalyst exploiting an unusual 

free radical coupled copper in its active site.171,182 This consists two distinct oneelectron 

acceptors, Cu(II) metal center and a stable protein free radical. Primary structure of 

amino acid sequence of glyoxal oxidase and galactose oxidase has no homology but these 

two enzymes show similarities in active site structure and chemistry.178,179 Active site of 

the galactose oxidase enzyme consists a mononuclear copper ion having square 

pyramidal coordination geometry (Fig. 1.11) in which copper ion is coordinated to a 

tyrosinate residue (Tyr272), two histidine residues (His496 and His581) along with a 

water molecule (pH 7.0) or acetate (pH 4.5) in the equatorial plane. Apical position was 

occupied by tyrosinate residue (Tyr495) at a distance of 2.65 Å from copper centre.171,179 

An exceptional characteristic of this active site represents the alteration of the tyrosinate 

residue located in the equatorial plane by a covalent linkage to the sulphur of adjacent 
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cysteine residue.172,183 During catalytic cycle mononuclear copper ion accommodate three 

forms as fully oxidized, fully reduced and an inactive form. Fully oxidized form contains 

copper(II) antiferromagnetically coupled to a tyrosyl radical and is catalytically active . 

The fully reduced copper(I) centre have three coordinated Tyr272, His496 and His581 

and separated Tyr495 and solvent, this form is also catalytically active form.184 

 

 

Fig. 1.11 Active site structure of galactose oxidase 

 

The redox potential range required for the conversion of GAO and GLX to the 

active form has been determined by spectrochemical titration as + 0.45 V and 0.66 V (vs 

NHE) respectively.171,172 Galactose oxidase enzyme involves one electron transfer 

processes, single electron transfer (SET), hydrogen atom transfer (HAT) and proton 

transfer (PT)) during its catalytic cycle and the mechanism has been shown in Scheme 

1.8.172 
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Scheme 1.8 Conversion of primary alcohol to aldehyde via galactose oxidase enzyme 

 

Proton coupled electron transfer (PCET) is an overall process which include both 

proton as well as electron transfer.185 Transfer of proton and electron could follow a 

single kinetic step using concerted protonelectron transfer (CPET). A process where 

transfer of proton and electron occurs simultaneously from donor to acceptor is termed as 

hydrogen atom transfer. This is a limiting case of PCET. Due to the presence of phenoxyl 

radical acceptor in the active site of enzyme, hydrogen atom transfer is thought to be a 

probable process followed rather than a more generalized sequential PCET process.171 

Manganese and iron complexes as galactose oxidase/glyoxal oxidase mimic  

Oxidation chemistry is very important in case of iron and manganese.186 Syntheses 

of coordination compounds containing noninnocent ligands have been considered of 

interest in various fields of inorganic chemistry such as coordination chemistry187 and 

bioinorganic chemistry.188 Phenoxyl radical chemistry of transition metals was 

unexplored due to the facts that phenoxyl radicals are transient species and metaloxygen 
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bond in phenoxyl radical complexes was weaker due to the decreased πdonating 

properties in phenoxyl radical complexes as compare to ionic phenolates complexes. 

Advancement in the field of radical complexes increased now a days and researchers are 

more interested to explore the chemistry of these radical containing metal complexes 

towards catalysis in various organic substrates. To enhance the stability of radical in 

ligand, ortho and para substitutions with the electron donating group have been proved a 

good alternative. Some of the ligands which are capable of generating phenoxyl radical 

have been shown in Fig. 1.12. One electron oxidation of a phenolato containing transition 

metal complex can be either metal or ligand centred in nature.189 

 

 

Fig. 1.12 Ligands containing oxidizable pendant phenols utilized for the synthesis of 
metal complexes for oxidation reaction 

 

Phenoxyl containing manganese complexes are more complicated due to the 

accessibility of metal as well as ligand centre electron transfer process in normal potential 

range.190,191 These sort of ligand can stabilize manganese in Mn(II), Mn(III) and even 
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Mn(IV) oxidation states. Wieghardt and co–workers synthesized a series of complexes 

including manganese(III) using tetradentate monoanionic macrocyclic ligand. Electronic, 

resonance Raman and EPR spectra were utilized to assure the presence of radical 

complexes. Complexes generated stable phenoxyl radicals in the solution using 

electrochemical oxidation process.192 Fujii and coworker reported mixedvalence ligand 

radicals of manganese(III) salen complexes.193 They tried to explore the active species 

which are transiently generated from chiral manganese(III) salen complexes and found 

excellent catalyst towards asymmetric oxidation.194 Iron complexes of phenolato 

containing complexes are also gaining importance. Mendes and coworkers synthesized 

diazocyclebis(ditertbutylphenol) ligands having phenolato arm and their corresponding 

iron complexes. They have established the generation of phenoxyl radical using 

electrochemical as well as UVvisible studies. During studies they explored the effect of 

Lewis acidity on the oxidation behavior.195 Saberikia and coworkers also synthesized a 

tetradentate ligand having two phenolato arm 

[6,6’((((tetrahydrofuran2yl)methyl)azanediyl)bis(methylene))bis(2,4dichlorophenol)] 

(H2L
THF) and its corresponding iron(III) complex. They have found out electrochemical 

oxidations were ligandcentered on the other hand, reductions were metalcentered 

related to FeIII/FeII couple.196 Verani et. al. synthesized a five coordinated iron(III) 

complex using phenolato containing ligand with N2O3 donor atoms. In nature the 

phenolate/phenoxyl couple is coordinated to metal ion in pentacoordinated fashion, 

which could be responsible for the observed redox flexibility. Process of phenoxyl radical 

generation was studied and first oxidation was found to be ligand centered in nature.197 

Verani et. al. studied the redox and electronic behavior of iron highspin 3d5 ions in 
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fivecoordinate ligand fields and provided major insight into bioinspired redox cycling 

using experimental and theoretical studies.198 In continuation of contribution towards 

radical chemistry Verani and coworkers have studied the effect of ligand rigidity and 

ring substitution on the structural and electronic properties of iron complexes with 

tridentate ligands.199 

1.7.2. Interaction with biomolecules 

1.7.2.1. DNA interaction studies  

DNA is a nucleotide having genetic information which makes it a molecule of great 

significance. Activation or inhibition of DNA function is necessary to cure or control 

certain diseases. Hence interaction of DNA with the small molecules is important and a 

fascinating area to explore.200–202 Synthesis of therapeutic agent which can cleave DNA 

specifically and selectively is a demanding area.3,203 Metal complexes may interact with 

the DNA from electrostatic interactions with the anionic phosphate backbone to soft 

nucleophilic interactions with the purine heterocycles. Metal interaction can be classified 

in two cegories: DNA binding and DNA cleavage (nuclease). These two further 

subclassified according to their mode of interaction and action. Binding of DNA can be 

categorized into two classes. 

1.7.2.1.1. Noncovalent binding 

Noncovalent interaction arises due to the interaction of the molecule with DNA 

through hydrogen bonding, electrostatic forces, Vander Waal forces, hydrophobic 

interactions, intercalation and electric field of the DNA.3 Depending on the mode of 

interactions noncovalent interactions can be further classified in three categories. These 

interactions depend on the charge, shape and planarity of the complexes. 
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1.7.2.1.1.1. External or electrostatic interaction 

This involves interactions between positive charge of metal ion with the negatively 

charged phosphate backbone and interactions with the electron donor groups of the bases. 

Main forces of interaction are electrostatic and includes the charge of the molecule, 

ligand hydrophobicity and total size of the ions.204,205 

1.7.2.1.1.2. Groove or surface interaction  

Double helix structure of BDNA has nearly 10 base pairs per turn which consist 

of two grooves of different width: Major groove (22 Å) and minor groove (12 Å). These 

grooves may also serve as site of interaction with the small molecules.3 It is found that 

small molecules prefer to bind with BDNA via minor groove, on the other hand, DNA 

binding proteins or genetargeted oligonucleotides interact at major groove.205 

1.7.2.1.1.3. Intercalation  

Intercalation starts with the binding of molecule as a major groove binder.206 

Extended planar aromatic ring system and chemical nature which can slot between base 

pairs is an essential criterion to intercalation. Process starts with the access of 

intercalating ligand through the major groove leading to this ligand behave as a new base 

pair.3,206 Upon binding deoxyribosephosphate backbone unwinds and stabilized by 

interactions such as π–π stacking interactions, dipoledipole interactions or hydrogen 

bonding with the planar aromatic moiety. DNA intercalators were found to be effective in 

treating cancer cells. DNA intercalators could be organic molecules (berberine, ethidium 

bromide, proflavine, daunomycin, doxorubicin, and thalidomide)207 or metal complexes 

(platinum complexes).208  
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1.7.2.1.2. Covalent binding  

This mode of binding is completely irreversible and leads to inhibition of cell 

process. This process results into the complete cell death. It involves interaction between 

soft metal ion and nucleophilic site of nitrogenous base.209 The probable site of 

coordination could be N7 position of gauanine and adenine, N3 position of cytosine, 

deprotonated N3 position on thymine and uracil.3,210,211 The well known example is cis–

platin (cisdiamminedichloroplatinum) an anticancer drug which interacts with N7 

positions of guanine (Scheme 1.9).212–214 

 

 

Scheme 1.9 Mode of covalent binding of cisplatin with DNA 

 

However these platinum based drugs have some drawbacks which restrict its 

application such as poor solubility, acquired drug resistance and need for intravenous 

administration.202 Hard metals prefer to interact with oxygen atom of phosphate 

group.215,216 

1.7.2.3. DNA cleavage or nuclease  

Cleavage of DNA is an important process in all living beings. Nucleases are the 

enzymes which catalyze and repair DNA strands. One of the examples of such enzyme is 

restriction endonuclease which is responsible for the cleavage of foreign DNA during 
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viral infection.217,218 Basically cleavage can be categorized into three forms: (i) Oxidative 

cleavage (ii) Hydrolytic cleavage (iii) Photolytic cleavage. A brief discussion on these 

cleavages is as followed: 

1.7.2.3.1. Oxidative cleavage or nuclease  

Oxidative cleavage basically involves oxidation of either sugar moiety219 or the 

nucleobases220 by some reactive intermediates produced such as hydroxyl radical (HO˙), 

superoxide anion (O2ˉ), hydrogen peroxide (H2O2) and singlet oxygen (1O2). 

 

 

Scheme 1.10 Types of oxidative cleavage of DNA 

 

Mode of action of oxidative cleavage follow three pathways: Hydrogen abstraction, 

addition and electron transfer.221 Besides reactive oxygen intermediates, metal bound 

intermediate can also follow this pathway as in iron bleomycin. Bleomycin (BLM) is an 

antitumor drug and one of the most effective natural compound for oxidation of DNA. 

Umezawa and coworkers were first to isolate BLM in form of copper complex from 

Streptomyces verticillus.222 BLM is capable of inducing both single and double strand 

breaks in DNA in the presence of both a metal ion in a low oxidation state (e.g. Fe(II) or 

Cu(I)) and dioxygen (Fig. 1.13). 
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Fig. 1.13 Structure of bleomycin (BLM) 
 

Redox chemistry of iron bleomycin is widely studied223 and catalytic cycle 

proposed for the mechanism is shown in the Scheme 1.11.224–227 

 

 

Scheme 1.11 Proposed catalytic cycle of iron bleomycin for DNA cleavage 

 

1.7.2.3.2. Hydrolytic cleavage  

Stability of phosphodiester bond in DNA under ambient condition is very high 

(halflife ten to billions of years).228,229 Metal ions behave as Lewis acid during 
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hydrolysis reactions and activate phosphate group to nucleophilic attack.230,231 The 

widely accepted mechanism of DNA hydrolysis is as shown in scheme 1.12.232–234 

 

 

Scheme 1.12 Proposed mechanism for DNA hydrolysis 

 

1.7.2.3.3. Photolytic cleavage  

Photolytic cleavage can be proceed through UV induced DNA damage or cleavage 

due to reactive oxygen species. These reactive oxygen species are generated due to 

organic compounds of metal complexes.220,235–237 

 

 

Scheme 1.13 Mode of nuclease via oxidative and photolytic pathway 
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Manganese and iron complexes interacting with DNA 

Thamilarasan and coworkers synthesized metal complexes of Mn(bpy)2(N3)2, 

Co(bpy)2(N3)2 3H2O and Zn2(bpy)2(N3)4 [bpy= 2,2bipyridine] and monitored the 

interaction studies with the DNA. These complexes bind with CTDNA in an 

intercalative mode for manganese and cobalt while zinc complexes interacted via groove 

binding mode. Further they have optimized nuclease activity and found out that 

complexes of manganese and cobalt followed oxidative mechanism while in case of zinc 

complexes hydrolytic cleavage was found.238 Zhu and coworkers have synthesized 

manganese complexes using 1,8naphthalene dicarboxylic and 1,10phenanthroline and 

complexes cleaved DNA following oxidative cleavage.239 Manganese complexes have 

been synthesized using ligand 

N,N,N’,N’2,6bis(((2(dimethylamino)ethyl)(pyridin2ylmethyl)amino)methyl)4m

ethoxyphenol by Tao and coworkers complexes were found to be capable of promoting 

DNA cleavage through an oxidative pathway via hydroxyl radical, singlet oxygen or 

singlet oxygenlike species.240 Zampakou and coworkers synthesized manganese 

complexes derived from quinolone antibacterial drug oxolinic acid (Hoxo). These 

complexes were subjected to DNA interaction studies. Intercalative mode of DNA was 

found to be the probable mode of nuclease.241 In continuation of these studies Macias et. 

al. synthesized manganese complexes using ligand sulfonamides derived from 

8aminoquinoline. These complexes followed oxidative cleavage of DNA.242 

Neves and coworkers synthesized an iron complex 

tris{[1,2,5]thiadiazolo[3,4f][1,10]phenanthrolineiron(II)}hexafluorophosphate 

and studied the DNA interaction studies. Results showed cleavage of DNA through 
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photolytic cleavage.243 BalDemirci and coworkers have synthesized iron complex 

derived from thiosemicarbazone. Complex was found to be interactive with DNA through 

the nitrogenous base adenine.244
 Hadadzadeh et. al. synthesized mononuclear iron 

complex using ligand tppz (2,3,5,6tetra(2pyridyl)pyrazine). These complexes interact 

well with CTDNA and also cleaved the DNA through the singlet oxygen radical 

species.245 In continuation of work, Parveen and coworkers synthesized iron complex 

derived from valine and monitored its nuclease activity. Complex was found to be 

cleaving the plasmid using hydrolytic pathway.246 Due to effective physical and chemical 

application of Schiff base derived metal complexes, these complexes have been used for 

various biological applications. Iron complexes derived from tridentate 

ohydroxynaphthaldehyde and Lalanine (nal), Lphenylalanine (nphal), Laspartic acid 

(nas) and Larginine (nar) have been synthesized. These complexes interacted with DNA 

through intercalative mode.247 Cowan et. al. synthesized metal complexes using chelating 

ligands and subjected them for the nuclease activity. Complexes cleaved the DNA via 

reactive oxygen species.248 Chiral ligand 

L1=(R/S)(±)1naphthylN(pyridine2ylmethylene)ethanamine, L2= 

(R/S)(±)2naphthylN(pyridine2ylmethylene)ethanamine have been utilized to synthesize 

iron complexes. Gu and coworkers suggested the groove binding mode of interaction 

with DNA.249 

Chakravarty and coworkers explored the structureactivity relationship in a series 

ternary iron(III) complexes with modified dipyridophenazine ligands and these 

complexes were found to be efficient in DNA cleavage via photolytically.250 Chakravarty 

and coworkers have synthesized iron(III) benzhydroxamate complex of dipicolylamine 
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ligand having a pendant pyrenyl moiety and their cleavge property was optimized 

towards plasmid DNA251 and also explored the cytotoxicity activity.252 They have utilized 

iron complexes for nuclease253 these complexes exhibited photocytotoxicity in visible 

light.254 

1.7.2.2. Protein cleavage or protease  

Proteases are the enzymes which are responsible for the cleavage of highly stable 

peptide bonds. These enzymes can hydrolyze the peptide linkage in protein. Depending 

on the site of cleavage protease can be categorized in two classes: 

(a) Exopeptidases: Cleave the peptide bonds nearby to the termini of the peptide 

chain such as aminopeptidases and carboxypeptidase A.  

(b) Endopeptidases: Cleave peptide bond irrespective of its position in the peptide 

chain such as trypsin, pepsin and chymotrypsin.  

Several physiological disorders such as muscular dystrophy, amyotrophic lateral 

sclerosis, respiratory distress syndrome, progeria, rheumatoid arthritis, alzheimer‘s 

disease and Werner‘s syndrome255–257 are consequence of accumulation of oxidised 

protein due to some reactive oxygen species. Hence detection of these accumulated 

proteins are very important to study.  

Manganese and iron complexes as artificial protease 

Chakravarty and co–workers have reported three oxo–bridged diiron(III) complexes 

[Fe2(O)(Lhis)2(B)2]ClO4)2 derived from Lhistidine and heterocyclic bases. One of 

the complex was found to be efficient to cleave the bovine serum albumin (BSA) protein 

in TrisHCl/NaCl buffer medium via OH radical pathway.258,259 Smith et. al. have 

reported mixed valence iron dinuclear complex using ligand H2L1 = 
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2{[[3[((bis(pyridin2ylmethyl)amino)methyl)2hydroxy5methylbenzyl](pyridi

n2ylmethyl)amino]methyl]phenol} which was found to be an efficient artificial 

protease.255  

1.7.3. Metal complexes in medicine  

Role of inorganic chemistry in the field of medicine can be categorized into two 

forms, first the drug which acts on metal in free form or bound to metal and second is 

metal based drug where central metal imparts the important action. In pharmaceuticals, 

metal based drug are found to be of great interest. Advancement in the field of 

bioinorganic chemistry lead to parallel growth in medicinal chemistry using biological as 

well as nonbiological metals.147,260–266 These inorganic metal complexes are made up of 

either element essential for life such as iron in anaemia or some toxic metal such as 

platinum in cancer treatment. Inorganic complex have been found as chemotherapeutic 

agent such as anticancer agent (cis[Pt(NH3)2Cl2]),
267 metalmediated antibiotics 

(bleomycin), magnetic resonance imaging (MRI) agent (gadolinium compounds), 

antibacterials, antivirals, antiparasitics, and radiosensitizing agents. In this regard 

organometallic complexes are also found to be excellent cure for cancer, HIV and 

malaria.268 Several nitric oxide (NO) donors have been proved cytotoxic to tumor cells 

leading to apoptosis during in vitro studies.269,270 Metal complexes have also been utilized 

as an alternative for the treatment of cancer.271–274 Various metals have been utilized for 

the medicinal studies as shown in Fig. 1.14 and Table 1.6. 
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Fig. 1.14 Metals involved in medicinal inorganic chemistry 
 

Table 1.6 List of metal and their therapeutic applications 

Metal Applications 

Chromium Dietary (trace mineral) supplement 

Manganese MRI contrast agent 

Iron MRI contrast agent, dietary supplement 

Cobalt Treatment and diagnosis of pernicious anemia, dietary supplement 

Nickel Dietary (trace mineral) supplement 

Copper Treatment for Menke’s disease, Cu PET – radioimaging, intrauterine 

contraception 

Zinc Treatment of eczema, dietary supplement 

 

Manganese and iron complexes acting as medicine 

Chelation therapy in medicine is generally considered as using chelating agents to 

remove toxic heavy metals from the body (Fig. 1.15). In body tissue, these chelates bind 
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with the toxic metal and form a complex which is released in the blood. In kidney these 

chelate filtered out and then excreted through the urine. 

 

 

Fig. 1.15 Examples of some of the metal chelating system 

 

Manganese and iron complexes have been utilized for various medicinal 

applications.275 Manganese complexes are also gaining importance in medicine. In this 

regard, Mascharak and coworkers used manganese complexes for delivery of carbon 

mono-oxide into the tissues, which is used as a signaling molecule in mammalian 

physiology.276,277 Mandal and coworkers monitored antitumour activities of manganese 

(III) salen complexes.275,278 

Sodium nitroprusside, Na2[Fe(CN)5NO] widely used to induce hypotension during 

surgery.279,280 Mascharak and co–workers have synthesized iron nitrosyl complexes 

which release NO on illumination of light and could be utilized in photodynamic 

therapy.281–283 Mandal and co–workers explained iron salophen complexes in 
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leukemia.270,278,284 Due to the paramagnetic nature of manganese(II) and iron(III) metal 

complexes have been utilized for MRI studies.285–303 

1.7.4. In silico studies  

Theoretical studies of transition metal complexes and reactions performed by these 

complexes are gaining importance these days.304–307 These studies help to understand 

various parameters such as geometries, bonding nature and reaction behavior. Density 

functional theory (DFT) calculations basically give information about bond distance, 

bond angle and nature of HOMOLUMO orbital in metal complexes whether ligand 

centered or metal centered. Time dependent (TD) DFT calculations give knowledge of 

spectroscopic properties, energy level, transition probability and also gives rise to the 

theoretical spectra. 

In silico studies using manganese and iron complexes  

Manganese complexes have been utilized for several catalytic applications 

experimentally. Hence these complexes have been an important tool for the theoretical 

chemist to better understand a particular system. In this regard, lot of work have been 

performed using theoretical calculations. Romain and coworkers have synthesized 

mononuclear manganese complex utilizing tolylterpy = 

4’(4methylphenyl)2,2’:6’,2“terpyridine) ligand manganese metal ion was in the unusual 

III oxidation state stabilzed exclusively by neutral nitrogen donor ligands. This complex 

was further subjected to theoretical studies to explain geometry and magnetic 

properties.308 Ruiz et. al. studied the magnetic properties of a new family of 

singlemolecule magnet having nickel and manganese complexes using theoretical 

methods based on density functional theory (DFT).309 Wieghardt et. al. utilized 
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complexes [M(bpy)3]
n and [M(tpy)2]

m (M=Mn, Tc, Re; n=2+, 1+, 0, 1 −; m = 2+, 1+, 0) 

for the electronic, magnetic and Xray structural studies. Molecular and electronic 

structures further supported by broken symmetry (BS) density functional theoretical 

calculations.310 In continuation of the theoretical calculation studies Zheng and 

coworkers utilized manganese nitrosyl complexes synthesized by Merkle and 

coworkers.311 These complexes release NO on exposure to light and may serve a potent 

NO delivery agent in photodynamic therapy (PDT). Zheng and coworkers performed 

systematic theoretical study on the mechanism of dissociation of NO from manganese 

nitrosyls and studies supported the use of complexes in PDT.312 Manganese complexes 

were also utilized for better insight into the chemistry involved during various 

spectroscopic properties.313–316 

Iron complexes have been attracted the interest of theoretical chemist and great 

work has been done in this concern. Nam et. al. compared the reactivity of 

manganese(IV) and iron(IV) oxo complexes containing pentadentate N4Py ligand in 

chemical oxidation reaction. Hydrogen atom transfer (HAT) and oxygen atom transfer 

(OAT) reactions were compared and iron (IV) oxo complexes were found to be more 

effective.317 To and coworkers utilized [FeIII(L1)Cl2]
+ complexes synthesized by 

macrocyclic ligand L1=N,N’dimethyl2,11diaza[3,3](2,6)pyridinophane for water 

oxidation reactions and DFT calculations supported the generation of an Fe(V)=O species 

responsible for formation of O–O bond in water oxidation.318 Several other iron 

complexes were used to study reactions theoretically to support the experimental 

facts.319–325 
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1.8. Sensing of iron metal ion 

Design and synthesis of fluorescent probes selective and sensitive for monitoring 

heavy and transition metal ions is a demanding and promising area of research due to the 

prominent impact of metal ions in environment and biology.326–329 A remarkable 

development of small fluorescent molecule with selectivity towards metal ions has been 

dragged attention of researchers.237,330 These studies are found to be helpful to understand 

transport and localization as well as physiological and pathological effect of metal ions in 

the cell.331 Due to high sensitivity, rapid response and simplicity, fluorescence has 

attracted much attention for the detection of several chemical analytes in solution.332 Iron 

is an important transition metal found in biology exhibiting crucial roles in several 

catalytic and enzymatic reaction and its imbalance can cause harmful effects 

hemochromatosis, cancer etc.3,333,334 Hence detection of iron and its concentration as well 

as localizations are extremely important for the treatment of such diseases. Most common 

oxidation states of iron are Fe(II) and Fe(III) which are important for ordinary and related 

chemistry.1 Naked eye detection for metal ions is important for qualitative identification 

as well as quantitative detection. Hence simple and easy to use colorimetric probes are 

highly demanding for metal ion sensing.335 Different colorimetric as well as fluorimetric 

probes have been reported for iron sensing.336–344 Probes which could work in aqueous 

media and at physiological pH are also highly demanding for living cell applications.345–

347 

1.9. Outline of present investigation  

In present studies, we have designed bidentate and tridentate ligands having 

meridional geometry. All the ligands were characterized by IR, UVvisible, GSMS and 
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NMR spectral studies and data obtained supported the synthesis of desired ligands. These 

tridentate ligands OCH3PhimpH, CH3PhimpH, NO2PhimpH, tBuPhimpH, HN3L and 

MeN3L were utilized to synthesize mononuclear manganese and iron complexes 

respectively. On the other hand, ligands NED1 and NED2 were utilized for the sensing of 

metal ions in solution. Ligands used in present investigation have been depicted in Fig. 

1.16. All the complexes of manganese and iron were also characterized using various 

spectroscopic techniques such as IR, UVvisible, conductivity measurements and 

ESIMS spectral studies. Magnetic moment studies were also performed for all the 

complexes. The representative complexes were subjected to Xray crystallography to 

justify the molecular structure. Redox behavior of all the complexes were investigated 

using electrochemical studies. Iron complexes [Fe(OCH3Phimp)2](ClO4) (1), 

[Fe(CH3Phimp)2](ClO4) (2), [Fe(tBuPhimp)2](ClO4) (3) and [Fe(NO2Phimp)2](ClO4) (4) 

were used for the oxidation of oaminophenol  oxidation and kinetic studies were also 

performed using these complexes. Due to the presence of ligand having redox active 

nature [Fe(tBuPhimp)2](ClO4) complex was used to study the nuclease as well as protease 

activity. Similarly manganese complexes [Mn(OCH3Phimp)2]ClO4 (5), 

[Mn(CH3Phimp)2]ClO4 (6) and [Mn(tBuPhimp)2]ClO4 (7) derived from N2O donor were 

used to study the phenoxyl radical generation using absorption spectral studies. Complex 

[Mn(tBuPhimp)2]ClO4 (7) was also utilized for nuclease and protease activity. Manganese 

complexes Mn(HN3L)Cl2 (8), [Mn(HN3L)2](ClO4)2 (9), Mn(MeN3L)Cl2 (10) and 

[Mn(MeN3L)2](ClO4)2 (11) derived from tridentate ligand having N3 donor were 

employed for DNA binding studies. Complex Mn(MeN3L)Cl2 also exhibited nuclease 

as well as protease activity in presence of oxidizing agent. Iron complexes Fe(HN3L)Cl3 



Chapter 1: General Introduction and Reactivity of Manganese and Iron………..... 
 

 52

(12), [Fe(HN3L)2](ClO4)2 (13), Fe(MeN3L)Cl3 (14) and [Fe(MeN3L)2](ClO4)2 (15) of 

ligands having 3N donors were synthesized and subjected to DNA binding studies. 

Complex Fe(HN3L)Cl3 (12) exhibited nuclease activity in presence of oxidizing agent. 

Ligand NED1 was used to study the sensing of mercury and iron metal ion in mixed 

aqueous media and application of these results were studied in the field of logic gates and 

living cells. Ligand NED2 was synthesized and used to sense iron in presence of other 

served metal ions in methanol solutions. Results obtained during the studies were used in 

the field of logic gate applications. 

1.9.1. Ligands and their descriptions 

Tridentate ligands with different coordinating donor atoms have been synthesized 

in present studies and have been represented in the Fig. 1.16. These ligands were 

coordinated to the metal centre in a meridional fashion. 

 

 

Fig. 1.16 Ligands with abbreviations utilized for the present work 
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1.9.2. Description of starting materials 

Manganese and iron complexes were prepared using the above mentioned ligands. 

On the basis of HSAB principle suitable metal salts were selected to prepare iron and 

manganese complexes. In case of manganese complexes MnCl2·4H2O, Mn(ClO4)2·6H2O, 

Mn(CH3COO)3·2H2O were used as starting materials, on the other hand NEt4[FeCl4], 

Fe(ClO4)2·xH2O, anhydrous FeCl3 and Fe(ClO4)3·xH2O were utilized to prepare iron 

complexes. Synthesized complexes were then subjected to the various characterization 

techniques to ensure the synthesis of the desired complexes.  

1.9.3. Description of activity studies 

1.9.3.1. o–aminophenol oxidation and kinetics 

Oxidation of o–aminophenol (OAP) in presence of catalytic amount of iron 

complexes were performed under aerobic atmosphere in methanol at ambient 

temperature. The change in absorbance at 430 nm (ε=24×103 M−1cm−1) a characteristic of 

2–aminophenoxazin–3–one formed, was optimized as a function of time to follow the 

reaction kinetics. 

1.9.3.2. Mimicking of galactose oxidase: Generation of phenoxyl radical complexes 

To mimic galactose oxidase and glyoxal oxidase enzymes, phenoxyl radical was 

generated using phenolato containing metal complexes. Phenoxyl radical species were 

generated in situ by adding adequate amount of [(NH4)2[CeIV(NO3)6] (CAN) into CH3CN 

solutions at low temperature. In situ generation of phenoxyl radical was confirmed by 

color change along with the characteristic peaks in UV–visible spectra. 
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1.9.3.3. Superoxide dismutase activity 

SOD activity was first explained by Fridovich and McCord using cytochrome c 

assay.16,45 Xanthine/xanthine oxidase system was used to produce superoxide ions.348 In 

this assay reduction of nitro blue tetrazolium (NBT) by superoxide was monitored 

spectrophotometrically. In this study, xanthine/xanthine oxidase was used to generate 

superoxide radicals and indicator NBT was added. NBT produced a blue formazan dye 

after reduction with superoxide ions which shows characteristics absorbance at max 560 

nm. IC50 values were calculated. IC50 value for SOD activity can be summarized as the 

concentration of a particular tested compound for 50% inhibition of NBT reduction by 

superoxide ions. The mode of action is shown in Scheme 1.14. 

 

Scheme 1.14 Schematic representation of SOD activity determination by NBT assay 

 

1.9.3.4. DNA interaction studies 

DNA binding studies monitored using absorbance, fluorescence quenching and 

circular dichroism spectral studies. All the binding experiments performed in 0.1 M 

phosphate buffer (pH = 7.2). Initially stability of complexes monitored in the phosphate 
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buffer (pH = 7.2) for a specified time. DNA binding experiments were performed in 0.1 

M phosphate buffer (pH 7.2) using a solution of calf thymus (CT) DNA. UV–visible 

absorbance studies at 260 and 280 nm (A260/A280) indicating a ratio of 1.8 shows that 

CTDNA is sufficiently protein free.349 Concentration of DNA solution was monitored at 

260 nm using absorbance and the extinction coefficient ε260 was taken 6600 cm–1.350 

Absorbance titration experiments were carried out using a fixed amount of complex 

concentration and varying the CTDNA concentration in 0.1 M phosphate buffer (pH 7.2). 

Extent of binding was observed by calculating the binding constant Kb using a plot of 

[DNA]/( a – f) vs. [DNA] using equation given below: 

[DNA]/( a – f) = [DNA]/( b– f) + [Kb(a – b)]
–1 

where [DNA] is the concentration of DNA in base pairs. The apparent absorption 

coefficients a, f and b correspond to Aobs/[Complex], extinction coefficient of the free 

complex and extinction coefficient of complexes in the fully bound form respectively. 

The mode of binding of metal complexes with CTDNA determined by value of the 

binding constant (Kb) and change observed in absorption spectra. The order of binding 

constant Kb of metal complexes is groove or surface binder < intercalator < 

metalloinsertor.174 

Fluorescence spectral studies were also performed to confirm the predicted mode 

and extent of binding using ethidium bromide (EB) displacement assay. EB is not 

fluorescent in free form and emits intense fluorescence in presence of DNA due to its 

strong intercalation between the DNA base pairs. This enhanced fluorescence can be 

quenched by the addition of the complexes which has a tendency to interact with the 

EBDNA. This will cause a reduction in the emission intensity indicating the competitive 
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binding with EB and metal complexes. Fluorescence quenching experiments were carried 

out by the successive addition of complexes to the fixed amount of DNA containing 5 

µM EB in 0.1 M phosphate buffer (pH 7.2). Wavelength of excitation used during 

experiment was 250 nm and emissions were observed in the range of 500700 nm. 

SternVolmer quenching constants351 were calculated using the given equation. 

I0 /I = 1 + KsvQ 

Where I0 and I are the fluorescence intensities in the absence and presence of 

complex and Q is the concentration of quencher (metal complex). Ksv is a linear 

SternVolmer constant and given as the ratio of slope to intercept in the plot of I0 /I 

versus Q. Binding mode of complexes determine by the order of SternVolmer constant 

(Ksv), groove or surface binder < intercalator < metalloinsertor.  

Circular dichroism (CD) spectroscopic technique is useful in monitoring the 

conformational change observed in DNA during interaction studies in solution. The CD 

spectrum of CT–DNA exhibits one positive band at 278 nm due to base stacking and one 

negative band at 246 nm due to helicity and recorded in the range of 225–300 nm. CD 

spectra of CT–DNA in absence and presence of the metal complexes were monitored 

with 0.1 cm pathlength cuvette after incubation of 10 min at 25 C. The concentration of 

the complexes and CTDNA were 50 and 200 M respectively. The mode of interaction 

was explained by the change and shifting in molar ellipticity of positive and negative 

bands. Conformation of DNA remains same if there is no shift in wavelength of positive 

and negative bands.352 
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1.9.3.5. Nuclease activity 

The cleavage of plasmid DNA was examined by the change of supercoiled (SC) 

DNA to nicked circular (NC) and linear circular (LC) form having different size. Linear 

form of DNA is produced when both strands of the DNA are cleaved opposite to each 

other and a single cut in DNA leads to the formation of NC form. Migration of these 

three forms differs as a function of the applied voltage, buffer concentration, agarose 

concentration and the amount of super helical twists in DNA. The order of migration is 

supercoiled >> linear > nicked, in most of the plasmids. After completion of 

electrophoresis, gel is stained with ethidium bromide and visualized through GelDoc 

instrument. The intensities of the individual bands were compared to determine the 

relative amounts of supercoiled, nicked and linear form.  

Cleavage of plasmid DNA was performed using agarose gel electrophoresis in 

trisboric acid EDTA (TBE) buffer. Supercoiled pBR322 DNA was incubated with 

complexes in 0.1 M phosphate buffer (pH = 7.2) for few hours at 37 C. The oxidative 

DNA cleavage by the complexes were studied in presence of H2O2 (50–400 M, 

oxidizing agent). After incubation loading buffer is added (25% bromophenol blue and 

30% glycerol). The agarose gel (0.8%) containing 0.4 µg/mL of ethidium bromide was 

prepared and electrophoresis of DNA cleavage products were performed. Gel was run at 

60 V for 2 h in tris–boric acid–EDTA (TBE) buffer and bands were identified by placing 

the stained gel under an illuminated UV lamp. Fragments were photographed by using 

Geldoc system. 
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1.9.3.6. Protein cleavage activity 

Protein cleavage experiments were carried out by incubating BSA with test 

compounds varying in the range of concentrations 10100 µM in 10% DMF using 0.1 M 

phosphate buffer (pH = 7.2). Samples were incubated at 50 C for 20 h. After incubation, 

an aliquot was mixed with loading buffer (100 mM TrisHCl (pH 6.8), 4% (w/v) sodium 

dodecyl sulphate (SDS), 20% (v/v) glycerol and 0.2% (w/v) bromophenol blue) and 

protein solutions were then denatured by heating (85 C) for 3 min. Incubated protein 

samples were then subjected to a discontinuous SDSPAGE (having 2% acrylamide for 

the stacking gel and 10% acrylamide for the separation gel) in a Genei vertical gel 

electrophoresis apparatus. The electrophoresis was performed at 70 V for stacking gel 

and 100 V for separation gel. Coomassie Brilliant Blue R250 solution was used for 

staining the gels which were subsequently destained with a water/methanol/acetic acid 

(1:5:4) mixture for 3 h. The gels, after destaining, were scanned with geldocumentation 

system and images were reproduced without further processing. 

1.10. Survey of contents in the present thesis 

Aim of the present thesis work was to design the molecules of the interest, 

validation of the synthesis using analytical and spectroscopic techniques. Finally, 

performances of the synthesized ligands and/or complexes were monitored in different 

fields such as catalysis, DNA and protein interactions and metal ion sensing. 

In chapter 2, tridentate ligands OCH3PhimpH, CH3PhimpH, tBuPhimpH and 

NO2PhimpH have been synthesized and characterized. Designed tridentate ligands having 

N2O donors upon deprotonation bind to iron(III) resulting in a series of novel iron 

complexes. All the complexes were characterized by elemental analysis, IR and UV–
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visible spectral studies. Spectroscopic data, magnetic moments and conductivity 

measurement clearly expressed the formation of [Fe(OCH3Phimp)2](ClO4) (1), 

[Fe(CH3Phimp)2](ClO4) (2), [Fe(tBuPhimp)2](ClO4) (3) and [Fe(NO2Phimp)2](ClO4) (4) 

complexes. Molecular structure of complex 1 was determined by single crystal X–ray 

diffraction study. A distorted octahedral geometry was observed having FeN4O2 

coordination sphere. Molecular structure studies interpret tridentate meridional 

coordination of ligand around iron(III) metal centre. Electrochemical studies were also 

investigated for synthesized complexes. Theoretical calculations (DFT) were also 

performed to optimize the geometrical and structural parameters. TD–DFT calculations 

were optimized to observe the electronic properties and data obtained was found to be 

consistent with experimentally obtained values. Complexes 1, 2, 3 and 4 were utilized to 

optimize oxidation of o–aminophenol in methanol. Complexes were found to be efficient 

in the oxidation of o–aminophenol. Kinetic experiments were also explored to gain better 

insight into the oxidation process. Representative complex exhibited nuclease as well as 

protease activities in absence of external agents. DPPH assay was used to estimate the 

antioxidant activity. Complex 3 cleaved DNA and protein via selfactivated mechanism. 

In Chapter 3 a series of manganese(III) complexes derived from tridentate ligands 

OCH3PhimpH, CH3PhimpH, tBuPhimpH and NO2PhimpH have been synthesized. All the 

complexes were characterized by elemental analysis, IR and UV–visible spectral studies. 

Magnetic moments and conductivity measurements suggested the formulation of 

[Mn(OCH3Phimp)2]ClO4 (5), [Mn(CH3Phimp)2]ClO4 (6) and [Mn(tBuPhimp)2]ClO4 (7) 

manganese complexes respectively. Molecular structure of 7 was determined by X–ray 

crystallography and structural features were also explored. Cyclic voltammetric studies 
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were investigated for all the complexes in the series. DFT calculations were monitored 

for representative metal complex to optimize geometrical and structural parameters. TD–

DFT studies explained the electronic properties and are in good agreement with 

experimental data. Phenoxyl radical complexes were generated at room temperature in 

CH3CN solutions by adding [(NH4)2[CeIV(NO3)6] (CAN) and were characterized by UV–

visible spectral studies. Phenoxyl radical complex generated at room temperature 

exhibited nuclease as well as protease activity with pBR322 DNA without any external 

agent. 

 In Chapter 4 ligands HN3L (1–phenyl–1–(pyridine–2–ylmethyl)–2–(pyridine–2–

ylmethylene)hydrazine) and MeN3L (1–phenyl–2–(1–(pyridin–2–yl)ethylidene)–1–

(pyridin–2–ylmethyl)hydrazine) have been designed and synthesized. These ligands have 

been characterized using various spectroscopic techniques such as UV–visible, IR, GC–

MS and NMR spectral studies. Synthesized ligands have been utilized to prepare 

mononuclear complexes of manganese. A series of manganese complexes 

Mn(HN3L)Cl2 (8), [Mn(HN3L)2](ClO4)2 (9), Mn(MeN3L)Cl2 (10) and 

[Mn(MeN3L)2](ClO4)2 (11) were synthesized and characterized by spectroscopic 

techniques. Molecular structure of complex 10.CH3COCH3 was determined by single 

crystal X–ray diffraction technique. Molecular structures interpret square pyramidal 

geometry and tridentate meridional coordination of ligand around manganese. Redox 

properties were monitored for the synthesized metal complexes. Theoretical calculations 

were performed using complex 10 and geometrical and structural parameters were 

investigated. TD–DFT calculations justify the electronic properties obtained from the 

experimentally obtained values. Complexes 8, 9, 10 and 11 were employed to catalyze 



Chapter 1: General Introduction and Reactivity of Manganese and Iron………..... 
 

 61

the dismutation of superoxide using xanthine–xanthine oxidase–nitroblue tetrazolium 

(NBT) assay and obtained good IC50 values. DNA interaction studies were also 

monitored using all complexes. Complexes bind well with the DNA via partially 

intercalative pathway. Nuclease as well as protease activity performed in presence of 

oxidizing agent for the representative complex. 

Chapter 5 includes tridentate ligands HN3L (1–phenyl–1–(pyridine–2–ylmethyl)–

2–(pyridine–2–ylmethylene)hydrazine) and MeN3L (1–phenyl–2–(1–(pyridin–2–

yl)ethylidene)–1–(pyridin–2–ylmethyl)hydrazine). Synthesized ligands have been utilized 

to synthesize mononuclear iron complexes. Complexes Fe(HN3L)Cl3 (12), 

[Fe(HN3L)2](ClO4)2 (13), Fe(MeN3L)Cl3 (14), and [Fe(MeN3L)2](ClO4)2 (15) have 

been synthesized and characterized using elemental analysis, IR, UV–visible and ESI–

MS spectral studies. Magnetic moments and conductivity measurements supported the 

formulated structures of the complexes. NMR spectral studies were also performed for 

complexes 13 and 15 due to the presence of lowspin iron(II) metal centre. Structural and 

geometrical aspects were monitored using DFT calculations. TDDFT calculations were 

performed to optimize the electronic properties and found to be in good agreement with 

the experimental data. Electrochemical studies were also investigated for all the 

complexes in series. Due to the stability in buffer these complexes were subjected to the 

DNA interaction studies. DNA binding studies were monitored using absorption, 

fluorescence and CD spectral studies. These studies indicated that all the complexes bind 

well with the DNA. Nuclease activity was monitored for the representative complexes 

and exhibited oxidative nuclease in presence of oxidizing agent (H2O2). 
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Chapter 6 explores the use of naphthylaminebased probe NED1 (N–(2–

aminoethyl)naphthalen–1–amine) was utilized for the detection of Hg(II), Fe(II), Fe(III) 

in mixedaqueous media via fluorescence quenching. These sensitive metal ions bind 

with the probe by forming a 1:1 complex. Timeresolved fluorescence and quantum yield 

of probe NED1 in absence as well as in presence of metal ions were investigated. Extents 

of binding of probe with sensitive metal ions were calculated. Sensitivity of the probe in 

presence of other metal ions was examined using competitive binding studies. Probe 

NED1 displayed sensitivity towards Hg(II) during in vitro as well as in vivo studies. This 

multianalyte probe demands biological applications in cell imaging and in logic gates. 

Chapter 7 comprises synthesis of a novel fluorescent probe NED2 (2–((2–

(naphthalen–1–ylamino)ethylimino)methyl)phenol) and NED2 was characterized by 

various spectroscopic methods. Photo– physical properties of NED2 have been 

investigated to study the sensing of metal ions in methanolic solution. Probe NED2 was 

found to be highly selective for iron over tested metal ions. Probe NED2 selectively 

detected iron in both II and III oxidation states giving rise to yellow–brown and purple 

color respectively. Naked eye detection of iron is useful for the discrimination of II and 

III oxidation state while fluorescence studies conclude selective and specific sensitivity 

towards Fe(III). Probe was found to be highly sensitive and selective towards Fe(III) 

during fluorimetric detection. Binding stoichiometry was found to be 1:1 for Fe(III) and 

probe NED2. DFT calculations provided that decrease in the energy gap between HOMO 

and LUMO is probably responsible for quenching of fluorescence. Logic gates 

application of the probe NED2 was also explored. 
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1.11. Measurements 

1.11.1. Elemental analysis  

C, H and N content analyses of the sample were determined using Elemenlar 

Vario EL III elemental analyser which utilizes thermal conductivity data for gas (CO2, 

H2O, N2) analysis.  

1.11.2. Infrared spectroscopy 

IR spectra were acquired with KBr pellets with Thermo Nikolet Nexus FTIR 

spectrometer, using 16 scans and were reported in cm1.  

1.11.3. Mass spectrometry 

GCMS was performed using PerkinElmer CLARUS 500 GCMass spectrometer; 

ESIMS spectrometry was performed with micROTOFQ II 10328. 

 

1.11.4. NMR spectroscopy 

1H and 13CNMR were recorded on Bruker AVANCE, 500 MHz and Jeol Delta 

400 MHz spectrometer, chemical shift for 1HNMR spectra are related to internal 

standard Me4Si for all residual protium in the deutrated solvents.  

1.11.5. Conductometer 

Molar conductivities were calculated in DMF at 103 M at 25 °C with a Systronics 

304 conductometer.  

1.11.6. Magnetic moment 

Magnetic susceptibilities measurements were performed at room temperature with 

Cryogenic Limited Vibrating Sample Magnetometer model 155, using nickel as a 

standard.  
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1.11.7. UVvisible spectrophotometer 

Electronic absorption spectra were recorded in different solvents such as 

dichloromethane, methanol, water, dimethylformamide (DMF) or dimethylsulfoxide 

(DMSO) solvents using an Evolution 600, Thermo Scientific UVvisible 

spectrophotometer in the range of 200800 nm. A similar pair of quartz cell of path 

length 1 cm was used for the studies. 

1.11.8. Fluorescence spectrophotometer 

 Emission quenching titrations were monitored on Varian fluorescence 

spectrophotometer. Solution preparations are same as that of electronic spectra. 

1.11.9. Lifetime measurements 

Timeresolved fluorescence lifetime measurements in nanoseconds were recorded 

in 1 cm quartz cell on a Horiba Jobin Yvon “FluoroCube Fluorescence Lifetime System”. 

1.11.10. Cyclic voltammetry 

Electrochemical analyses were carried out using a CHI600C electroanalyzer in 

solvents such as DMF, dichloromethane and acetonitrile. All experiments were 

performed at ambient temperature and solutions were thoroughly degassed with nitrogen 

prior to beginning as well as during measurement, nitrogen atmosphere were maintained. 

A conventional three electrode arrangement consisting of platinum wire as auxiliary 

electrode, glassy carbon as working electrode and Ag(s)/AgCl electrode as reference 

electrode was used. These measurements were performed in presence of 0.1 M 

tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte, using complexes 

concentration 10–3 M. E1/2 value for ferrocene/ferrocenium couple vs Ag/AgCl was found 

under the similar experimental conditions.  
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1.11.11. Xray structure determinations 

The Xray data collection and processing for complexes were performed on Bruker 

Kappa ApexII CCD diffractometer using graphite monochromated MoKα radiation (λ 

= 0.71070 Å). Crystal structures were solved using direct methods. Structure solution, 

refinement and data output were carried out with the SHELXTL program.177,178 All non 

hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in 

geometrically calculated positions and refined using a riding model. Images were created 

with the help of DIAMOND.177 

R1, wR2 and goodness of fit (GOF) are given by following equations respectively, 

R1 = Σ║Fo││Fc║/ΣFo│                                eq. 1 

wR2 = [Σ[w(Fo2Fc2)2]/Σ[w(Fo
2)2]]1/2                   eq. 2 

aGOF = [Σ[w(Fo
2Fc

2)2]/MN)]1/2                   eq. 3 

Where, M = number of reflections, N = number of parameters refined 

Specific details for each compound will be given in the concern chapter. 

1.11.12. Circular dichroism  

Circular dichroism spectra of DNA were attained using a Chirascan circular 

dichroism spectrometer operating at 25 oC. The region between 220 and 320 nm was 

examined in 1 mm path length cuvette with 10 min incubation time for each sample in 

different solvents such as dimethylformamide.  

1.11.13. Gel documentation 

SubCell GT agarose gel electrophoresis systems (BIORAD) was used for 

nuclease study. DNA fragments were monitored by keeping the gel under an illuminated 
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UV lamp and photographed with gel documentation system (BIO RAD). Protein gel 

electrophoresis was done by Miniprotean electrophoresis system BIORAD. 

1.11.14. Chemicals and solvents 

All the chemicals and solvents used were of analytical grade and most of these were 

used as obtained. The purification steps where required were performed by using 

standard methods.353 
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2.1. Abstract 

Tridentate ligands OCH3PhimpH, CH3PhimpH, tBuPhimpH and NO2PhimpH have been 

synthesized and characterized. Designed ligands having N2O donors on deprotonation 

coordinate to iron(III) resulting in a series of novel iron complexes. All the complexes were 

characterized by elemental analysis, IR and UV–visible spectral studies. Magnetic moments 

and conductivity measurements suggest the formulation of [Fe(OCH3Phimp)2](ClO4) (1), 

[Fe(CH3Phimp)2](ClO4) (2), [Fe(tBuPhimp)2](ClO4) (3) and [Fe(NO2Phimp)2](ClO4) (4) 

complexes respectively. Molecular structure of complex 1 was determined by single crystal 

X–ray diffraction study. Electrochemical studies were also performed in nonaqueous 

solutions. Theoretical calculations (DFT and TDDFT) were performed to optimize the 

geometrical and structural parameters. Complexes 1, 2, 3 and 4 utilized to optimize 

oxidation of oaminophenol in methanol. Kinetic experiments were also explored to gain 

better insight into the oxidation process. Representative complex 1 exhibited nuclease as 

well as protease activities in absence of external agent.  
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2.2. Introduction 

Synthetic nucleases derived from metal complexes are of interest due to their applications 

in nucleic acid research. These complexes have been utilized as footprinting agents, site 

specific cleaving agents or in medicine.354 In this regard, cis–platin and iron–bleomycins are 

widely used metal based anticancer drugs.214,223,355–358 For last few decades, platinum based 

drugs have been widely used for antitumor activity. Anticancer platinum based drugs also 

includes carboplatin, nedaplatin and oxaliplatin.359 Although due to high toxicity and side 

effects, their applications are limited.360,361 Metal complexes have dragged attention due to the 

similar mode of action as performed by natural nuclease.362 Hence synthesis of artificial 

nuclease has been emerges as a challenging and demanding area. DNA cleavage using metal 

complexes could follow oxidative,363 hydrolytic,364 and/or photolytic pathways.365,366 

Depending on the mode of cleavage, these pathways require an external agent such as light, 

oxidizing or reducing agents. Oxidative pathway is preferred over photolytic and hydrolytic 

pathway due to the limitation such as effectiveness of the light penetration and the dark toxicity 

in photoactivated DNA cleavage and low cleaving efficiency in metal hydrolases.367,368 Hence 

most of the studies on artificial chemical nuclease are those which shows oxidative cleavage.369 

Although oxidative cleavage requires external agent to cleave the DNA which limits its 

application in living cells. Hence a great interest has been developed to prepare complexes 

which are capable to cleave DNA without any external agent.370There are few reports on metal 

complexes acting as selfactivated nuclease.268,371–380 In continuation of interaction of metal 

complexes with the biomolecules it has been found out that metal have been playing crucial role 

in several biological catalyst.19 Carboxypeptidase A is an enzyme having zinc metal in the 

active site imparts crucial role in the protease activity. Hence biology suggests the role of small 

metal complexes could be valuable for cleaving the highly stable peptide bond. In this regard 
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redox active ligand played crucial role to the protease activity.381 Transition metal complexes 

have also been utilized for the structural and functional modelling of metalloenzymes. Role of 

radical in metalloenzymes is an interesting area of research.170 Metalloenzymes such as 

galactose oxidase182,382,383 and ribonucleotide reductase384 containing phenoxyl radical have 

gained much attention in the recent past. It was observed that radical species performed key 

roles during the catalytic cycle and developed a new area of freeradical enzymology. Oxygen 

activation using transition metal complexes have been studied and involve mimicking of several 

metalloenzymes.385–387  

Enzyme phenoxazinone synthase naturally present in the bacterium Streptomyces 

antibioticus.157 Phenoxazinone synthase158,388 is a type II copper containing oxidase enzyme 

which catalyzes oxidative coupling of substituted oaminophenol to the phenoxazinone 

chromophore in the last step of biosynthesis of the acinomycin D (Scheme 1.5, chapter 1). 

Actinomycin D, a naturally found antineoplastic agent, is used to cure certain cancer.389–391 

Several complexes containing metal such as cobalt,392–394 copper,395 manganese160–162 and 

iron166 have been utilized to mimic this enzyme. In this work we have utilized iron complexes 

as a functional model of phenoxazinone synthase which involve oxygen activation. To the best 

of our knowledge so far, these are the only iron complexes exhibiting artificial selfactivating 

oxidative nuclease, protease and oaminophenol oxidase. 
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Fig. 2.1 Tridentate ligands with abbreviations used in the present work 

 

Herein, we have synthesized396 meridional tridentate ligands (Fig. 2.1) having one 

phenolato donor along with pyridine and imine moeities. These ligands have been utilized to 

prepare mononuclear bis complexes of iron(III) [Fe(OCH3Phimp)2](ClO4), (1), 

[Fe(CH3Phimp)2](ClO4), (2), [Fe(tBuPhimp)2](ClO4), (3) and [Fe(NO2Phimp)2](ClO4), (4) which 

have been described in the present chapter. Xray crystallography has been utilized to 

determine the molecular structure of representative complex 1. Electrochemical studies were 

also performed to investigate the redox behavior of ligands as well as complexes. This work 

presents a new approach to designing of iron complexes which are capable of selfactivating 

nuclease as well as protease activity along with oaminophenol oxidation. 

2.3. Results and discussion 

2.3.1. Synthesis and characterization of ligands  

Ligands were synthesized by condensation of equivalent molar ratio of 

2(1phenylhydrazinyl)pyridine (1.00 mmol)170,397 with corresponding aldehydes (1.00 mmol) 

in methanol. The reaction mixture was stirred at room temperature for 4 h. A yellow precipitate 

was filtered, washed with small amount of methanol and then dried in vacuo. tBuPhimpH was 

synthesized by published procedure and characterization data established the proper synthesis 
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of ligand.398 Scheme 2.1 provides an overview on synthetic route for the preparations of the 

ligands used in present studies. 

 

 

Scheme 2.1 Schematic representation of synthesis of ligands 

 

Synthesized ligands were subjected to various characterization techniques and the 

preliminary data of physical analysis have been deposited in Table 2.1. 

 

Table 2.1 Physical analysis data of ligands 

Ligand Empirical 

formula 

Formula 

weight 

(g/mol) 

Yield 

(%) 

Color Analysis found (Calc%) 

% C % H % N 

OCH3PhimpH C19H17N3O2 319 63 offwhite 70.98 

(71.46) 

4.89 

(5.37) 

13.43 

(13.16) 

CH3PhimpH C19H17N3O 303 60 offwhite 75.87 

(75.23) 

5.00 

(5.65) 

12.53 

(13.85) 

NO2PhimpH C18H14N4O3 334 52 yellow 65.47 

(64.66) 

4.50 

(4.22) 

16.52 

(16.76) 
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2.3.1.1. IR spectral studies 

During IRspectral studies, free meridional tridentate ligands showed characteristic band 

for azomethine group HC=N in the range of 15801590 cm1 (Table 2.2). 

2.3.1.2. Electronic absorption spectral studies 

Electronic spectra of ligands OCH3PhimpH, CH3PhimpH, tBuPhimpH and NO2PhimpH 

exhibited bands in range 230390 nm (Fig. 2.2). In UVvisible, bands at lower energy around 

300 nm were assigned nπ* in nature and high energy band near are 230 nm as ππ* 

transition.399,400 Band observed around 320 nm is found to be due to the presence of C=N 

moiety199 as depicted in Table 2.2. 

 

Table 2.2 Characteristic IR and UVvisible data of ligands 

Ligand Characteristic IR data  

(cm1)a 

UV–visible data  

(max/nm, /M1cm1)b 

ν–O–H ν–CH=N 

OCH3PhimpH 3426 1586 356 (38,000), 318 (38,340), 230 (39,680) 

CH3PhimpH 3404 1589 393 (4,410), 363 (7,880), 320 (9,110), 246 

(6,590) 

NO2PhimpH 3448 1587 345 (14,150), 320 (11,690), 300 (10,900), 

246 (3,410) 

aUsing KBr pellets, bSolvent: Dichloromethane 
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Fig. 2.2 Electronic absorption spectra of ligands in dichloromethane solutions 
 

2.3.1.3. ESIMS spectral studies 

All the ligands were characterized by electrospray ionization mass spectral (ESI-MS) 

studies using acetonitrile as a solvent and data were collected in positive ion mode. In all the 

ligands well defined peaks were observed corresponding to m/z=(M+H)+ and (M+Na)+. Ligand 

OCH3PhimpH exhibited peak at 320.1321, 342.1134, 358.0879 corresponding to (M+H)+, 

(M+Na)+, (M+K)+ respectively as shown in Fig. 2.3. 
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Fig. 2.3 ESIMS spectrum of OCH3PhimpH  in acetonitrile under positive ion mode 
 

CH3PhimpH exhibited peak at m/z value of 304.4157, 326.4093 corresponding to (M+H)+, 

(M+Na)+respectively (Fig. 2.4). 

 

 

Fig. 2.4 ESIMS spectrum of CH3PhimpH in acetonitrile under positive ion mode 
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NO2PhimpH demonstrated only one peak at m/z value of 335.1126 corresponding to 

(M+H)+ as shown in Fig. 2.5. 

 

 

Fig. 2.5 ESI–MS spectrum of NO2PhimpH in acetonitrile under positive ion mode 
 

2.3.1.4 NMR spectral studies 

1H and 13CNMR spectral studies of all the ligands were performed in CDCl3. The 

characteristic peaks for all ligands are outlined in Table 2.3 and 2.4 respectively. 

Table 2.3 1HNMR data of ligands in CDCl3 

Ligand OH AromaticH CH3 –CH=N 

OCH3PhimpH 11.29 (1H) 8.27(1H), 7.677.51(4H), 7.35(1H), 

7.32–7.28(2H), 6.96(2H), 6.84(2H) 

3.71 

(3H) 

6.50 

(1H) 

CH3PhimpH 11.47 (1H) 8.25 (1H), 7.57 (4H), 7.31(4H), 7.00 

(2H), 6.91 (1H) 

1.25 

(3H) 

6.81 

(1H) 

NO2PhimpH 8.40 (1H) 8.10 (1H), 7.96 (1H), 

7.727.65(2H), 7.637.51(2H), 7.38 

(1H), 7.347.29(2H), 7.08(1H), 6.93 

(1H), 6.69 (1H) 

 5.30 

(1H) 
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13CNMR spectral data has been assigned in the Table 2.4. 

Table 2.4 13CNMR data of ligands in CDCl3 

Ligand 13CNMR data 

OCH3PhimpH 156.73, 152.52, 151.58, 148.40, 140.87, 137.93, 137.65, 130.93, 130.00, 

129.32, 118.78, 117.51, 116.84, 116.73, 114.05, 108.92, 55.93. 

CH3PhimpH 156.78, 155.17, 148.34, 141.51, 137.99, 137.67, 130.99, 130.94, 130.42, 

130.06, 129.32, 128.35, 118.49, 116.62, 116.59, 108.87, 20.42. 

NO2PhimpH 163.03, 138.04, 131.34, 130.07, 129.69, 125.70, 125.50, 119.02, 117.61, 

117.47, 109.16  

 

2.3.2. Synthesis and characterization of metal complexes  

To the deprotonated ligand a methanolic solution of Fe(ClO4)3.xH2O was added dropwise 

in a ratio of 2:1 which resulted the formation of complexes. The synthetic routes of complexes 

1, 2, 3 and 4 have been summarized in Scheme 2.2. 

 

Scheme 2.2 Schematic representation of iron complex synthesis 
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2.3.2.1. IR spectral studies 

Coordination of the nitrogen to the metal centre give rise to shift in strong and sharp band 

due to azomethine νHC=N in the range 1605–1615 cm−1.(JIB NT mam) A significant shift (20 

cm–1) in stretching frequencies for νHC=N clearly indicated the ligation of azomethine nitrogen 

(HC=N) to metal centre. IR bands near 1090 cm–1 together with a band at 623 cm–1 were 

found in all iron(III) complexes and clearly indicated presence of noncoordinated perchlorate 

ions.401 The experimental values of IR data for all complexes are given in Table 2.5. 

 

Table 2.5 Data for IR and conductivity studies of complexes 

Complex IR data (cm–1)a Conductivity data 

(Ω–1cm2mol–1)b νO–H ν–HC=N νClO4– 

1 3437 1610 1092, 622 65 (1:1) 

2 3446 1611 1092, 622 60 (1:1) 

3 3447 1612 1094, 622 63 (1:1) 

4 3450 1606 1098, 623 58 (1:1) 

aUsing KBr pellets, bSolvent: dimethylformamide 
 

2.3.2.2. Electronic absorption spectral studies 

To observe the mutual influence of metal and ligand coordination, electronic absorption 

studies were performed for the complexes (Fig. 2.6). In UVvisible, bands at lower energy 

around 300 nm were assigned nπ* in nature and high energy band near 230 nm as ππ* 

transitions.199,402 Absorption bands observed in the region near 400 nm is assigned as ligand to 

metal charge transfer (LMCT) transitions from the pπ orbital of the phenolate oxygen to dσ* 

orbital of highspin iron(III) centre. The lowest energy absorptions band in the region near 500 
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nm is probably due to charge–transfer transition between phenolate (pπ)→iron(III) (dπ*) 

orbitals403–405 as depicted in Table 2.6. 

 

Table 2.6 Electronic spectral data of iron complexes 

Complex UV–visible data (max/nm, /M–1cm–1)a 

1 504 (900), 396 (5,870), 365 (8,490), 310 (17,250), 237 (22,880) 

2 557 (900), 493 (940), 374 (9,430), 314 (23,540), 242 (25,340) 

3 560 (1,540), 483 (1,480), 375 (9,420), 314 (23,540), 244 (22,880) 

4 545 (440), 350 (15,300), 300 (16,750), 237 (13,270) 

aUV–visible data in methanol  
 

 

Fig. 2.6 UVvisible absorption spectra of iron(III) complexes in methanol 
 

2.3.2.3. Conductivity studies 

Experimental data for molar conductivity have been summarized in Table 2.5. The molar 

conductivity measurements were performed in DMF at ca. 10–3 M. Values obtained for 

complexes 1, 2, 3 and 4 were found to be 65, 60, 63 and 58 Ω–1cm2mol–1 respectively These 
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values were found to be consistent with the uni–univalent (1:1) electrolytic behavior of 

complexes in solutions.406 

2.3.2.4. Magnetic moment studies 

The magnetic moment of complexes 1, 2, 3 and 4 were 3.88, 2.91, 5.14 and 3.34 BM at 

303 K respectively. These complexes have higher value as compared to lowspin iron(III) 

centre but lower values as compared to highspin iron(III) centre. It has been already reported 

that the N4O2 donor set produces an overall ligand field which is closer to the crossover point. 

This is related as in [N6] porphyrin adducts.407,408 This spin crossover phenomena in iron(III) 

has been extensively studied.409–415 

2.3.2.5. ESIMS spectral studies 

For confirmation of structure of iron(III) complexes ESIMS spectral studies were 

performed. All the complexes showed characteristic peak [MClO4]
+ in positive ion mode. 

Structure of complex 1 was established using Xray crystallography. ESIMS spectra of 

complex 2 displayed peak at 660.1968 corresponding to [MClO4]
+ in acetonitrile as shown in 

Fig. 2.7. 
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Fig. 2.7 ESI–MS spectrum of 2 in acetonitrile solution under positive ion mode 
 

Similarly complex 3 exhibiting peak corresponding to [MClO4]
+ at 855.4185 in 

acetonitrile solution (Fig. 2.8). 

 

 

Fig. 2.8 ESIMS spectrum of 3 in acetonitrile solution under positive ion mode 
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ESI–MS spectra of complex 4 exhibiting peak at 722.1378 (M–ClO4)
+ in acetonitrile 

solution also supports the predicted structure of the complex (Fig. 2.9). 

 

 

Fig. 2.9 ESI–MS spectrum of 4 in acetonitrile solution under positive ion mode 

 

2.3.3. Molecular structure of complex 1 

Crystal structure of complex 1 was obtained by single crystal X–ray diffraction technique. 

Crystals of diffraction quality were obtained in dichloromethanemethanol (1:1 v/v) solvent 

system. ORTEP diagram of complex has been shown in Fig. 2.10 exhibiting meridional 

coordination of ligand around metal centre. Complex 1 crystallized in the monoclinic P21 space 

group. Selected bond lengths, bond angles and crystallographic data are listed in Table 2.7 and 

Table 2.13. 
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Structure analysis of complex 1 confirms hexacoordinated distorted octahedral geometry 

surrounded by four nitrogen atoms (two pyridine, two imine) and two phenolato donors to 

iron(III) center. All the chelate rings formed stable either five or six–membered rings. 

 

 

 

 

 

 

Fig. 2.10 Thermal ellipsoid diagram of the crystal structure of 1 showing the atom numbering 
scheme and thermal ellipsoids (50% probability level). Hydrogen atoms are omitted for 

clarity 
 

In a distorted octahedral geometry two phenolato moiety coordinated to the metal centre 

in a cis manner at an angle O(3)Fe1O(1) of 96.984°. Trans atoms N(4)Fe1N(1), 

O(3)Fe1N(6) and N(3)Fe1O(1) exhibited an angle of 179.036°, 173.169° and 173.049° 

respectively. The phenolic bond distances Fe1O1 and Fe1O3 were found to be 1.8533 Å, 

1.856 Å respectively. The bond distance between C26N4 (1.28 Å) is in good agreement as 

reported for imine bond.199 Average bond distances for FeNpy (1.96Å), FeNim (1.91Å) and 

FeOph (1.85Å) are consistent with reported iron(III) metal complexes.416 Observed distances 
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between FeO were shorter than the average FeO bond distances (1.98 Å) indicating a 

stronger overlap between phenolato and iron(III) metal centre.138,417 

 

Table 2.7 Selected bond lengths (Å) and bond angles (°) of complex 1 

Bond lengths (Å) Bond angles () 

Fe1N1 1.9143(20) N(1)Fe1O(1) 

N(1)Fe1N(6) 

94.118(86) 

99.117(92) 

Fe1N3 

 

1.9699(22) N(3)Fe1O(1) 

N(3)Fe1O(3) 

N(3)Fe1N(1) 

N(3)Fe1N(4) 

N(3)Fe1N(6) 

173.049(89) 

88.644(89) 

82.281(91) 

97.749(90) 

86.451(88) 

Fe1N4 1.9132(19) N(4)Fe1O(1) 

N(4)Fe1O(3) 

N(4)Fe1N(1) 

N(4)Fe1N(6) 

85.952(85) 

94.125(85) 

179.036(86) 

81.846(90) 

Fe1N6 1.9653(22)   

Fe1O1 1.8533(20) O(1)Fe1N(6) 88.264(89) 

Fe1O3 1.856(2) O(3)Fe1O(1) 

O(3)Fe1N(1) 

O(3)Fe1N(6) 

96.984(86) 

84.913(86) 

173.169(89) 

 

Packing diagram of complex 1 has been shown in Fig. 2.11. Short range forces and 

noncovalent interactions and Hbonding interactions are important in supramolecular 

chemistry, crystal engineering and biochemistry.418 
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Fig. 2.11 Packing diagram of complex 1 
 

In the present complex Hbonding interactions were not observed although noncovalent 

types of interactions were found as shown in Fig. 2.12. Noncovalent interactions were found 

between the C2H31 and O2H6 at distance 2.828 and 2.596 Å (Table 2.8). 
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Fig. 2.12 Non–covalent interactions in 1 
 

Table 2.8 Noncovalent interactions in complex 1 

Atom Distance (Å) 

C2H2......O6 2.596 

H2C2......H31 2.828 

 

2.3.4. Density functional theory (DFT) calculations 

We have performed the geometrical optimization for the complex 1 by DFT calculations. 

The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) of complex have been depicted in Fig. 2.132.14. From the molecular orbital diagram 

it has been concluded that HOMO orbitals have contribution of ligand only (Fig. 2.13). 
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(a) 

 

(b) 

 

Fig. 2.13 Molecular orbital diagram of HOMO (a) alpha and (b) beta of complex 1 
 

On the other hand, LUMO orbitals have partial contribution from metal as well as ligand 

as shown in Fig. 2.14. 

 

(a) 

 

(b) 

 

Fig. 2.14 Molecular orbital diagram of LUMO (a) alpha and (b) beta of complex 1 
 

The characteristic structural parameters (bond distances, bond angles) were calculated. 

The experimental and calculation data showed good agreement as depicted in the Table 2.9. 
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Table 2.9 Comparison of theoretical and experimental bond lengths and bond angles of 

complex 1 using S=6 

Bond lengths (Å) Bond angles (°) 

 X–ray DFT  X–ray DFT 

Fe1N1 1.9143(20) 2.187 N(1)Fe1O(1) 

N(1)Fe1N(6) 

94.118(86) 

99.117(92) 

98.88 

74.35 

Fe1N3 1.9699(22) 2.158 N(3)Fe1O(1) 

N(3)Fe1O(3) 

N(3)Fe1N(1) 

N(3)Fe1N(4) 

N(3)Fe1N(6) 

173.049(89) 

88.644(89) 

82.281(91) 

97.749(90) 

86.451(88) 

157.44 

89.46 

102.37 

74.05 

88.28 

Fe1N4 1.9132(19) 2.201 N(4)Fe1O(1) 

N(4)Fe1O(3) 

N(4)Fe1N(1) 

N(4)Fe1N(6) 

85.952(85) 

94.125(85) 

179.036(86) 

81.846(90) 

84.27 

99.00 

175.11 

101.99 

Fe1N6 1.9653(22) 2.155    

Fe1O1 1.8533(20) 1.900 O(1)Fe1N(6) 88.264(89) 90.19 

Fe1O3 1.856(2) 1.908 O(3)Fe1O(1) 

O(3)Fe1N(1) 

O(3)Fe1N(6) 

96.984(86) 

84.913(86) 

173.169(89) 

100.24 

84.18 

157.39 

 

To optimize excited state transition TDDFT were also performed on the optimized 

geometry and data have been summarized in Table 2.10. 
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Table 2.10 Calculated TDDFT excitation energies (in eV), oscillator strengths (f), and nature 

of transitions in the complex 1 

Transitions (% Contribution) E (eV) 

calcd/exp 

Oscillator 

strength (f) 

λtheo  

(nm) 

λExp 

 (nm) 

HOMO–10    HOMO–4(25%) 

HOMO–9     HOMO–3(48%) 

HOMO–8    HOMO–4(27%) 

2.41/2.42 0.0329 513 504 

HOMO–7     HOMO–3(50%) 

HOMO–5     HOMO–2 (24%) 

3.11/3.13 0.0021 397  396 

HOMO–9     LUMO–4(31%) 

HOMO–9     HOMO–3(26%) 

3.39/3.39  0.0096 365 365 

HOMO–9    HOMO–3(41%) 

HOMO–10    HOMO–4(37%) 

3.98/4.00 0.0096 311 310 

 

2.3.5. Electrochemical studies 

2.3.5.1. Ligands  

In dichloromethane solutions, ligands were subjected to electrochemical investigation. As 

shown in Fig. 2.15 ill–defined anodic waves were found for all the ligands.199 Ligands do not 

show any redox property in the range 1.0 to 0.6 V vs. Ag/AgCl. Irreversible oxidations in the 

potential range 0.8 to 1.8 V were observed for all the ligands. This is probably due to the 

presence of phenolic moiety in the ligand system. 
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Fig. 2.15 Cyclic voltammograms of a 10–3 M solutions of ligands in dichloromethane at a 
scan rate of 0.1 V/s 

 

2.3.5.2. Iron complexes 

Ligands did not show any redox activity in the range of –1.0 to 0.6 V, hence the peak 

associated in this range is probably having metal character as Fe(III)/Fe(II) couple (Fig. 2.16). 

In all the complexes cyclic voltammetric studies show an oxidation in potential range 0.8 to 1.8 

V as found in ligand system. The oxidation potential observed in case of iron complexes shifted 

slightly in the anodic direction with respect to the free ligands. The E1/2 values found for 

Fe(III)/(II) couple and along with the ligand centered oxidations were found to be lower than 

the reported values.419 
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Table 2.11 Electrochemical data for ligands and iron(III) complexes at 298 Ka vs Ag/AgCl 

 
Compound Fe(III)/Fe(II) 

Ligandcentred 

E1
pa/V E1

pc/V E1
1/2

b, V 

(∆Ep
c, mV) 

E1
pa E2

pa E2
1/2

b, V  

(∆Ep
c, mV) 

CH3PhimpH – – – 1.2329 –  
OCH3PhimpH – – – 0.9540 

1.2817 

–  

NO2PhimpH – – – 1.3042 –  

tBuPhimpH – – – 1.1149 –  

1 –0.132 –0.224 –0.178 (92) 1.106 

1.353 

1.050  

2 –0.133 –0.219 –0.176 (86) 1.123 

1.272 

–  

3 –0.257 –0.388 –0.322(131) 1.272 1.142 1.207 (130) 

4 0.323 0.203 0.263 (120) 1.331   

aMeasured in dichloromethane using 0.1 M tetrabutylammonium perchlorate (TBAP).b E1/2 
values were calculated as average of anodic (Epa) and cathodic (Epc) peak potentials and cΔEp = 

Epa − Epc at scan rate of 0.1 V/s 

 

 

 

Fig. 2.16 Cyclic voltammograms of 10–3 M solutions of complexes 1, 2, 3 and 4 at a scan 
rate of 0.1 V/s 
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2.3.5.3. Effect of substituent on redox property: Hammett plot 

The value of the Hammett parameter (σp) designates the relative electron withdrawing or 

electron–donating effect of a particular substituent at para position. Fig. 2.17 indicates that the 

substituents at para position have significant effect on the value of potential. A linear 

relationship was observed between the E1/2 and the Hammett σp parameter. The electron 

withdrawing nature of NO2 decreases the electron density on metal center and hence metal is 

more prone to reduced as compare to electron donating group. Hence electron withdrawing 

groups shifted the Fe(III)/Fe(II) couple to more positive potentials.420  

 

 

Fig. 2.17 Dependence of E1/2 of Fe(III)/Fe(II) couple vs σp of the ligand para–
substituents, with the para–substituent R group specified 

 

2.3.6. Nuclease activity 

DNA cleavage activity of complex 3 was studied by gel electrophoresis in tris buffer 

using supercoiled pBR322 DNA. Complex 3 has ability to generate stable phenoxyl radical as 

compare to other complex. To access the DNA cleavage activity of 3, pBR322 DNA was 

incubated with the variable concentration of complex at 37°C for 3 h (Fig. 2.18). 
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Fig. 2.18 Gel electrophoresis separations showing the cleavage of SC pBR322 DNA 
(100 ng) using complex 3 in a 0.1 M buffer containing 10% DMF and incubated at 37 
°C for 3 h. Lane 1: DNA control, lane 2: DNA + Fe(ClO4)3.xH2O (100 μM), lane 3: 

DNA + tBuPhimpH (100 μM), lanes 4−7: DNA + 3 = 10, 25, 50 and 100 μM, 
respectively, lane 8: DNA +10% DMF 

 

DNA cleavage experiment showed complete disappearance of nicked circular (NC) and 

supercoiled (SC) bands at higher concentration (25100 μM) without any external agent. These 

observations indicated extensive DNA degradation and DNA cleavage at multiple positions.421 

Hence complex was found to be efficient in DNA cleavage activity in absence of any oxidizing 

or reducing agent. These data clearly indicate selfactivated DNA cleavage by the complex268  

2.3.7. Protease activity 

Similarly protease activity of complex 3 has been investigated. Bovine serum albumin 

(BSA) was incubated with variable concentration of complex 3 to observe the effect of 

concentration of metal complex in protease activity. Lanes 67 clearly showed protein cleavage 

activity at concentration 50 μM and 100 μM in Fig. 2.19(a). However, we have performed this 

experiment for 3 hours only. We have increased the incubation time with similar concentrations 

of complex 3 and found out efficient cleavage after 20 hours (Fig.2.19(b)). Complex 3 at 50 μM 

and 100 μM concentrations cleaves the BSA effeciently. These results support the nonspecific 

cleavage of BSA into very small fragments.360  
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(a) 

 

(b) 

 

Fig. 2.19 SDSPAGE of BSA (4 μM) incubated with complex 3 in a 0.1 M buffer containing 
10% DMF incubated at variable temperature and concentrations of complex at 50 °C (a) 3 h 
(b) 20 h. Lane 1: BSA, lane 2: BSA + Fe(ClO4)3.xH2O (100 μM), lane 3: BSA + tBuPhimpH 

(100 μM), lane 4: BSA + 3 (10 μM), lane 5: BSA + 3 (25 μM), lane 6: BSA + 3 (50 μM), 
lane 7: BSA + 3 (100 μM), lane 8: BSA + DMF (10%) 

 

It has been found out that cleavage of peptide bond in BSA is time dependent. Similar 

concentration of complex was found to be more efficient for protease at higher incubation 

period. Hence it has been found out that compound is effective in nuclease as well as in 

protease activity. 

2.3.8. DPPH assay 

DPPH (2,2–diphenyl–1–picrylhydrazine) is an intensely violet–colored stable free radical 

which is used to determine the antioxidant properties of different amines, phenols, natural 

products, foods etc via disappearence of color.422–425 Violet color of DPPH disappears during 

estimations of antioxidant property. Experiment was performed in 0.1 M phosphate buffer 

containing 10% DMF. DMF solution of complex 3 (410−5 M) was taken with DPPH radical 

(1.2  10−4 M) and a decrease in absorbance was observed at 540 nm (Fig. 2.20). 

 

Fig. 2.20 Disappearance of absorption band of DPPH radical at 540 nm using complex 3 in 
0.1 M phosphate buffer containing 10% DMF solution 
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To optimize the possible role of reactive oxygen species (ROS) DPPH assay was 

performed. During these studies disappearance of band due to the stable free radical was 

observed which indicated possible involvement of reactive oxygen species. 

2.3.9. Oxidation of o–aminophenol and phenoxazinone synthase activity 

Oxidation of o–aminophenol (OAP) in presence of catalytic amount of iron complexes 

were performed under aerobic condition in methanol at room temperature. The change in 

absorbance at 430 nm (ε=24×103 M−1cm−1) a characteristic of 2–aminophenoxazin–3–one 

formed, was optimized as a function of time (2 h) to follow the reaction kinetics. Complexes 

were taken in minor amount as compared to the substrate to maintain the reaction conditions 

under pseudofirst order reaction. The bands formed for complexes 1 and 2 have been 

described in Fig. 2.21. We have also utilized iron complexes without any substituent reported 

elsewhere for the present studies.426 

 

(a) 

 

(b) 

 

Fig. 2.21 Time resolved electronic absorption spectral changes for the oxidation of o–
aminophenol (1 × 10− 2 mol dm−3) catalyzed by the complexes (1 × 10 −5 mol dm −3) (a) 1 (b) 

2 at 25 °C in aerobic environment (3 min interval) 

 

Similarly insitu oxidation was optimized for complexes 3 and 4 in methanol as shown in 

Fig. 2.22. 
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(a) 

 

(b) 

 

Fig. 2.22 Time resolved electronic absorption spectral changes for the oxidation of 
oaminophenol (1 × 10−2 mol dm−3) catalyzed by the complexes (1 × 10−5 mol dm−3) (a) 3 

(b) 4 at 25 °C in aerobic environment (3 min interval) 
 

Oxidation was performed for the complex 5 using UVvisible spectrophotometer and 

formation of band formed was observed similar to the other complexes (Fig. 2.23). 

 

 

Fig. 2.23 Time resolved electronic absorption spectral changes for the oxidation of 
o–aminophenol (1×10−2 mol dm−3) catalyzed by the complex 5 (1×10−5 mol dm−3) 

at 25 °C in aerobic environment (3 min interval) 

 

All the complexes were found to be effective in catalyzing the o–aminophenol oxidation 

at ambient conditions.  

To optimize the effect of substituents on the oxidation of oaminophenol a plot between 

absorbance versus time due to the generation of 2aminophenoxazine3one (APX) at 430 nm 

has been drawn as shown in Fig. 2.24. 
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(a) 

 

(b) 

 

Fig. 2.24 Time dependent absorption spectral studies for oxidation of oaminophenol (a) 
change in absorbance (b) concentration of 2aminophenoxazine3one (APX) formed for all 

the complexes observed at 430 nm 
 

Table 2.12 TOF, TON and rate of reaction of oaminophenol oxidation for complexes 

Complex TOF(h-1) TON based on catalyst Vmax(Ms-1) 

1 17.03 34.06 4.43  10 -8 

2 16.92 33.84 1.15  10-8 

3 14.55 27.66 6.57  10-9 

4 13.83 29.10 1.04  10-9 

5 16.89 33.78 1.82  10-9 

 

From the studies, it can be concluded that oxidation of o–aminophenol is found to be 

higher in complexes 1, 2 having electron donating group (–OCH3,–CH3). Despite the higher 

electron donating tendency of tertbutyl substituent in the complex 3, oxidation of o–

aminophenol was found to be lower than complexes 1 and 2. This could be probably due to the 

bulkiness of the tertbutyl substituent at o– and p– positions which could possibly create steric 

hindrance while interacting with the substrate. The electron withdrawing group –NO2 was also 

found to be less efficient as that of complexes with or without any substituent. 

 

 



Synthesis and Reactivity Studies on New Iron(III) Complexes Derived………..... 
 

96 
 

2.3.9.1. Kinetics of oxidation of o–aminophenol (OAP)  

To gain better insight into the mechanism of oxidation of o–aminophenol method of 

initial rates was evaluated by monitoring the increase in band at 430 nm corresponding to the 

APX formed. 

To optimize the effect of reactants such as substrate, catalyst concentration on rate of 

reactions, kinetic studies were carried out in the following steps: 

(i) Varying substrate concentration at constant complex concentration.  

(ii) Varying complex concentration at constant substrate concentration. 

Rate of reactions were calculated using initial rate method. Pseudo–first order reaction 

condition was maintained by using complex as minor component and at least 10 equivalents of 

substrate during experiments.163 All the experiments were performed in triplicates to check the 

reproducibility and authenticity of the data. 

2.3.9.1.1. Rate dependence on variation of substrate concentration 

During substrate concentration variation, concentrations of complexes were kept fixed 

while the variations of substrates were monitored. Absorption spectral studies were performed 

as a function of time at λmax of 430 nm (band originated due to the formation of 

2aminophenoxazine3one (APX)). Initial rates of reactions were calculated using linear 

regression from the slope of the plot between absorbance and time. The initial rates of reactions 

were calculated as a function of [OAP] concentration varied between 50 M to 500 M in case 

of all complexes. At constant concentration of catalyst (5 M) (complex 1–5), rate saturation 

kinetics were observed for all the iron complexes (Fig. 2.25–2.27). 
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(a) 

 

(b) 

 

Fig. 2.25 Plot of initial rates vs. substrate concentration obtained for the oxidation of 
oaminophenol catalyzed by complexes (5 M) (a) 1 (b) 2 at ambient temperature in 

methanol. Symbols and lines representing the experimental and simulated values 
respectively 

(a) 

 

(b) 

 

Fig. 2.26 Plot of initial rates vs. substrate concentration obtained for the oxidation of 
oaminophenol catalyzed by complexes (5 M) (a) 3 (b) 4 at ambient temperature in 

methanol. Symbols and lines representing the experimental and simulated values 
respectively 

 

Fig. 2.27 Plot of initial rates versus substrate concentration obtained for the oxidation of 
oaminophenol catalyzed by complex (5 M) 5 at ambient temperature in methanol. 
Symbols and lines representing the experimental and simulated values respectively 
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When varying the concentration of substrate, a saturation type curve was observed. Under 

the given experimental conditions, saturation kinetics was found for the initial rates (V0) versus 

[OAP] concentrations (Fig. 2.262.28). This indicates that an intermediate complexsubstrate 

adduct formed during preequilibrium process and this irreversible metalbased oxidant 

formation is probably the ratedetermining step of the catalytic cycle.393 

2.3.9.1.2. Rate dependence on variation of catalyst concentration 

During catalyst concentration variation, concentrations of substrate were kept fixed while 

the variations of complexes were observed. Absorption spectral studies were performed as a 

function of time at λmax 430 nm. The initial rates of reactions were calculated as a function of 

complex concentrations varied between 5 M to 50 M in case of all complexes. At constant 

concentration of substrate (500 M) (complex 1–5), rate saturation kinetics were observed for 

all the iron complexes (Fig. 2.28–2.30). 

 

(a) 

 

(b) 

 

Fig. 2.28 Plot of initial rates vs. complex concentration obtained for the oxidation of 
oaminophenol catalyzed by complexes (a) 1 and (b) 2 at ambient temperature in methanol. 

Symbols and lines representing the experimental and simulated values respectively 
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(a) 

 

(b) 

 

Fig. 2.29 Plot of initial rates vs. complex concentration obtained for the oxidation of 
oaminophenol catalyzed by complexes (a) 3 and (b) 4 at ambient temperature in methanol. 

Symbols and lines representing the experimental and simulated values respectively 
 

 

 

Fig. 2.30 Plot of initial rates vs. complex concentration obtained for the oxidation of 
oaminophenol catalyzed by complex 5 at ambient temperature in methanol. Symbols and 

lines representing the experimental and simulated values respectively 
 

To gain better insight into the order of reaction logarithmic plots of these values were drawn. 

2.3.9.1.3. Order of reaction  

A general rate of reaction can be derived using the following equation: 

d[OAP]/dt = d[APX]/dt = K1 [OAP]m[Complex]n 

To evaluate the rate of reaction and order of reaction the logarithm of initial rate of 

reaction was plotted against ln [OAP] at a fixed concentration of catalyst163 as shown in Fig. 

2.312.33. 
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(a) 

 

(b) 

 

Fig. 2.31 Logarithmic plot of initial rates vs. substrate concentration obtained for the 
oxidation of oaminophenol catalyzed by complexes (a) 1 (b) 2 at ambient temperature in 

methanol. Symbols and lines representing the experimental and simulated values 
respectively 

(a) 

 

(b) 

 

Fig. 2.32 Logarithmic plot of initial rates vs. substrate concentration obtained for the 
oxidation of oaminophenol catalyzed by complexes (a) 3 (b) 4 at ambient temperature in 

methanol. Symbols and lines representing the experimental and simulated values 
respectively 

 

Fig. 2.33 Logarithmic plot of initial rates vs. substrate concentration obtained for the 
oxidation of oaminophenol catalyzed by complexes 5 at ambient temperature in methanol. 

Symbols and lines representing the experimental and simulated values respectively 



Synthesis and Reactivity Studies on New Iron(III) Complexes Derived………..... 
 

101 
 

From the plot it is clear that logarithm of rate of reaction is linearly dependent on the 

substrate concentration. Slopes of these plots give the value closer to 1 (m=0.77 (complex 1), 

1.02 (complex 2), 0.89 (complex 3), 1.11 (complex 4) and 0.92 (complex 5)) in all the 

complexes respectively. 

2.3.9.1.4. Order of reaction for catalyst 

Similarly, logarithmic plot of rate of reaction versus complex concentration were drawn. 

These plots were found to be linear indicating that the rate of reaction depends on the 

concentration linearly in complexes 15. 

(a) 

 

(b) 

 

Fig. 2.34 Logarithmic plot of initial rates versus catalyst concentration obtained for the 
oxidation of oaminophenol catalyzed by complexes (a) 1 (b) 2 at ambient temperature in 

methanol. Symbols and lines representing the experimental and simulated values 
respectively 

(a) 

 

(b) 

 

Fig. 2.35 Logarithmic plot of initial rates vs. catalyst concentration obtained for the 
oxidation of oaminophenol catalyzed by complexes (a) 3 (b) 4 at ambient temperature in 

methanol. Symbols and lines representing the experimental and simulated values 
respectively 



Synthesis and Reactivity Studies on New Iron(III) Complexes Derived………..... 
 

102 
 

 

 

Fig. 2.36 Logarithmic plot of initial rates vs. catalyst concentration obtained for the 
oxidation of oaminophenol catalyzed by complexes 5 at ambient temperature in methanol. 

Symbols and lines representing the experimental and simulated values respectively 

 

From the above plot, it can be concluded that logarithm of rate of reaction is linearly 

dependent on the complex concentration. Slopes of these plots give the value close to 0.5 

(n=0.52 (m=0.77 (complex 1), 0.42 (complex 2), 0.54 (complex 3), 0.47 (complex 4) and 0.45 

(complex 5)) in all the complexes.  

Overall reaction can be derived as  

d[OAP]/dt = d[APX]/dt = K1 [OAP]1[Complex]0.5 

Hence from the experiments it has been found out that the reaction followed 1.5th order of 

reaction kinetics in the given experimental conditions. 

2.4. Conclusions 

In the present study we synthesized tridentate ligands OCH3PhimpH, CH3PhimpH, 

tBuPhimpH and NO2PhimpH having N2O donors. These ligands were analyzed and characterized 

with various spectroscopic techniques such as IR, UV–visible, GC–MS, NMR spectral studies. 

The ligands were utilized to synthesize the mononuclear bis iron complexes. Complexes were 

characterized using IR, UV–visible, ESI–MS spectral studies. Magnetic properties of 



Synthesis and Reactivity Studies on New Iron(III) Complexes Derived………..... 
 

103 
 

complexes were also analyzed. Conductivity measurements show the uni–univalent (1:1) 

electrolytic behavior of complexes in solutions. All the studies supported the formation of 

[Fe(OCH3PhimpH)2](ClO4) (1), [Fe(CH3PhimpH)2](ClO4) (2), [Fe(tBuPhimpH)2](ClO4) (3) and 

[Fe(NO2PhimpH)2](ClO4) (4) complexes. Molecular structure of complex 1 was determined by 

single crystal X–ray analysis. Investigation of electrochemical studies suggested metal centred 

as well as ligand centred oxidation. Complex 3 gave rise to effective nuclease as well as 

protease activity. From the studies it was found that the complex is capable in exhibiting 

selfactivated nuclease and protease activity. Possible involvement of any radical species was 

further confirmed using DPPH assay. These iron complexes exhibited phenoxazinone synthase 

activity via oaminophenol oxidation. Kinetic studies on phenoxazinone synthase clearly 

indicated higher activity of complexes capable of generating stable phenoxyl radical.  
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2.5. Experimental section 

2.5.1. Materials and instrumental methods  

Precursors (substituted aldehydes) for synthesis of ligands have been prepared from 

corresponding substituted phenols using a reported procedure.427 However, p–cresol, p–

methoxy phenol, p–methyl phenol and anhydrous MgCl2 were purchased from Himedia 

Laboratories Pvt. Ltd, Mumbai, India. Salicyldehyde was purchased from SRL, Mumbai, India. 

3,5–di–tert–butyl–2–hydroxybenzaldehyde, Fe(ClO4)3.xH2O were purchased from Sigma–

Aldrich. Solvents used for spectroscopic studies were HPLC grade and purified by standard 

procedures before use.396 Elemental analysis was carried out on an Elemental model Vario EL–

III. Infrared spectra were recorded as KBr pellets on a Nicolet NEXUS Aligent 1100 FT–IR 

spectrometer, using 50 scans and are reported in cm–1. Electronic spectra were recorded in 

CH2Cl2 and CH3OH with an Evolution 600, Thermo Scientific UV–Visible spectrophotometer 

using cuvettes of 1 cm path length. Molar conductivities were determined in 

dimethylformamide (DMF) at 10–3 M at 25 °C with a Systronics 304 conductometer. Magnetic 

susceptibilities were determined at 300 K with a Cryogenic vibrating sample magnetometer. 

Cyclic voltammetric studies were performed on a CH–600 electroanalyser in CH2Cl2 with 0.1 

M tetrabutylammonium perchlorate (TBAP) as a supporting electrolyte. The working electrode, 

reference electrode and auxiliary electrode were glassy carbon, Ag/AgCl and a Pt wire 

electrode, respectively. The concentration of the compounds was of the order of 10–3 M. The 

ferrocene/ferrocenium couple occurs at E1/2= +0.52 V (72) V versus Ag/AgCl under the similar 

experimental conditions. 
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2.5.2. Synthesis of ligands  

2.5.2.1. Synthesis of OCH3PhimpH 

To a methanolic solution of 2–hydroxy–5–methoxybenzaldehyde (152 mg, 1.00 mmol), 

2–(1–phenylhydrazinyl)pyridine (185.0 mg, 1.00 mmol) was added in 10 mL of methanol. The 

reaction mixture was stirred at room temperature. Within 30 min a white solid began to separate 

out and stirring was continued for further 2 h. A white precipitate was filtered, washed with 

small amount of methanol and then dried in vacuum. CH3PhimpH was recrystallized from 

dichloromethane. Yield: 63%. ESI–MS pos (CH3CN, m/z): 320.1321(M+H)+, 342.1134 

(M+Na)+, 358.0879 (M+K)+. Selected IR data (KBr, νmax/cm–1): 3426, νOH, 1586, νC=Nimine. UV–

visible [CH2Cl2, max/nm (/M–1cm–1)]: 356 (38,000), 318 (38,340), 230 (39,680). 1HNMR 

(CDCl3, /ppm, 400 MHz): 11.29 (1H, s), 8.27(1H, d, J=5.0 Hz), 7.67–7.51 (4H, m), 7.35(1H, 

s), 7.32–7.28(2H, m), 6.96(2H, t, J=9.8 Hz), 6.84 (2H, m), 6.50 (1H, d, J= 2.3 Hz), 3.71 (3H, d, 

1.4Hz). 13CNMR (CDCl3, /ppm, 400 MHz): 156.73, 152.52, 151.58, 148.40, 140.87, 137.93, 

137.65, 130.93, 130.00, 129.32, 118.78, 117.51, 116.84, 116.73, 114.05, 108.92, 55.93. Anal. 

Calcd for C19H17N3O2: C, 71.46; H, 5.37; N, 13.16, Found: C, 70.92; H, 5.14; N, 12.98. 

2.5.2.2. Synthesis of CH3PhimpH 

Ligand was synthesized by similar procedure adopted for OCH3PhimpH using 2–hydroxy–

5–methylbenzaldehyde (136 mg, 1.00 mmol) instead of 2–hydroxy–5–methylbenzaldehyde. 

Yield: 60%. ESI–MS (CH3CN, m/z): 304.4157(M+H)+, 326.4093 (M+Na)+. Selected IR data 

(KBr, νmax/cm–1): 3404, νOH, 1588, νC=Nimine. UV–visible [CH2Cl2, max/nm (/M–1cm–1)]: 393 

(4,410), 363 (7,880), 320 (9,110), 246 (6,590). 1HNMR (CDCl3, /ppm, 400 MHz): 11.47 (1H, 

s), 8.25 (1H, m), 7.57 (4H, m), 7.31(4H, m), 7.00 (2H, m), 6.91 (1H, d, J= 8.2 Hz), 6.81 (1H), 

1.25 (3H, s). 13CNMR (CDCl3, /ppm, 400 MHz): 156.78, 155.17, 148.34, 141.51, 137.99, 
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137.67, 130.99, 130.94, 130.42, 130.06, 129.32, 128.35, 118.49, 116.62, 116.59, 108.87, 20.42. 

Anal. Calcd for C19H17N3O: C, 75.23; H, 5.65; N, 13.85, Found: C, 75.87; H, 5.00; N, 12.53. 

2.5.2.3. Synthesis of NO2PhimpH 

Ligand was prepared using the procedure employed for CH3PhimpH starting from 2–

hydroxy–5–nitrobenzaldehyde (167.0 mg, 1.00 mmol). Yield: 52%. ESI–MS (CH3CN, m/z): 

335.1126 (M+H)+. Selected IR data (KBr, νmax/cm–1): 3448, νOH, 1587, νC=Nimine. UV–visible 

[CH2Cl2, max/nm (/M–1cm–1)]: 345 (14,150), 320 (11,690), 300 (10,900), 246 (3,410). 

1HNMR (CDCl3, /ppm, 400 MHz): δ 8.40–8.35 (1H, m), 8.10 (1H, dd, J = 9.2, 2.7 Hz), 7.96 

(1H, d, J = 2.3 Hz), 7.72–7.65 (2H, m), 7.63–7.51 (2H, m), 7.38 (1H, s), 7.34–7.29 (2H, m), 

7.08 (1H, d, J = 9.2 Hz), 6.93 (1H, dd, J = 6.6, 5.3 Hz), 6.69 (1H, d, J = 8.2 Hz), 5.30 (1H, s) 

13CNMR (DMSO–d6, /ppm, 500 MHz): 163.03, 138.04, 131.34, 130.07, 129.69, 125.70, 

125.50, 119.02, 117.61, 117.47, 109.16 Anal. Calcd for C18H14N4O3: C, 64.66; H, 4.22; N, 

16.76, Found: C, 65.47; H, 4.50; N, 16.52. 

2.5.3. Synthesis of metal complexes 

Caution! Perchlorate salts of metal complexes with organic ligands are potentially 

explosive. Only a small quantity of material should be prepared and handled carefully. 

2.5.3.1. Synthesis of [Fe(OCH3Phimp)2](ClO4) (1) 

To a solution of OCH3PhimpH (638 mg, 2.00 mmol) in dichloromethane (8 mL) was added 

Et3N (202 mg, 2.00 mmol) followed by a methanolic solution of Fe(ClO4)3.xH2O (354 mg, 1 

mmol). After complete addition of reactants solution mixture was further stirred for 3–4 h at 

room temperature. A brown color solution was filtered and filtrate was evaporated to dryness. 

The complex was recrystallized using ether diffusion into a mixture of 

dichloromethane/methanol. Yield: 82%. Selected IR data (KBr, νmax/cm–1): 1610, νC=Nimine, 

1307, νC–Ophenol, 1092, 622, νClO4–. UV–visible [CH3OH, λmax/nm (ε/M–1cm–1)]: 504 (900), 396 
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(5,870), 365 (8,490), 310 (17,250), 237 (22,880). μeff (300 K): 3.88 BM. ΛM/Ω–1cm2mol–1 (in 

DMF): 65 (1:1). Anal. Calcd for C38H32N6O8FeCl: C, 57.63; H, 4.07; N, 10.61, Found: C, 

56.48; H, 3.89; N, 9.59. 

2.5.3.2. Synthesis of [Fe(CH3Phimp)2](ClO4) (2)  

Complex [Fe(CH3Phimp)2](ClO4) was synthesized using above mentioned procedure using 

CH3PhimpH as a ligand. Yield: 68%. Selected IR data (KBr, νmax/cm–1): 1611, νC=Nimine, 1307, 

νC–Ophenol, 1092, 622, νClO4–. UV–visible [CH3OH, λmax/nm (ε/M–1cm–1)]: 557 (900), 493 (940), 

374 (9,430), 314 (23,540), 242 (25,340). μeff (300 K): 2.91 BM. ΛM/Ω–1cm2mol–1 (in DMF): 60 

(1:1). Anal. Calcd for C38H32N6O6FeCl: C, 60.05; H, 4.24; N, 11.06, Found: C, 58.47; H, 4.10; 

N, 10.58. 

2.5.3.3. Synthesis of [Fe(tBuPhimp)2](ClO4) (3) 

Similar procedure was followed for complex [Fe(tBuPhimp)2](ClO4) using tBuPhimpH (804 

mg, 2.00 mmol) as a ligand. A brown color solution was filtered and filtrate was evaporated to 

dryness. Yield: 76%. Selected IR data (KBr, νmax/cm–1): 1612, νC=Nimine, 1309, νC–Ophenol, 1094, 

622, νClO4–. UV–visible [CH3OH, λmax/nm (ε/M–1cm–1)]: 560 (1,540), 483 (1,480), 375 (9,420), 

314 (23,540), 244 (22,880). μeff (300 K): 5.14 BM. ΛM/Ω–1cm2mol–1 (in DMF): 63 (1:1). Anal. 

Calcd for C52H60N6O6FeCl: C, 65.31; H, 6.32; N, 8.79, Found: C, 61.40; H, 5.75; N, 6.93. 

2.5.3.4. Synthesis of [Fe(NO2Phimp)2](ClO4) (4)  

Complex was synthesized using procedure employed for [Fe(tBuPhimp)2](ClO4) and   

NO2PhimpH as a ligand. Yield: 55%. Selected IR data (KBr, νmax/cm–1): 1606, νC=Nimine, 1301, 

νC–Ophenol 1098, 623, νClO4–. UV–visible [CH3OH, λmax/nm (ε/M–1cm–1)]: 545 (440), 350 

(15,300), 300 (16,750), 237 (13,270). μeff (300 K): 3.34 BM. ΛM/Ω–1cm2mol–1 (in DMF): 58 

(1:1). Anal. Calcd for C36H26N8O10FeCl: C, 52.61; H, 3.19; N, 13.63, Found: C, 51.14; H, 2.80; 

N, 11.59. 
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2.5.4. Nuclease activity 

Cleavage of plasmid DNA was performed using agarose gel electrophoresis. Supercoiled 

pBR322 DNA (100 ng) in TBE (pH 8.2) was treated with iron complexes 3 (10–100 μM) 

dissolved in DMF (10%). The samples were incubated for 2 h at 37 °C and loaded buffer (25% 

bromophenol blue and 30% glycerol) was added after incubation. The agarose gel (0.8%) 

containing 0.4 μg/mL of EB was prepared and the electrophoresis of the DNA cleavage 

products was performed on it. The gel was run at 70 V for 90 min in TBE buffer and the bands 

were identified by placing the stained gel under an illuminated UV lamp. The fragments were 

photographed by using gel documentation system (BIO RAD). 

2.5.5. Protease activity 

The stock solutions of BSA were prepared by dissolving BSA (1  10–4 mol L–1) in 0.1 M 

phosphate buffer at pH 7.2 and kept at 0─4 C for three days under dark conditions and then 

diluting with 0.1 M phosphate buffer (pH 7.2) to the preferred concentration. The concentration 

of protein solution was determined from the absorption spectral data using the molar 

absorptivity value of 280 = 44720 for BSA.(ref) During protein cleavage studies representative 

complex 3 (10–100 μM) was incubated with BSA (4 μM) in TBE buffer pH 7.4 at 50 °C for 3 h 

and 20 h respectively. During protein cleavage studies DMF content was kept below 10%. On 

completion of incubation period samples were subjected to loading buffer 100 mM Tris HCl 

(pH 6.8), 4% (w/v) sodium dodecyl sulphate, 0.2% (w/v) bromophenol blue, 20% (v/v) 

glycerol. Protein was denatured by keeping it in hot water at 90°C for 3 minutes. Finally, 

samples were analyzed using discontinuous SDS–PAGE in a Genei vertical gel electrophoresis 

apparatus. Experiments were carried out at 80 V (stacking) and 100 V (resolving). Coomassie 

blue solution was utilized for staining (1 h) and destaining was performed in a mixture of water/ 

methanol/acetic acid mixture for 3 h. 
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2.5.6. DPPH assay 

DPPH assay was performed in 0.1 M phosphate buffer solution using 10% DMF. Stocks 

of DPPH and complex 3 were prepared in DMF due to insolubility in buffer. 

2.5.7. Measurement of oxidation of oaminophenol and determination of the 

concentration of the phenoxazinone  

Solutions of complexes 15 and oaminophenol were prepared in methanol under aerobic 

conditions. Concentration of the phenoxazinone formed was calculated using molar extinction 

coefficient 24 × 103 M1cm1 at 435 nm. 

2.5.8. Density functional theory (DFT) calculations 

DFT calculations for complex 1 was carried out using Gaussian 03 program.428–430 The 

Becke’s three parameters hybrid exchange functional with the Lee-Yang-Parr (LYP) 

nonlocal correlation functional was used for the computational study.430 During 

calculations, the basis set used for iron center was the LANL2DZ effective core potential 

and 631G(d) for the ligand atoms (C, H, N, O and Cl). The Xray coordinates of complex 

1 were utilized as input data for geometry optimization. The Gauss View4 was used to 

generate the pictorial representation of frontier molecular orbitals.  

2.5.9. X–ray structure determination 

The X–ray data collection complex 1 was performed at 293 K. Crystal data, data 

collection parameters and refinement details of the structure determinations have been 

summarized in Table 2.13. 
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Table 2.13 Crystallographic parameters of complex 1 

Empirical formula  C38H32N6O8ClFe 

Formula weight (gmol–1)          792.00 
Temperature /K                         293 K 
λ (Å) (Mo–Kα)                            0.71073 
Crystal system                            Monoclinic 
Space group                               P 21 
a (Å)                                          12.728(3) 
b (Å)                                          10.377(2) 
c (Å)                                          12.929(3) 
 (˚) 90.00 
γ (˚)                                           90.00 
β (˚)                                           96.682(11) 
V (Å3)                                       1696.0(7) 
Z     2 
ρcalc (gcm–3)                               1.551 
Crystal size (mm)                      0.19 × 0.17 × 0.16 
F(000)                                       818.0 
Theta range for data collection 1.59–30.60 
Index ranges –18<h<18,–14<k<14,–17<l<17 
Refinement  method Full matrix least–squares on F2                         

Data/restraints/parameters         9300/13/489 
GOFa on F2                                             0.989 
R1

b [I > 2σ(I)]                             0.0452 
R1[all data]                                0.0623 
wR2

c [I > 2σ(I)]                          0.1071 
wR2 [all data]                            0.1179 
aGOF = [Σ[w(Fo

2–Fc
2)2] /M–N)]1/2 (M = number of reflections, N = 

number of parameters refined). b R1 = Σ║Fo│–│Fc║/Σ│Fo│, c wR2 = 
[Σ[w(Fo

2–Fc
2)2]/Σ [w(Fo

2)2]]1/2 
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3.1. Abstract 

Tridentate ligands OCH3PhimpH, CH3PhimpH and tBuPhimpH having N2O donors 

coordinates to manganese(III) after deprotonation affording a series of mononuclear 

manganese complexes. All the complexes were characterized by elemental analysis, IR and 

UV–visible spectral studies. Magnetic moments and conductivity measurements suggested 

the formulation of manganese complexes [Mn(OCH3Phimp)2]ClO4 (5), [Mn(CH3Phimp)2]ClO4 

(6) and [Mn(tBuPhimp)2]ClO4 (7) respectively. Molecular structure of 7 was determined by 

Xray crystallography and structural features were also explored. Cyclic voltammetric 

studies were also monitored for all the complexes in the series. DFT and TDDFT 

calculations were monitored for representative metal complex to optimize geometrical, 

structural and electronic parameters. Phenoxyl radical complexes were generated at low 

temperature using [(NH4)2[CeIV(NO3)6] in CH3CN solution and were characterized by 

absorption spectral studies. Representative complex 7 exhibited nuclease as well as protease 

activity without any external agent. 
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3.2. Introduction 

Manganese and iron have similar chemical and physical properties1 and both metals 

show various oxidation states in different ligand environment. Manganese can behave as 

divalent cation such as calcium, magnesium showing Lewis acidity. On the other hand, it 

can also behave as a redox active metal responding between II, III and IV. However in 

photosystem II role of manganese is unique.431 Manganese is redox active and biologically 

relevant, hence complexes of manganese are used for various magnetic and catalytic 

reactions.432–436 This metal ion is found in the active site of several metalloenzymes such as 

catalase436–439, superoxide dismutase,59,440 manganese dioxygenase,23 and ribonucleotide 

reductase441 etc. Hence manganese complexes have been utilized to explore the structural 

and functional modelling of various metalloenzymes.442 There has been considerable interest 

in metallopharmaceutical research where researchers are more focused towards manganese 

complexes having biological and oxidative activities.443,444 Ligand environment around 

metal centre also plays crucial role to execute such activities. Complexes having nitrogen 

and phenol donor(s) have been extensively used to study manganese chemistry. In 

continuation of this, such manganese complexes used for structural and functional 

mimicking of galactose oxidase (Scheme 1.71.8 chapter 1).192,445 Similar manganese 

complexes have also been utilized to study nuclease and protease activities275,446–450 It is 

important to note that manganese salen type of complexes have been used for Jacobsen 

catalyst which is used in the asymmetric epoxidation of unfunctionalized olefins.451–453 
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Fig. 3.1 Tridentate ligands with abbreviations used in the present work 

 

In the present chapter, we have synthesized manganese(III) complexes derived from 

tridentate ligands having N2O donor. Complexes [Mn(OCH3Phimp)2]ClO4 (5), 

[Mn(CH3Phimp)2]ClO4 (6) and [Mn(tBuPhimp)2]ClO4 (7) were characterized using IR, UV–

visible, ESI–MS spectral studies. Magnetic and electrochemical properties were also 

examined using these complexes. Molecular structure of 7 was determined by X–ray 

crystallography. Due to the presence of phenolato moiety in ligand framework, phenoxyl 

radical generation and stability of manganese–coordinated phenoxyl radical species were 

studied using absorption spectral studies. Theoretical (DFT, TD-DFT) calculations were 

performed to optimize geometry and characteristic structural parameters were evaluated. 

Electronic spectral properties were also scrutinized using TD–DFT calculation and data 

obtained were compared with the experimental values. Complex 7 was used for nuclease 

and protease activity studies.  

3.3. Results and discussion 

3.3.1.  Synthesis and characterization of ligands  

Synthesis and characterization of tridentate ligand having N2O donor have been 

already described in chapter 1.  

3.3.2. Synthesis and characterization of metal complexes  

Synthesis of mononuclear manganese(III) complexes were carried out at ambient 

temperature in air. To a stirred solution of deprotonated ligand was added Mn(ClO4)2.6H2O 
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dropwise in a ratio of 2:1 respectively. Similar complexes were also synthesized following a 

different procedure using Mn(OAc)3.2H2O as a starting metal salt using MeOH:H2O (9:1) as 

solvent system. Procedures followed for the synthesis of all the complexes were same. 

Schematic representation of the synthesis of complexes 5–7 have been assigned in the 

Scheme 3.1. 

 

 

Scheme 3.1 Schematic representation of synthesis of manganese complexes 

 

3.3.2.1. IR spectral studies 

A significant shift (20 cm–1) in stretching frequencies for ν–HC=N suggested the 

coordination of azomethine nitrogen (–HC=N–) to metal centre.396 A strong and sharp band 

due to azomethine moiety (νHC=N) was observed in the range 1600–1610 cm−1in all the three 

manganese complexes. Bands in the region near 1090 cm–1 together with a band at 623 

cm–1 were observed in all manganese(III) complexes. These bands clearly assigned to 

noncoordinated perchlorate ions.401 Experimental values of IR data for all the complexes 

have been listed in Table 3.1. 
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Table 3.1 Data for IR and conductivity studies of complexes 

Complex IR data (cm–1)a Conductivity data 

(Ω–1cm2mol–1)b νO–H ν–HC=N νClO4– 

5 3433 1603  1089, 624 58.0 (1:1) 

6 3432  1607 1094, 623  61.0 (1:1) 

7 3431 1608  1092, 621 56.0 (1:1) 

aUsing KBr pellets, bSolvent: dimethylformamide 
 

3.3.2.2. Electronic absorption spectral studies 

UV–visible spectra of complexes 5–7 have been shown in Fig. 3.2 and data have been 

summarized in Table 3.2. Band originated above 400 nm in all the complexes was assigned 

to phenolato oxygen to manganese(III) ligand to metal charge transfer transitions.454 Bands 

at lower energy around 300 nm were assigned n–π* in nature and high energy band around 

230 nm as π –π* transitions.174,403,405 

Table 3.2 Electronic absorption spectral data of manganese complexes 

Complex UV–visible data (max/nm, /M–1cm–1)a 

5 498 (520), 400 (51,780), 308 (15,380), 236 (20,400), 201 (31,010) 

6 402 (8,390), 332 (17,100), 305 (17,810), 237 (26,280), 202 (44,820) 

7 422 (11,900), 340 (41,100), 306 (47,700), 242(69,700), 205 (97,000) 

aUV–visible data in methanol 
 

 

Fig. 3.2 UVvisible absorption spectra of manganese(III) complexes in methanol 
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3.3.2.3. Conductivity studies 

Molar conductivity measurements were performed using complexes 5–7 in DMF at ca. 

10–3 M. Values obtained for complexes 5, 6 and 7 have been found 58, 61 and 56 

respectively at 25 C indicating the uni–univalent (1:1) electrolytic behavior in DMF 

solution406 (Table 3.1). 

3.3.2.4. Magnetic moment studies 

Magnetic moments were calculated for complexes 5, 6 and 7 at 300 K. The values of 

magnetic moments were found to be 4.84, 4.91 and 4.97 BM respectively. These values 

indicated the presence of high–spin magnetically diluted d4 manganese(III) metal 

centre.455,456 

3.3.2.5. ESI–MS spectral studies  

Complexes 5 and 7 were subjected to the ESI–MS spectral studies to confirm the 

proper synthesis of metal complexes. All the complexes showed characteristic peak 

corresponding to [M–ClO4]
+ in acetonitrile solution under positive ion mode. ESI–MS 

spectrum of complex 5 displayed peak at 659.1977 corresponding to [M–ClO4]
+ as shown in 

Fig. 3.3. 

 

Fig. 3.3 ESI–MS spectrum of complex 5 in acetonitrile solution under positive ion mode 
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Complex 7 displayed peak corresponding to [M–ClO4]
+ at 855.4180 in acetonitrile 

solution under positive ion mode (Fig. 3.4). 

 

 

Fig. 3.4 ESI–MS spectrum of complex 7 in acetonitrile solution under positive ion mode 
 

3.3.3.  Molecular structure of complex 7 

Molecular structure of complex 7 has been shown in Fig. 3.5. Single crystals of X–ray 

diffraction quality were grown in the dichloromethane:methanol (1:1) solvent system on 

slow evaporation. Crystallographic data and details of refinement and data collection have 

been described in Table 3.9. 
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Fig. 3.5 Thermal ellipsoid diagram of the crystal structure of 7 showing the atom numbering 
scheme and thermal ellipsoids (50% probability level). Hydrogen atoms are omitted for clarity 

 

Complex crystallized in triclinic P–1 space group in a distorted octahedral geometry. 

Manganese(III) metal centre is surrounded by two ligands in meridional fashion having 

N4O2 donor atoms. The trans atoms exhibited an N(4)MnN(1), O(2)MnN(6) and 

N(3)MnO(1) angle of 167.02°, 164.13° and 154.04° respectively. Trans angles 

considerably deviates from the linearity as described in Table 3.3. Bond distances between 

Mn–Npy are found to be very similar and vary in the narrow range from 2.039 Å (Mn–N6) to 

2.157 Å (Mn–N3). Bond distances for Mn–Nim 2.184 Å (Mn–N1) and 2.099 Å (Mn–N4) are 

also comparable to the reported manganese(III) highspin metal centred complexes.456–460 

482-486 Manganese to phenolato bond distances were found to be 1.924 Å (Mn–O1) and 1.836 

Å (Mn–O2) and consistent to the reported in literature.456–460 A considerable distortion from 

ideal octahedral geometry was observed due to ligand rigidity imposed by the adjacent 

fiveand sixmembered chelate rings.461 Characteristic bond lengths and bond angles have 

been described in the Table 3.3. 
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Table 3.3 Selected bond lengths (Å) and angles () of complex 7 

Bond length (Å) Bond angles () 

 

Mn–N1 2.184(22) N(1)–Mn–O(1) 

N(1)–Mn–N(6) 

81.79(89) 

104.50(92) 

Mn–N3 2.157(24) N(3)–Mn–O(1) 

N(3)–Mn–O(2) 

N(3)–Mn–N(1) 

N(3)–Mn–N(4) 

N(3)–Mn–N(6) 

 

154.04(89) 

95.32(94) 

73.77(88) 

93.28(93) 

91.82(93) 

Mn–N4 2.099(24) N(4)–Mn–O(1) 

N(4)–Mn–O(2) 

N(4)–Mn–N(1) 

N(4)–Mn–N(6) 

 

111.13(93) 

89.29(93) 

167.02(94) 

76.14(94) 

Mn–N6 2.039(26) – – 

Mn–O1 1.924(21) O(1)–Mn–N(6) 85.82(91) 

Mn–O2 1.836(21) O(2)–Mn–O(1) 

O(2)–Mn–N(1) 

O(2)–Mn–N(6) 

 

93.77(89) 

91.12(91) 

164.13(97) 

 

Importance of non–covalent interaction in crystal engineering and supramolecular 

chemistry is widely known.418 Packing diagram of the complex 7 has been shown in the Fig. 

3.6. 
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Fig. 3.6 Packing diagram of complex 7 
 

Complex 7 exhibited noncovalent interactions which have been depicted in the Fig. 

3.7 and listed in Table 3.4. Noncovalent interactions were observed between O atoms of 

perchlorate ion and aromatic hydrogens of pyridine rings. Protons of tert–butyl group 

exhibit noncovalent interactions with the aromatic ring having phenolato moiety in the 

ligand frame. 
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Fig. 3.7 Non–covalent interactions in 7 
 

Table 3.4 Noncovalent interactions in complex 7 

Atom Distance (Å) 

C42H42......O6 2.686 

H6C6......H51 

H7C7......H52 

2.874 

2.796 

 

3.3.4. Density functional theory (DFT) calculations 

DFT calculations were performed to optimize the geometry of complex 7 and 

structural parameters were also monitored. The highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO) of complexes have been depicted in 

Fig. 3.8–3.9. 
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(a) 

 

(b) 

 
Fig 3.8 Molecular orbital diagram of HOMO (a) alpha and (b) beta of complex 7 

(a) 

 

(b) 

 

Fig 3.9 Molecular orbital diagram of LUMO (a) alpha and (b) beta of complex 7 
 

HOMO and LUMO orbital were having mixed contribution from the metal as well as 

ligands. Structual parameters were consistent with that obtained from single crystal X–ray 

spectroscopy (Table 3.5). 
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Table 3.5 Comparison of theoretical and experimental bond lengths and bond angles of 

complex 7 using S=6 

Bond lengths (Å) Bond angles (°) 

 X–ray DFT  X–ray DFT 

Mn–N1 2.184(22) 2.194 N(1)–Mn–O(1) 

N(1)–Mn–N(6) 

81.79(89) 

104.50(92) 

97.88 

75.57 

Mn–N3 2.157(24) 2.090 N(3)–Mn–O(1) 

N(3)–Mn–O(2) 

N(3)–Mn–N(1) 

N(3)–Mn–N(4) 

N(3)–Mn–N(6) 

 

154.04(89) 

95.32(94) 

73.77(88) 

93.28(93) 

91.82(93) 

161.51 

89.69 

99.48 

75.58 

88.52 

 

Mn–N4 2.099(24) 2.193 N(4)–Mn–O(1) 

N(4)–Mn–O(2) 

N(4)–Mn–N(1) 

N(4)–Mn–N(6) 

 

111.13(93) 

89.29(93) 

167.02(94) 

76.14(94) 

86.58 

97.92 

173.24 

99.47 

Mn–N6 2.039(26) 2.090 – – – 

Mn–O1 1.924(21) 1.868 O(1)–Mn–N(6) 85.82(91) 89.68 

Mn–O2 1.836(21) 1.868 O(2)–Mn–O(1) 

O(2)–Mn–N(1) 

O(2)–Mn–N(6) 

 

93.77(89) 

91.12(91) 

164.13(97) 

97.68 

86.57 

161.48 

 

Electronic spectral properties were also monitored for the complex 7 and compared 

with the experimental values. Table 3.6 shows contribution of orbitals associated to the 

particular transitions. Experimental and theoretical data was found to be fairly consistent.  
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Table 3.6 Calculated TDDFT excitation energies (in eV), oscillator strengths (f), and 

nature of transitions in the complex 7 

Transitions (% Contribution) E (eV) 

theo/exp 

Oscillator 

strength 

(f) 

λtheo  

(nm) 

λexp  

(nm) Alpha orbitals (%) Beta orbitals (%) 

HOMO–1    LUMO+2 (45) HOMO–1    LUMO+2(4) 2.92/2.42 0.0002 424 422 

HOMO     LUMO+1 (45) HOMO    LUMO+5 (3)     

HOMO      LUMO+4 (2)      

HOMO–3    LUMO+4(13) HOMO    LUMO+6 (39) 3.64/3.64 0.0390 340 340 

HOMO–1    LUMO+4(11) HOMO–4    LUMO (23)     

HOMO–2     LUMO+3(8) HOMO–1    LUMO+3(17)     

HOMO       LUMO+3(8) HOMO     LUMO+8(15)     

HOMO–4     LUMO+3(6) HOMO–3    LUMO+3(3)     

HOMO–5     LUMO+1(5) HOMO–2    LUMO+4(3)     

HOMO–6    LUMO(4) HOMO–3    LUMO+1(44)     

 

3.3.5. Electrochemical studies 

Redox properties of metal complexes have been investigated using electrochemical 

studies in dichloromethane solution. Redox potentials associated with all the complexes 

have been shown in the Table 3.7. Ligands do not show any redox activity in the range of 

1.0 to 0.6 V vs. Ag/AgCl as described in the chapter 2. Hence peak found in the range is 

mainly attributed to the molecular orbital that is having metal character as Mn(III)/Mn(II) 

couple. All the complexes exhibited quasireversible redox process and follow the order 5  

7  6 (Table 3.7). In all the complexes peak found in the potential range 0.8 to 1.8 V are 

probably associated with some ligand associated oxidation.445  
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Table 3.7 Electrochemical data for manganese(III) complexes at 298 Ka vs Ag/AgCl 

Complex Mn(III)/Mn(II) Ligand centre 

E1
pa/V E1

pc/V E1
1/2

b, V 

(∆Ep
c, mV) 

E2
pa E2

pa E2
1/2

b, V (∆Ep
c, 

mV) 

5 0.325 0.101 0.213 (224) 1.160 0.972 0.188(188) 

6 –0.132 –0.230 0.181 (98)  1.052 
1.351 

1.210 
0.906 

0.979 (144) 
1.275 (141) 

7 0.238 0.994 0.127 (222) 0.994 0.871 0.932 (123) 
aMeasured in dichloromethane using 0.1 M tetrabutylammonium perchlorate (TBAP).b E1/2 

values were calculated as average of anodic (Epa) and cathodic (Epc) peak potentials and 
cΔEp = Epa − Epc at scan rate of 0.1 V/s. 

 

Cyclic voltammogram of complexes 5–7 have been depicted in Fig. 3.10 

 

 
Fig. 3.10 Cyclic voltammograms of 10–3 M solution of complexes 5, 6 and 7 at a scan rate 

of 0.1 V/s 
 

3.3.6. Generation of phenoxyl radical  

Generation of phenoxyl radical complexes were monitored by oxidation of 

complexes 5–7 using (NH4)2[CeIV(NO3)6] (CAN) in acetonitrile solutions. These chemistry 

are very important for the active site modeling of galactose and glyoxal oxidase 

metalloenzymes.462,463 UV–visible spectral properties were utilized to observe the 

generation of phenoxyl radical complex during addition of CAN to the solutions of metal 

complexes at low temperature (0C). Upon addition of CAN, charge transfer band of the 
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complex 5 at 420 nm was decreased and shifted to the higher wavelength (432 nm). 

Appearance of the new low intense broad band at 600 nm was also observed is probably due 

to the generation of phenoxyl radical complex. Titration of variable amount of CAN was 

also performed to optimize proper concentration of CAN for band generation (Fig. 3.11). 

 

(a) 

 

(b) 

 

Fig. 3.11 (a) In situ generation of phenoxyl radical using 1 eq of CAN in acetonitrile, (b) 
titration of complex 5 with variable concentration of CAN in acetonitrile at 0C 

Similarly during the addition of CAN to the solution of complex 6 in acetonitrile, 

changes were observed in electronic spectral properties. The band monitored at 400 nm in 

the complex 6 was found to be shifted to 413 nm on addition of CAN to the acetonitrile 

solution of the same. A broad band was also observed at 620 nm as shown in the Fig. 3.12. 

A similar titration to optimize proper concentration of CAN for the generation of phenoxyl 

radical was also performed (Fig. 3.12b). 

(a) 

 

(b) 

 

Fig. 3.12 (a) In situ generation of phenoxyl radical using 1 eq of CAN in acetonitrile, (b) 

titration of complex 6 with variable concentration of CAN in acetonitrile at 0C 
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Similar behavior to the above complexes was observed in case of complex 7. Charge 

transfer band found at 400 nm was shifted to higher wavelength (420 nm) along with a 

broad band at 620 nm with the addition of CAN. Fig. 3.13 depicts the change observed 

during the addition of CAN and titration performed for the optimization of proper 

concentration of CAN for the generation of phenoxyl radical complex. Table 3.8 shows 

band generated during the addition of CAN in the acetonitrile solution of complexes 57. 

 

(a) 

 

(b) 

 

Fig. 3.13 (a) In situ generation of phenoxyl radical using 1 eq of CAN in acetonitrile, (b) 

titration of complex 7 with variable concentration of CAN in acetonitrile at 0C 

 

Table 3.8 UV–visible data of phenoxyl radical of complexes 5–7 

Complex λmax (nm)a 

5 432, 600 

6 413, 620 

7 420, 620 

a new bands originated during the addition of CAN in acetonitrile at 0C 

 

The new band generated at 600 nm is probably similar to the band due to phenoxyl 

radical and manganese(III) ion as described earlier.193 These band generated via addition of 

CAN are fairly similar to that generated electrochemically.464 The broad band generated at 

higher wavelength (600 nm) is probably due to the (phenolate to manganese(III) charge 
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transfer transition (LMCT) from the πp orbital on the phenolate oxygen to the halffilled 

manganese(III) dπ* orbital445,465 while the band originated at ~400 nm is due to the LMCT 

process originated from the pπ orbital to the dσ* orbital transitions of the coordinated 

phenoxyl radical.268,466 Hence it can be concluded from the UV–visible spectral studies that 

phenoxyl radical were generated in solution in all the three complexes. The intensities of the 

characteristic bands at about 420 nm and 600 nm depend on the addition of amount of CAN.  

Stabilities of phenoxyl radical in complexes 5–7 were also optimized using absorption 

spectral studies. The stability of phenoxyl radical was monitored at 432 nm and the radical 

was found to be stable for 80 sec for complex 5. The decay profile of phenoxyl radical has 

been shown in the Fig. 3.14. The stability of radical generated for complex 6 was also 

monitored at 413 nm similar to that of complex 5 and found to be 85 sec. In case of complex 

7 the stability of radical was slightly higher (100 sec) as compared to complex 5 and 6 (Fig. 

3.14). The order of complexes stability was found to be 7 6  5 at lower energy transition. 

Complex 7 was found to be most stable probably due to the presence of electron donating 

group in ligand framework.268 From the studies it can be concluded that radical species 

generated was unstable and decomposes within few seconds. 

 

  

Fig. 3.14 Stability of phenoxyl radical formed on addition of CAN (2eq) in complex 5 (100 
μM) with time 
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3.3.7.  Nuclease activity 

Oxidative DNA cleavage activity of complex 7 was investigated. Complex 7 was 

incubated with pBR322 DNA for 2 h. Complex 7 has been utilized because this complex is 

capable of generating stable phenoxyl radical as compare to other complex. Variable 

concentration of complex 7 was utilized to incubate with DNA. Fig. 3.15 indicates that with 

the variation of complex concentrations in lane 3–6 (10 µM, 25 µM, 50 µM and 100 µM 

respectively) nuclease activity increases. It is observed here that the complex showed 

selfactivated nuclease activity i.e. the complex is efficient in DNA cleavage activity 

without any oxidizing and reducing agents. 

 

 

Fig. 3.15 Gel electrophoresis separations showing the cleavage of supercoiled pBR322 DNA 
(100 ng) using complexes 7 in a 0.1 M phosphate buffer containing 10% DMF and 

incubated at 37 C for 2 h. Lane 1: DNA control, lane 2: DNA control + DMF (10%), lane 
36, DNA + 7 (10 µM, 25 µM, 50 µM and 100 µM respectively)  

 
3.3.8. Protease activity 

Complex 7 was used as a representative complex to monitor protein cleavage activity. 

BSA was subjected to SDS–PAGE at 50 °C with 3 h incubation with the variation of 

concentrations of complex 7 as depicted in Fig. 3.16. BSA was incubated with variable 

concentrations of complex to optimize the effect of concentration of complex. It was 

concluded that at 50 μM and 100 μM concentrations, band of BSA becomes faded as 

compared to the BSA alone. These results support the nonspecific cleavage of BSA into 

very small fragments.360 Hence complex 7 exhibited selfactivated nuclease activity without 

any reducing or oxidizing agent. 
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Fig. 3.16 SDSPAGE of BSA (4 μM) incubated with complex 7 in a 0.1 M buffer 
containing 10% DMF incubated at variable temperature and concentration of complex at 
50 °C for 20 h. Lane 1: BSA, Lane 2: BSA + Fe(ClO4)3.xH2O (100 μM), Lane 3: BSA + 

tBuPhimpH (100 μM), Lane 4: BSA + 7 (10 μM), Lane 5: BSA + 7 (25 μM), Lane 6: BSA 
+ 7 (50 μM), Lane 7: BSA + 7 (100 μM), Lane 8: BSA + DMF (10%) 

 

3.3.9. DPPH assay 

DPPH (2,2–diphenyl–1–picrylhydrazine) was utilized to study any rective oxygen 

species involved as described in chapter 2. Violet color of DPPH disappears during 

antioxidant property quantification estimations. Experiment was performed in 0.1 M 

phosphate buffer containing 10% DMF. DMF solution of complex 7 (410−5 M) was taken 

with DPPH radical (1.2  10−4 M) and a decrease in absorbance was observed at 540 nm 

(Fig. 3.17). 

 

 

Fig. 3.17 Disappearance of absorption band of DPPH radical at 540 nm using complex 7 in 
0.1 M phosphate buffer containing 10% DMF solution 

 

3.4. Conclusions 

A series of novel mononuclear manganese complexes have been synthesized using 

tridentate ligands OCH3PhimpH, CH3PhimpH and tBuPhimpH having N2O donors. 
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Hexacoordinated manganese complexes [Mn(OCH3Phimp)2]ClO4 (5), [Mn(CH3Phimp)2]ClO4 

(6) and [Mn(tBuPhimp)2]ClO4 (7) have been synthesized and characterized using various 

spectroscopic studies. Molecular structure of complex 7 has been determined using single 

crystal X–ray diffraction study. Theoretical calculations (DFT, TDDFT) were also 

performed and electronic as well as structural parameters were evaluated. Redox properties 

were also examined for all the three complexes by cyclic voltammetric studies. Phenoxyl 

radical generation was studied for complexes using absorption spectral studies. Stability 

order for phenoxyl radical species generated in solution was found to be 7  6  5. Complex 

7 was further used for nuclease and protease activity. Complex 7 found to be potent 

selfactivated artificial chemical nuclease as well as protease. To the best of our knowledge 

generation of reactive oxygen species and/or radical were responsible for nuclease and 

protease activity.  
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3.5. Experimental section 

3.5.1. Materials and instrumental methods 

Analytical reagents were utilized for synthesis purpose. Metal salts Mn(ClO4)2.6H2O 

and Mn(CH3COO)3.2H2O (Sigma Aldrich, Steinheim, Germany) were used as obtained. 

Sodium perchlorate was purchased from Himedia Laboratotries PVT. LTD., Mumbai, India. 

The supercoiled pBR322  DNA and CTDNA were purchased from Bangalore Genei (India) 

and stored at 4 C. Agarose (molecular biology grade) and ethidium bromide were obtained 

from Sigma Aldrich. Tris (hydroxymethyl) amino methane–HCl (Tris–HCl) buffer and 

phosphate buffer were prepared in deionised water. 

3.5.2. Synthesis of metal complexes 

Caution! Perchlorate salts of metal complexes with organic ligands are potentially 

explosive. Only a small quantity of material should be prepared and handled carefully. 

3.5.2.1. Synthesis of [Mn(OCH3Phimp)2](ClO4) (5) 

Method A 

A batch of triethylamine (Et3N) (133.3 mg, 1.32 mmol) was added to stirred solution 

of ligand (OCH3PhimpH) (421.0 mg, 1.32 mmol) in 10 mL methanol. After stirring for half 

an hour, a batch of Mn(ClO4)2⋅6H2O (238.0 mg, 0.66 mmol) in 5 mL of methanol was added 

dropwise. The colour of solution changed to brown. Reaction was further stirred for 3 h, 

solvent was evaporated to give brown solid which was washed with small amount of 

methanol, diethylether and dried in vacuum. Yield: 65%. Selected IR data (KBr, νmax/cm–1): 

1603, νC=Nimine, 1089, 624, νClO4–. UV–visible [CH3OH, λmax/nm (ε/M–1cm–1)]: 498 (520), 

400 (51,780), 308 (15,380), 236 (20,400), 201 (31,010). μeff (303 K): 4.84 BM. ΛM/Ω–

1cm2mol–1 (in DMF): 58 (1:1). Anal. Calcd for C38H32N6O8Mn: C, 57.69; H, 4.08; N, 10.62, 

Found: C, 56.88; H, 4.15; N, 8.44. 
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Method B 

To a solution OCH3PhimpH (638 mg, 2.00 mmol) in dichloromethane (8 mL) was 

added a methanol:water (4.5:0.5 mL) solution of Mn(CH3COO)3.2H2O (268 mg, 1.00 

mmol) dropwise. After complete addition reaction mixture was further stirred for 3–4 h at 

room temperature. Sodium perchlorate (140 mg, 1.00 mmol) was added to the reaction 

mixture. A brown color solution was stirred for half an hour and filtered. Filtrate was 

evaporated to dryness. The complex was recrystalized using ether diffusion into a mixture of 

acetonitrile/methanol. 

3.5.2.2. Synthesis of [Mn(CH3Phimp)2](ClO4) (6) 

Method A 

Complex 6 was synthesized following the similar procedure as mentioned above using 

CH3PhimpH (606 mg, 2.00 mmol) as a ligand. Yield: 68%. Selected IR data (KBr, νmax/cm–

1): 1607, νC=Nimine, 1094, 623, νClO4–. UV–visible [CH3OH, λmax/nm (ε/M–1cm–1)]: 402 

(8,390), 332 (17,100), 305 (17,810), 237 (26,280), 202 (44,820). μeff (303 K): 4.91 BM. 

ΛM/Ω–1cm2mol–1 (in DMF): 61 (1:1). Anal. Calcd for C38H32N6O6Mn: C, 60.13; H, 4.25; N, 

11.07, Found: C, 59.87; H, 4.01; N, 9.78. 

Method B 

Similar as followed for complex 5 instead of ligand OCH3PhimpH, CH3PhimpH was 

used. 

3.5.2.3. Synthesis of [Mn(tBuPhimp)2](ClO4) (7) 

Method A 

Complex 7 was synthesized following the similar procedure as mentioned above using 

tBuPhimpH (804 mg, 2.00 mmol) as a ligand. A brown color solution was stirred for half an 

hour and filtered. Filtrate was evaporated to dryness. The complex was recrystalized using 

ether diffusion into a mixture of dichloromethane:methanol. Yield: 59%. Selected IR data 

(KBr, νmax/cm–1): 1608, νC=Nimine, 1092, 621, νClO4–. UV–visible [CH3OH, λmax/nm (ε/M–1cm–
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1)]: 422 (11,900), 340 (41,100), 306 (47,700), 242 (69,700), 205 (97,000). μeff (303 K): 4.97 

BM. ΛM/Ω–1cm2mol–1 (in DMF): 56 (1:1). Anal. Calcd for C52H60N6O6Mn: C, 65.37; H, 

6.33; N, 8.80, Found: C, 63.43; H, 6.51; N, 7.59. 

Method B 

Similar as followed for complex 5 instead of ligand OCH3PhimpH, tBuPhimpH was 

used. 

3.5.3. Generation of the phenoxyl radical complexes 

Phenoxyl radical species of the manganese complexes 57 were generated in situ by 

adding (NH4)2[CeIV(NO3)6] (CAN) into a CH3CN solution of phenolate complexes (1.010–

4 M) in UV cell at 0 °C. 

3.5.4.  Nuclease activity 

As mentioned in chapter 2. 

3.5.5. Protease activity 

As mentioned in chapter 2. 

3.5.6. DPPH assay 

As mentioned in chapter 2. 

3.5.7. Density functional theory (DFT) calculations 

As described in chapter 2. 

3.5.8.  X–ray structure determination 

The X–ray data collection for complexes 7 was performed at 293 K. Crystal data, data 

collection parameters and refinement details of the structure determinations of complexes 7 

summarized in Table 3.9. 
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Table 3.9 Crystallographic parameter of complex 7 

Empirical formula  C52H60N6O6ClMn  

Formula weight (gmol–1)          955.48 
Temperature /K                         293 K 
λ (Å) (Mo–Kα)                            0.71073 
Crystal system                            Triclinic 
Space group                               P –1 
a (Å)                                          10.656(3) 
b (Å)                                          12.775(4) 
c (Å)                                          20.582(6) 
 (˚) 94.402(15) 
γ (˚)                                           101.938(14) 
β (˚)                                           95.490(17) 
V (Å3)                                       2715.1(13) 
Z     2 
ρcalc (gcm–3)                               1.169 
Crystal size (mm)                      0.16 × 0.14 × 0.13 
F(000)                                       1008.0 
Theta range for data collection 1.00–28.52 

Index ranges                         –14<h<14,–17<k<16,–26<l< 

27 
Refinement  method                   Full matrix least–squares on 

F2                          
Data/restraints/parameters         13344/0/608 
GOFa on F2                                             0.990 
R1

b [I > 2σ(I)]                             0.0668 
R1[all data]                                0.1319 
wR2

c [I > 2σ(I)]                          0.1769 
wR2 [all data]                            0.2030 
a GOF = [Σ[w(Fo

2–Fc
2)2] /M–N)]1/2 (M = number of reflections, N 

= number of parameters refined). b R1 = Σ║Fo│–│Fc║/Σ│Fo│, c 

wR2 = [Σ[w(Fo
2–Fc

2)2]/Σ [w(Fo
2)2]]1/2 
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4.1. Abstract 

Ligands HN3L (1-phenyl-1-(pyridine-2-ylmethyl)-2-(pyridine-2-

ylmethylene)hydrazine) and MeN3L (1-phenyl-2-(1-(pyridin-2-yl)ethylidene)-1-(pyridin-2-

ylmethyl)hydrazine) have been designed and synthesized. These ligands were characterized 

using various spectroscopic techniques such as IR, UV-visible, GC-MS and NMR spectral 

studies. Synthesized ligands have been utilized to prepare mononuclear complexes of 

manganese. A series of manganese complexes Mn(HN3L)Cl2 (8), [Mn(HN3L)2](ClO4)2 

(9), Mn(MeN3L)Cl2 (10) and [Mn(MeN3L)2](ClO4)2 (11) were synthesized and 

characterized by spectroscopic techniques. Molecular structure of complex 10 was 

determined by single crystal X-ray diffraction technique. Redox properties were investigated 

for all the complexes. Theoretical calculations (DFT, TDDFT) were performed using 

complex 10 and the geometrical, structural and electronic parameters were also investigated. 

Complexes 8, 9, 10 and 11 were employed to catalyze the dismutation of superoxide using 

xanthine-xanthine oxidase-nitroblue tetrazolium (NBT) assay. DNA interaction studies were 

monitored using all complexes. Representative complex 8 exhibited nuclease as well as 

protease activities in presence of oxidising agent (H2O2). 
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4.2. Introduction 

Being biologically relevant metal ion, manganese chemistry has become an interesting 

area to explore.467–469 Manganese is present in the active site of several enzymes such as 

oxygen evolving complex (OEC),470,471 manganese lipoxygenase,472–475 manganese 

dioxygenase,23 manganese catalase,431 superoxide dismutase,476–479 arginase,33 

ribonucleotide reductases480 etc. Among them considerable attention has been paid to the 

structural and functional modelling of mononuclear manganese enzymes such as 

peroxidase,481,482 dioxygenase,124 superoxide dismutase.87,483–490 Superoxide dismutase are 

enzymes which catalyze the conversion of superoxide radical (O2
) to oxygen (O2) and 

hydrogen peroxide (H2O2).
67 These impart significant role in protecting biological systems 

against the damage mediated by reactive oxygen species (ROS). These are defense enzymes 

in cells which are exhibiting important role in several pathological and disease states arising 

due to oxidative damage.82 Due to lower toxicity, manganese complexes (II,III) have been 

utilized as potent SOD mimic.76,491,492 It has been reported that native SOD enzymes interact 

with DNA and could exhibit nuclease activity.493,494 In this regard, designing and synthesis 

of manganese complexes derived from nitrogen donor is gaining interest in SOD 75,79,84,88,495 

as well as in DNA interaction studies.242,496–498 Complexes derived from these ligands could 

be utilized to better understand their mode and mechanism of interaction with DNA. These 

complexes could be used for medicinal purpose. During administration of these drugs, these 

can interact with other biomolecules such as protein inside body.360 Designing of artificial 

protease is important to control tumor malignancy as an antimetastasis agents.499–503 
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Fig. 4.1 Tridentate ligands with abbreviations used in the present work 
 

Herein, we have synthesized tridentate meridional ligands (Fig. 4.1) having one imine 

donor and two pyridine donors. Synthesis of ligands and their manganese complexes Mn(H

N3L)Cl2, (8), [Mn(HN3L)2](ClO4)2, (9), Mn(MeN3L)Cl2, (10) and [Mn(Me

N3L)2](ClO4)2, (11) have been described in the present chapter. Molecular structure of 

representative complex 10CH3COCH3 has been established by Xray crystallography. 

Electrochemical studies of the complexes were also performed. Synthesized complexes were 

utilized to investigate the superoxide dismutase activity using nitro blue tetrazolium (NBT) 

assay and DNA interaction studies were also explored. Nuclease and protease activities of 

synthesized manganese complexes were also performed. 

4.3. Results and discussion 

4.3.1. Synthesis and characterization of ligands  

Tridentate ligands HN3L and MeN3L have been synthesized in two steps (i) 

Synthesis of amine (ii) Synthesis of Schiff’s base derived from amine with corresponding 

aldehyde. The overall schematic representation of synthesis of ligands has been depicted in 

Scheme 4.1. 
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Scheme 4.1 Schematic representation of synthesis of ligands 
 

4.3.1.1. Synthesis of 1phenyl1(pyridine2ylmethyl)hydrazine 

Amine 1phenyl1(pyridine2ylmethyl)hydrazine has been prepared by refluxing 

phenyl hydrazine and 2(chloromethyl)pyridine hydrochloride in 

tetrahydrofuran:acetonitrile (1:1) using a modified procedure to increase the yield.504 

4.3.1.2. Synthesis of Schiff’s base 

Ligand HN3L was synthesized using 1phenyl1(pyridine2ylmethyl)hydrazine 

and 2pyridinecarboxaldehyde at refluxing temperature in methanol. Similar procedure was 

followed for MeN3L using 2–acetylpyridine instead of 2–pyridinecarboxaldehyde. 

Table 4.1 Physical analysis data of ligands 

Ligand Empirical 

formula 

Formula 

weight 

(g/mol) 

Yield 

(%) 

Color Analysis found (Calc%) 

% C % H % N 

HN3L C18H16N4 288 72 yellow 71.53 

(74.98) 

5.09 

(5.59) 

17.66 

(19.43) 

MeN3L C19H18N4 302 68 yellow 74.85 

(75.47) 

5.80 

(6.00) 

19.42 

(18.53) 

 

4.3.1.3. IR spectral studies 

Ligands HN3L and MeN3L exhibited characteristic peak of azomethine (CH=N) 

moiety at 1594 and 1593 cm1 respectively. 

4.3.1.4. Electronic absorption spectral studies 

http://www.sigmaaldrich.com/catalog/product/aldrich/p62003
http://www.sigmaaldrich.com/catalog/product/aldrich/p62003
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UVvisible spectra of both the ligands HN3L and MeN3L were recorded in 

methanol. The ligand HN3L exhibited bands 238, 295 and 342 nm respectively on the other 

hand ligand, MeN3L showed band 251, 280 and 341 nm. These bands were found to be 

intramolecular ππ* or nπ* transitions in nature.505,506 Table 4.2 depicts characteristic 

spectroscopic data for the ligands. 

Table 4.2 Characteristic IR and UVvisible data of ligands 

Ligands Characterstic IR 

data (cm1)a 

νCH=N 

UV–visible data  

(max/nm, /M–1cm–1)b 

H–N3L 1594 342 (20,220), 295 (5,830), 238 (14,470) 

Me–N3L 1593 341 (6,210), 280 (6100), 251 (14,980)  

aUsing KBr pellets, bSolvent: Methanol 
 

 

Fig. 4.2 Electronic absorption spectra of ligands in methanolic solutions 
 

4.3.1.5. GC–MS spectral studies 

Mass spectral analysis of H–N3L exhibited peak corresponding to the molecular ion at 

m/z value of 288 (Fig. 4.3). 
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Fig. 4.3 GCMS spectrum of HN3L in methanolic solution 
 

4.3.1.6 NMR spectral studies 

NMR analysis of ligands were performed in the CDCl3 and 1H and 13CNMR spectra 

of ligands have been depicted in Fig. 4.44.7. 1HNMR spectrum of HN3L exhibited 

characteristic peak at 5.30 and 8.6 ppm for two methylene proton (CH2) and azomethine 

proton (CH=N) respectively.  

 

 

Fig. 4.4 1HNMR spectrum of HN3L in CDCl3 
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Ligand Me–N3L showed characteristic peak at 2.36, 5.0 and 8.6 ppm for three methyl 

protons (CH3), two methylene proton (CH2) and azomethine proton (CH=N) 

respectively. 

 

 

Fig. 4.5 1HNMR spectrum of MeN3L in CDCl3 
 

13C–NMR spectral studies were also carried out for ligand HN3L and MeN3L in 

CDCl3 and have been shown in Fig. 4.6 and 4.7 respectively. 
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Fig. 4.6 13CNMR spectrum of HN3L in CDCl3 
 

 

 

 

 

 

 

 

 

Fig. 4.7 13CNMR spectrum of MeN3L in CDCl3 
 

4.3.2. Synthesis and characterization of metal complexes  

Mononuclear manganese complex Mn(HN3L)Cl2, (8) was synthesized using 

MnCl2⋅4H2O and ligand HN3L in equimolar ratio. Two equivalent of ligand HN3L and 
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Mn(ClO4)2⋅6H2O were utilized to prepare bis complex of [Mn(HN3L)2](ClO4)2, (9) in 

ethanol:methanol (1:1) solvent mixture. Similar procedure were followed to prepare 

Mn(MeN3L)Cl2, (10) and [Mn(MeN3L)2](ClO4)2, (11), using equimolar ratio of ligand 

MeN3L with MnCl2⋅4H2O in case of 10 and two equivalent of ligand with 

Mn(ClO4)2⋅6H2O in case of complex 11. The schematic representation of synthetic 

procedures of complexes 8, 9, 10 and 11 have been summarized in Scheme 4.2. 

 

 

Scheme 4.2 Schematic representation of manganese complex synthesis 
 

4.3.2.1. IR spectral studies 

 Coordination of ligand with the metal was analyzed primarily on the basis of IR 

spectral studies. During IR spectral studies azomethine ν–HC=N band for free ligands were 

observed at 1595 cm–1. Coordination of the nitrogen to the metal centre resulted into shift 

in the stretching frequency of the ν–HC=N indicates the possible ligation to metal centre in all 

the manganese complexes.507 Bands near 1090 cm–1 together with a band at 623 cm–1 were 

found in complexes 9 and 11. These bands suggested the presence of non–coordinated 

perchlorate ion to the metal centre.401 The experimental IR data for all complexes have been 

tabulated and as given in Table 4.3. 
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Table 4.3 Data for IR and conductivity studies of complexes 

Complex IR data (cm–1)a Conductivity  

(Ω–1cm2mol–1)b ν–HC=N νClO4– 

8 1602  28 (neutral) 

9 1604 1092, 623  130 (1:2) 

10 1595  22 (neutral) 

11 1600 1096, 623 142 (1:2) 

aUsing KBr pellets, bSolvent: dimethylformamide 
 

4.3.2.2. Electronic absorption spectral studies 

Absorption spectral studies for all the complexes were performed in methanol. UV

visible data and spectra of all the complexes have been shown in Table 4.4 and Fig. 4.8. 

Complexes 811 showed band below 400 nm which could be due to intraligand * 

transitions or charge transfer transition in manganese(II). Manganese(II) having d5 (high 

spin) electronic transitions are laporte as well as spin forbidden. Possibility of dd transition 

is also ruled out due to the presence of d5 (high spin) in octahedral geometry which is spin 

forbidden.18 Hence bands associated with complexes 811 are intraligand n* and 

*transitions.508 

 

Table 4.4 Electronic spectral data of manganese complexes 

Complex UV–visible data (max/nm, /M–1cm–1)a 

8 341 (15,330), 294 (3,960), 236 (9,580), 203 (14,710) 

9 344 (7,000) 252 (19,440), 225 (16,560), 204 (25,780) 

10 344 (5,980), 251(17,670), 225 (13,720), 202 (26,210) 

11 343 (14,970), 251 (44,290), 220 (50,460), 206 (57,260) 

aUV–visible data in methanol  
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Fig. 4.8 UVvisible absorption spectra of manganese(II) complexes in methanol 
 

4.3.2.3. Conductivity studies 

Experimental values obtained for molar conductivity have been presented in Table 

4.3. The molar conductivity measurements were determined in DMF at ca. 10–3 M. The 

values obtained for complex 8 (28) and 10 (22) exhibited the neutral non–electrolytic nature 

of the complexes in solution. On the other hand, complex 9 and 11 have values of molar 

conductivity 130 and 142 respectively indicating uni–bivalent (1:2) electrolytic behavior in 

solutions.406 

4.3.2.4. Magnetic moment studies 

To elucidate the magnetic nature of the complexes magnetic moments were calculated 

for all the complexes. Magnetic moment of complexes 8, 9, 10 and 11 were found to be 

5.36, 5.21, 5.11 and 5.09 BM respectively suggesting high–spin manganese(II) centre 

(Table 4.3).509 

4.3.2.5. ESI–MS spectral studies 

Complexes were subjected to mass analyses for further confirmation of proposed 

structure. ESI–MS of complexes were performed in acetonitrile solution under positive ion 

mode. Complex 8 exhibited peak at m/z value of 378.0398 corresponding to [MCl]+ as 

depicted in Fig. 4.9. 
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Fig. 4.9 ESI–MS spectrum of 8 in acetonitrile solution under positive ion mode  
 

Complex 10 exhibited characteristic peak at m/z at 450.01, 393.06, 325.14 and 301.14 

corresponding to [M+Na]+, [MCl]+, [L+Na]+ and [L+H]+ respectively as depicted in Fig. 

4.10. 
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Fig. 4.10 ESIMS spectrum of 10 in acetonitrile solution under positive ion  

During the mass spectral analysis of complex 11 peak at m/z 758.1896 was found due 

to the formation of [MClO4]
+ adduct (Fig. 4.11). 
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Fig. 4.11 ESI–MS spectrum of complex 11 in acetonitrile solution under positive ion mode 

 

4.3.3. Molecular structures of complex 10CH3COCH3 

Single crystal X–ray analysis was performed on representative complex 

10CH3COCH3. Selected bond lengths, bond angles and crystallographic data have been 

summarized in Table 4.5 and Table 4.12. 

The ORTEP diagram of the complex Mn(MeN3L)Cl2 (10CH3COCH3) has been 

shown in Fig. 4.12. Crystals of complex 10CH3COCH3 were obtained by diffusion of 

diethylether to a solution of 10CH3COCH3 at room temperature in acetone within a week. 

Complex 10 was crystallized in monoclinic space group P 21/n consisting of mononuclear 

manganese(II) complex with three nitrogens one from imine and two from pyridine donor 

of MeN3L ligand coordinated in meridional fashion and remaining sites were occupied by 

two chlorine atoms. All the three nitrogen atoms and one chlorine Cl(2) is in the equatorial 

plane. Cl(1) is found perpendicular to the plane of rest coordinated atoms. The structural 

index parameter (τ) is found to be 0.22 which supports the square pyramidal geometry of 

the complex 1. Mn1 is situated 0.616 A˚ above the plane. Mn1Npy bond lengths are in the 

range of 2.41 A˚ and in good agreement to the reported values.510,511 but longer then Singh 

and coworker.512 Mn1Nimine bond distance is comparable to the reported.513,514  and 

Mn1Cl bond lengths are in the range of 2.379 Å and are in good agreement511,513 but 

smaller to previously reported values.515 
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(a) (b) 

Fig. 4.12 (a) Thermal ellipsoid diagram of the crystal structure of 10.CH3COCH3 showing 
the atom numbering scheme and thermal ellipsoids (50% probability level). Hydrogen 

atoms are omitted for clarity and (b) square pyramidal geometry of manganese(II) centre 
 

 

 

 

 

 

 

 

 

 

Table 4.5 Selected bond lengths (Å) and angles () of complex 10 

Bond lengths (Å) Bond angles () 

Mn1–N1 2.241(2) N(1)–Mn1–N(3) 81.73(8) 

 Mn1–N3 2.311(19) N(1)–Mn1–Cl(1) 

N(1)–Mn1–N(4) 

N(3)–Mn1–N(4) 

106.77(7) 

138.78(9) 

70.26(8) 

 Mn1–N4 2.239(2) N(1)–Mn1–Cl(2) 97.313(7) 

 Mn1–Cl1 2.365(8) N(3)–Mn1–Cl(1) 

N(3)–Mn1–Cl(2) 

99.261(6) 

152.00(7) 

Mn1–Cl2 2.393(8) N(4)–Mn1–Cl(1) 107.05(6) 
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  N(4)–Mn1–Cl(2) 

Cl(1)– Mn1–Cl(2) 

94.120(6) 

107.708(4) 

 

In terms of supramolecular chemistry –stacking interaction with aryl hydrogen and 

hydrogen bonding network are very significant.418 Two types of non–covalent interactions 

observed in the packing diagram of complex 10. Firstly, the aryl hydrogen–pyridine ring 

(C–H–) weak interaction (distance 3.364 Å) shown in Fig. 4.13. 

 

 

Fig. 4.13 CHπ interactions in packing diagram of complex 10 
 

Secondly, hydrogen bonding was found in between aryl hydrogen and oxygen 

(acetone) atom (2.853 Å). Along with this, similar interactions were observed between aryl 

hydrogen and chlorine (2.925Å) atom and methylene hydrogen and chlorine atom (2.778 Å) 

as shown in Fig. 4.14.  
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Fig. 4.14 Hbonding interactions in packing diagram of complex 10 
Solvent acetone was also present in the crystal lattice and is 3.199 Å away from the 

Mn1. Packing diagram of complex 10 have been shown in Fig. 4.15 and hydrogen bond 

geometries have been depicted in the Table 4.6. 

 

 

Fig. 4.15 Packing diagram of complex 10 
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Table 4.6 Hydrogen bonding geometries of complex 10 

D─H.....A D─H (Å) D.......A (Å) H.......A (Å) D─H.......A (˚) 

C6─H6B.........Cl1 0.970(3) 3.715(3)a 2.852(1)a 148.76(17)a 

C14─H14C.....N2 0.960(3) 2.784(4)a 2.602(2)a 98.27(19)a 

C12─H12........N3 0.930(3) 2.882(4)a 2.602(2)a 98.00(19)a 

C1─H1............Cl2 0.930(4) 3.445(4)a 2.788(1)a
 128.49(23)a 

C19─H19........Cl2 0.930(4) 3.460(4)a 2.858(1)a 123.53(22)a 

C16─H16........Cl1 0.930(3) 3.822(3)b 2.925(1)b 162.64(19)b 

C14─H14B.....Cl1 0.960(3) 3.696(3)b 2.778(1)b 160.35(18)b 

C6─H6A….....O1 0.970(3) 3.664(9)c 2.815(8)c 146.69(22)c 

C8─H8…........O1 0.930(4) 3.601(8)c 2.717(8)c 159.09(27)c 

C17─H17…....O1 0.930(3) 3.338(6)d 2.645(5)d 131.91(23)d 

C3─H3............Cl1 0.930(4) 3.868(4)e 2.949(1)e 169.79(24)e 
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C22─H22A.....Cl1 0.960(9) 3.759(.8)f 2.983(1)f 138.89(50)f 

Symmetry Equivalents: (a) x,y,z; (b) x+2,y,z; (c) x+1/2,y+1/2,+z1/2; (d) –
x+1/2+1,+y1/2,z+1/2 (e) –x+1/2+2,+y+1/2,z+1/2 (f) x1,+y,+z 

 

4.3.4. Density functional theory (DFT) calculations 

Density functional theory (DFT) has become an effective tool to elucidate structural, 

electronic and spectral properties of molecules.516,517 To optimize the geometry of the 

complex 10 density functional theory (DFT) was performed. Fig. 4.16 and 4.17 represent 

the HOMO and LUMO of alpha and beta molecular orbitals respectively. 

 

(a) 

 

(b) 

 

Fig. 4.16 Molecular orbital diagram of HOMO (a) alpha and (b) beta of complex 10 
 

All the theoretical calculations were performed in the gas phase. 

 

(a) 

 

(b) 

 

Fig. 4.17 Molecular orbital diagram of LUMO (a) alpha and (b) beta of complex 10 
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Selected bond angles and bond distances obtained from optimized geometries were 

compared with the available X–ray crystallographic data which showed minimum 

deviations in solid as well as in gas phase (Table 4.7). 

 

 

 

 

 

Table 4.7 Comparison of theoretical and experimental bond lengths and bond angles of 

complex 10 using S=6 

Bond lengths (Å) Bond angles () 

 X–ray DFT  X–ray DFT 

Mn(1)–N(1) 2.241 2.236 N(1)–Mn1–N(3) 81.588 82.96 

 Mn(1)–N(3) 2.311 2.331 N(1)–Mn1–Cl(1) 

N(1)–Mn1–N(4) 

N(3)–Mn1–N(4) 

106.809 

138.788 

70.408 

90.72 

71.24 

71.28 

Mn(1)–N(4) 2.239 2.236 N(1)–Mn1–Cl(2) 97.313 95.54 

Mn(1)–Cl(1) 2.365 2.404 N(3)–Mn1–Cl(1) 

N(3)–Mn1–Cl(2) 

99.261 

152.007 

 

104.05 

145.18 

 Mn(1)–Cl(2) 2.393 2.476 N(4)–Mn1–Cl(1) 

N(4)–Mn1–Cl(2) 

Cl(1)– Mn1–Cl(2) 

107.05 

94.120 

107.708 

106.02 

90.70 

117.24 

 

TD–DFT calculations were also performed for complex 10 to estimate the electronic 

properties of complex and characteristic transitions along with their contribution as depicted 

in Table 4.8. 
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Table 4.8 Calculated TDDFT excitation energies (in eV), oscillator strengths (f), and 

nature of transitions in the complex 10 

Composition(% Contribution) E (eV) Oscillator 

strength (f) 

λtheo (nm) λexp (nm) 

HOMO1       LUMO+5 (35%) 

HOMO2       LUMO+4 (29%) 

HOMO2       LUMO+3 (11%) 

4.6022 0.0162 269 253 

HOMO7         LUMO+2 (22%) 

HOMO2         LUMO+3 (21%) 

HOMO10       LUMO (9%) 

4.4667 0.0052 277 277 

HOMO1     LUMO+1 (100 %) 3.5859  0.0032 345 345 

 

4.3.5.  Electrochemical studies 

Redox properties of manganese complexes have been studied by cyclic voltammetry 

(CV) studies in dimethylformamide solutions. All the manganese complexes exhibited 

irreversible redox processes. The onset potentials, i.e. potentials where the complexes start 

oxidizing have been shown in Table 4.9. These are probable corresponding to Mn(II)/(III) 

redox processes. In addition to this, an anodic peak was also observed in ligands as well as 

in all the manganese complexes. This anodic peak is probably due to some ligand centred 

activity. Data have been given in Fig. 4.18 and listed in Table 4.9. 

Table 4.9 Electrochemical data for manganese(II) complexes at 298 Ka vs Ag/AgCl 

Compound Mn(II)/Mn(III) 

E (V)  

8 1.213 

9 1.040 

10 1.272 

11 1.048 

aMeasured in dimethyformamide using 0.1 M tetrabutylammonium perchlorate (TBAP)  



Chapter 4: Synthesis and Characterization of Mononuclear Manganese.............. 

 

155 

 
Fig. 4.18 Cyclic voltammograms of 10–3 M solutions of complexes 8, 9, 10 and 11 at a scan 

rate of 0.1 V/s 
 

 

4.3.6. Superoxide dismutase (SOD) activity  

Superoxide dismutase (SOD) activities of the complexes were determined at 298 K 

following indirect method xanthine/xanthine oxidase/nitroblue tetrazolium assay.497 

Superoxide radicals (O2•–) were generated in situ using xanthine/ xanthine oxidase system 

and detected spectrophotometrically by monitoring the absorbance at 560 nm due to the 

formation of formazan from NBT (nitroblue tetrazolium). The SOD activities of all the four 

complexes have been depicted in the Table 4.10. Complexes 8, 10 exhibited better activity 

as compared to reported manganese complex.81,82,86,87 Complexes 9, 11 was also proved to 

be a better SOD mimic as compared to the published one.87 These complexes were having 

values in the range of micromolar (M) and found to be potent applicants as SOD mimic 

(Fig. 4.19-4.20). 

Table 4.10 IC50 values for 8, 9, 10 and 11 complexes 

Complex IC50 (M)a 

8 3.36 

9 11.39 
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10 2.56 

11 9.04 

aIC50 values are the average of two replicate experiments 

 

(a) 

 

(b) 

 

Fig. 4.19 SOD activities of complexes (a) 8 and (b) 9 (DMF) using xanthine oxidase-nitro 
blue tetrazolium (NBT) assay 

(a) 

 

 

(b) 

 

 

 

Fig. 4.20 SOD activities of complexes (a) 10 and (b) 11 (DMF) using xanthine oxidase-
nitro blue tetrazolium (NBT) assay 

 

4.3.7. DNA binding activity 

All the biological activities were performed in 0.1 M phosphate buffer pH 7.2. Hence 

stabilities of complexes in buffer during the experiments were observed. Small change in 

absorbance without any shift in wavelengths (λmax) predicted the stability of these 

manganese complexes in the above buffer solution (Fig. 4.214.22). 
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(a) 

 

(b) 

 

Fig. 4.21 Stability of complexes 8 and 9 in 0.1 M phosphate buffer (pH 7.2) 
solution for 6 h 

 

 

(a) 

 

(b) 

 

Fig. 4.22 Stability of complexes 10 and 11 in 0.1 M phosphate buffer (pH 7.2) 
solution for 6 h 

 

Binding of DNA with complexes was investigated using absorption spectral studies. 

To achieve this, the absorption spectra of complexes in the absence and presence of calf 

thymus DNA (CT–DNA) at different concentrations were measured. Upon successive 

addition of CT–DNA, UV–visible absorption band of metal complexes showed 

hypochromism in all manganese complexes without any appreciable shift in wavelength. 

Hypochromism indicates probable mode of binding can be intercalative or electrostatic due 

to π–π* stacking interaction.518 The intrinsic binding constants Kb for complexes have been 

determined using Wolfe–Shimer equation519 and shown in Table 4.11.520 The value of Kb in 

complex 8 suggests strong binding of the complex with DNA as the value is closer to the 

classical intercalator ethidium bromide.509,521 The Kb value is lesser as compared to the value 

reported.241,498 but is more as compared to H. Wu et.al.241 In most cases, the existence of 

hypochromism for all complexes could be considered as first evidence that the binding of 
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the complexes involving intercalation between the base pairs of CTDNA.522 Although the 

exact mode of binding cannot be merely proposed by UVvisible spectroscopic titration 

studies. Absorption spectra of complexes 8 and 9 in 0.1 M phosphate buffer (pH 7.2) in the 

presence of increasing DNA concentration have been shown in Fig. 4.234.26. 

 

 

 

Table 4.11 Values of binding constants (Kb) for complexes 811 

Complex Kb (M
–1) 

8 2.62×104 

9 1.6×104 

10 5.16×103 

11 1.0×104 

 

(a) 

 

(b) 

 

Fig. 4.23 (a) Absorption spectra of 8 (100 µM) (b) Plot of [DNA]/A–F vs [DNA] in 0.1 M 
phosphate buffer (pH 7.2) in presence of increasing DNA concentration (0200 µM). 
Arrows show the absorbance changes upon increasing DNA concentration 
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(a) 

 

(b) 

 

Fig. 4.24 (a) Absorption spectra of 9 (100 µM) (b) Plot of [DNA]/A–F vs [DNA] in 0.1 
M phosphate buffer (pH 7.2) in presence of increasing DNA concentration (0340 µM). 
Arrows show the absorbance changes upon increasing DNA concentration 

 

(a) 

 

(b) 

 

Fig. 4.25 (a) Absorption spectra of 10 (100 µM) (b) Plot of [DNA]/A–F vs [DNA] in 
0.1 M phosphate buffer (pH 7.2) in presence of increasing DNA concentration (0209 

µM). Arrows show the absorbance changes upon increasing DNA concentration 

 
(a) 

 

(b) 

 

Fig. 4.26 (a) Absorption spectra of complexes 11 (100 µM) (b) Plot of [DNA]/A–F vs 
[DNA] in 0.1 M phosphate buffer (pH 7.2) in presence of increasing DNA concentration 
(0–366 µM). Arrows show the absorbance changes upon increasing DNA concentration 

 

Competitive binding of ethidium bromide vs. complexes with DNA using fluorescence 

spectral studies were performed to get better insight into the mechanism. Ethidium bromide 

(EB) emits intense fluorescence in the presence of DNA due to its strong intercalation 
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between DNA base pairs. The competitive binding of metal complex with DNA may lead to 

the decrease in the enhanced fluorescence due to the EB. The fluorescence quenching curve 

of ethidium bromide bound to DNA by the complexes have been shown in Fig. 4.274.30. 

Stern−Volmer quenching constant Ksv for all the complexes were obtained by 

Stern−Volmer plot which are described in Table 4.12. The values are comparable to that of 

reported by M. Zampakou et. al. which suggests that these complexes can probably interact 

with intercalative mode to CT DNA.498 The Ksv values for the complexes 8 and 9 is more as 

compared to the value reported by H. Wu et al498 but comparable to that reported by M. 

Zampakou et al.498 It can be concluded that the binding of complex with DNA is probably 

intercalative.  

 

(a) 

 

(b) 

 

Fig. 4.27 EtBr–DNA fluorescence quenching titration of complex 8 (0–40µM). 
Stern−Volmer plots of Fo/F versus [R] for complex shown. Tests was performed in the 

conditions of 0.1 M phosphate buffer (pH 7.2) at 298 K [CDNA] = 25μM, [CEtBr] = 0.5 μM; 
λex = 250 nm, λem = 585nm 

 

(a) 

 

(b) 

 

Fig. 4.28 EtBr–DNA fluorescence quenching titration of complex 9 (0–40µM). 
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Stern−Volmer plots of Fo/F versus [R] for complex shown. Tests was performed in the 
conditions of 0.1 M phosphate buffer (pH 7.2) at 298 K [CDNA] = 25μM, [CEtBr] = 0.5 μM; 

λex = 250 nm, λem = 585nm 
 

 

(a) 

 

(b) 

 

Fig. 4.29 EtBr–DNA fluorescence quenching titration of complex 10 (0–40µM). 
Stern−Volmer plots of Fo/F versus [R] for complex shown. Tests was performed in the 

conditions of 0.1 M phosphate buffer (pH 7.2) at 298 K [CDNA] = 25μM, [CEtBr] = 0.5 μM; 
λex = 250 nm, λem = 585nm 

 
(a) 

 

(b) 

 

Fig. 4.30 EtBr–DNA fluorescence quenching titration of complex 11 (0–40µM). 
Stern−Volmer plots of Fo/F versus [R] for complex shown. Tests was performed in the 

conditions of 0.1 M phosphate buffer (pH 7.2) at 298 K [CDNA] = 25μM, [CEtBr] = 0.5 μM; 
λex = 250 nm, λem = 585nm 

 

Table 4.12 Values of Stern–Volmer quenching constants of complexes 

Complex KSV (M
–1) 

8 7.64×104 

9 5.6×104 

10 6.47×104 

11 1.0×105 
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For further confirmation of interaction of complexes with DNA, circular dichroism 

(CD) spectroscopic studies were performed. CD spectrum of CT–DNA was recorded in the 

range 225–300 nm in 0.1 M phosphate buffer (pH 7.2) and it has been observed that there 

was one positive band at 278 nm due to base stacking and one negative band at 246 nm due 

to helicity for a right handed B–form of DNA.446,523 Data indicates appreciable decrease in 

mono complexes 8 and 10 mainly in the positive band (Fig. 4.31) while in complexes 9 and 

11 a significant change is observed for both the positive and negative bands of DNA (Fig. 

4.31). This indicates that the interaction of complexes with the DNA interfere with helicity 

as well as base stacking of DNA. However there was no shift in λmax could be observed. 

This probably designate that the probable mode of coordination could be intercalative in 

nature.  

 

 

 

Fig. 4.31 Circular dichroism spectra in 0.1 M phosphate buffer (pH 7.2) after 10 min 
incubation at 25 C. (a) 8 and 10 (b) 9 and 11 with CT–DNA and its interaction with 

complexes spectra recorded in 5% dimethylformamide 
 

4.3.8. Nuclease activity 

Nuclease studies were investigated by the conversion of supercoiled pBR322 plasmid 

DNA to nicked circular DNA forms. Supercoiled pBR322 DNA in trisboric acid–EDTA 

buffer (TBE) (pH 8.2) was treated with complexes 8 in dimethylformamide (10%) in the 

presence or absence of additives. The oxidative DNA cleavage by the complexes were 

studies in the presence of H2O2 (oxidizing agent). The samples were incubated at 37 °C 
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temperature. Complex 8 was having variable concentration was subjected for nuclease 

studies (Fig. 4.32). 

 

 

Fig. 4.32 Gel electrophoresis separations showing the cleavage of supercoiled pBR322 
DNA (100 ng) by variable concentration of complexes 8 in 10% DMF incubated at 37 °C 

for 2 h. Lane 1: DNA, lane 2: DNA + FeCl3 (100 μM), lane 3: DNA + HN3L, lane 4: 
DNA + 8 (10 μM), lane 5: DNA + 8 (25 μM), lane 6: DNA + 8 (50 μM), lane 7: DNA + 8 
(100 μM), lane 8: DNA+ 8 (100 μM) + H2O2 (100 μM), lane 9: DNA + H2O2 (100 μM), 

lane 10: DNA + DMF (2 μL) 
 

 

Quantitative determination of band was also observed using band area as shown in 

Fig. 4.33. NC form was found to be higher in presence of H2O2. Hence complex 8 showed 

excellent nuclease activity in presence of oxidizing agent H2O2. 

 

 

Fig. 4.33 Bar diagram representation of SC and NC form during nuclease activity of 
complex 

4.3.9. Protease activity 
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The efficiency of complex 8∙to cleave peptide bonds of BSA as substrate was 

monitored using SDSPAGE. The protein (4 M) was incubated at 50 °C with the variable 

concentration of complex 8∙in dimethyformamide and for 20 h as shown in the Fig. 4.34 

Complex 8∙was found to be efficient for protein cleavage activity at higher 

concentration although in presence of oxidizing agent H2O2 complex 8 cleaved the BSA in 

small fragments leading to the disappearance of band.360 Control experiment (lane 10) 

showed no cleavage in presence of H2O2 without any complex. 

 

Fig. 4.34 SDSPAGE of BSA (4 μM) incubated with complexes 8 in a 0.1 M buffer 
containing 10% DMF incubated at variable tempreture and concentration of complex at 50 
°C (a) 3 h (b) 20 h. Lane 1: BSA, lane 2: BSA + Fe(ClO4)3.xH2O (100 μM), lane 3: BSA + 

tBuPhimpH (100 μM), lane 4: BSA + DMF (100 μM), lane 5: BSA + 8 (10 μM), lane 6: BSA 
+ 8 (25 μM), lane 7: BSA + 8 (50 μM), lane 8: BSA + 8 (100 μM), lane 9: BSA + 8 (100 

μM) +H2O2(100 μM), lane 10: BSA + H2O2(100 μM) 
4.4. Conclusions 

Herein we designed novel tridentate meridional ligands having 3N donor. These 

ligands were characterized using IR, UVvisible, GCMS and NMR spectral studies. 

Ligands were utilized to synthesize manganese(II) complexes. Complexes Mn(HN3L)Cl2 

(8), [Mn(HN3L)2](ClO4)2 (9), Mn(MeN3L)Cl2 (10), [Mn(MeN3L)2](ClO4)2 (11) were 

isolated in good yield and characterized using various spectroscopic techniques such as IR, 

UVvisible spectral studies, magnetic moment data and conductivity measurements to 

confirm the formation of desired complexes. Xray crystal structures of complex 

10CH3COCH3 revealed square pyramidal geometry around manganese(II) metal centre. 

Bond distances and bond angles were in good agreement to the reported manganese(II) 

metal centre. Electrochemical studies were also optimized for complexes 811. All the 

complexes were found to be potent SOD mimic and exhibited IC50 values in micromolar 

(μM) range. DNA binding studies of complex 811 indicated intercalative mode of 
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interaction. Complex 8 was also subjected to nuclease and protease activity. Complex 8 

found to be an efficient artificial nuclease as well as protease in presence of oxidising agent 

H2O2. 

4.5. Experimental section 

4.5.1. Materials and instrumental methods  

Analytical grade reagents phenylhydrazine, hydrogen peroxide (S. D. Fine, Mumbai, 

India) and 2–chloromethylpyridine hydrochloride (Sigma Aldrich, Steinheim, Germany), 

methyl–2–pyridyl ketone (Himedia Laboratories Pvt. Ltd., Mumbai, India), 

ethylenediaminetetraacetic acid, MnCl2.4H2O (Merck Limited, Mumbai, India), and 

Mn(ClO4)2.6H2O (Sigma Aldrich, Steinheim, Germany) were used as obtained. 

The supercoiled pBR322 DNA and CTDNA were purchased from Bangalore Genei 

(India) and stored at 4 ˚C. Agarose (molecular biology grade) and ethidium bromide were 

obtained from Sigma Aldrich. Xanthine, nitro blue tetrazolium (NBT) and catalase were 

obtained from Himedia and xanthine oxidase (XO) from bovine milk was purchased from 

Sigma. Tris(hydroxymethyl)aminomethane–HCl (Tris–HCl) buffer and phosphate buffer 

were prepared in deionised water. All the chemical are of reagent grade and used as 

purchased. Solvents used for spectroscopic studies were HPLC grade and purified by 

standard procedures before use. Electronic spectra were recorded in methanol and phosphate 

buffer solution with UV–2450, Shimadzu, UV–visible spectrophotometer using cuvettes of 

1 cm path length. Fluorescence spectra were recorded by RF5301PC Shimadzu 

spectrofluorophotometer. Circular dichroism (CD) spectra were recorded on Chirascan 

circular dichroism spectrometer, Applied photophysics, UK.  

4.5.2. Synthesis of ligands  

4.5.2.1. Synthesis of 1phenyl–1–(pyridine–2–ylmethyl)–2–(pyridine–2–

ylmethylene)hydrazine (HN3L) 
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Synthesis of ligand 1phenyl1(pyridine2ylmethyl)2(pyridine2

ylmethylene)hydrazine (HN3L) was performed in two steps: (i) Synthesis of amine and (ii) 

Synthesis of Schiff’s base of amine with corresponding aldehyde. 

 

4.5.2.1.1. Synthesis of amine 1phenyl1 (pyridine2ylmethyl)hydrazine 

Amine has been prepared using a modified procedure to improve the yield and avoid 

side products as reported previously.504 

To a 100 mL solution of phenylhydrazine (108 mg, 1.00 mmol), 2–

(chloromethyl)pyridine hydrochloride (164 mg, 1.00 mmol) in THF:ACN (1:1) added 

potassium carbonate (414 mg, 3.00 mmol,) and potassium iodide portionwise (166 mg, 

1.00 mmol). Reaction mixture kept on refluxing for 4 h. Solvent was evaporated red–brown 

color oil separated out. Oily compound was taken in CH2Cl2 and washed with NaHCO3 (aq) 

and brine, dried over sodium sulphate. Solvent was evaporated and red color oil was used as 

obtained. Purity of compound was checked using TLC. Yield: 78 %. 

4.5.2.1.2. Synthesis of 1phenyl1(pyridine2ylmethyl)2(pyridine2

ylmethylene)hydrazine (HN3L) 

1phenyl1(pyridine–2–ylmethyl)hydrazine (199 mg, 1.00 mmol) was taken in 5 mL 

methanol and stirred. A solution of pyridine 2–carboxaldehyde (108 mg, 1.00 mmol) was 

taken in methanol and added to the stirred solution of amine. Reaction was continued to stirr 

for further 4–5 h at ambient temperature. Evaporation of solvent gave rise to yellow–red oil 

which was used without further purification. Purity of compound was checked using TLC. 

Yield: 72%. GC–MS (MeOH, m/z): 288 (M+). Selected IR data (KBr, νmax/cm–1): 1594 

νC=Nimine. UV–visible [MeOH, max/nm (/M–1cm–1)]: 342 (20,220), 295 (5,830), 238 

(14,470). 1H–NMR (CDCl3, /ppm, 400 MHz): 8.62 (1H, d, J = 4.1 Hz), 8.46 (1H, t, J = 3.9 

Hz), 8.04 (1H, dd, J = 7.6, 4.8 Hz), 7.70–7.61 (1H, m), 7.59–7.51 (2H, m), 7.43 (2H, d, J = 

8.2 Hz), 7.37–7.29 (2H, m), 7.19–7.04 (3H, m), 7.00 (1H, q, J = 6.3 Hz), 5.31 (2H, d, J = 4.6 
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Hz). 13C–NMR (CDCl3, /ppm, 400 MHz): 155.55, 154.97, 149.91, 148.85, 146.88, 137.16, 

136.01, 133.49, 129.32, 122.57, 122.32, 121.77, 120.52, 119.50, 115.34. Anal. Calcd for 

C18H16N4: C, 74.98; H, 5.59; N, 19.43, Found: C, 71.53; H, 5.09; N, 17.66. 

4.5.2.2. Synthesis of 1phenyl2(1(pyridin2yl)ethylidene)1(pyridin2

ylmethyl)hydrazine (MeN3L) 

1phenyl2(1(pyridin2yl)ethylidene)1(pyridin–2–ylmethyl)hydrazine (Me

N3L) was prepared according to modified method reported previously.504 Yield: 68%. GC–

MS (MeOH, m/z): 302 (M+). Selected IR data (KBr, νmax/cm–1): 1593 νC=Nimine. UV–visible 

[MeOH, max/nm (/M–1cm–1)]: 341 (6,210), 280 (6100), 251 (14,980). 1H–NMR (CDCl3, 

/ppm, 400 MHz): 8.608 (dd, J=4.5 Hz, 8.75 Hz, 2H), 8.232 (d, J=8 Hz, 1H), 7.710 (t, 

J=7.75 Hz, 1H), 7.637 (t, J=7.75 Hz, 1H), 7.467 (d, J=8Hz, 1H), 7.290 (m, 3H), 7.173 (dd, 

J= 5 Hz, 7.25 Hz, 1H), 7.007 (d, J=7.5, 2H), 6.960 (t, J=7.5 Hz, 1H), 5.042 (s, 2H), 2.35 (s, 

3H). 13C–NMR (CDCl3, /ppm, 400 MHz): 163.71, 159.00, 155.95, 149.84, 148.58, 136.69, 

136.19, 129.05, 124.01, 122.08, 122.01, 121.37, 121.07, 117.39. Anal. Calcd for C19H18N4: 

C, 75.47; H, 6.00; N, 18.53, Found: C, 74.85; H, 5.80; N, 19.42. 

4.5.3. Synthesis of metal complexes 

Caution! Perchlorate salts of metal complexes with organic ligands are potentially 

explosive. Only a small quantity of material should be prepared and handled carefully. 

4.5.3.1. Synthesis of Mn(HN3L)Cl2 (8) 

A batch of (99 mg, 0.5 mmol) MnCl2.4H2O in 3 mL of ethanol was added dropwise to 

stirred methanolic solution (10 mL) of (140 mg, 0.5 mmol) ligand HN3L. The color of 

solution changed to orange. The orange solution stirred for 3 h. On slow evaporation of 

solvent an orange color crystalline compound was obtained which was filtered and washed 

with small amount of ethanol and diethylether. Yield: 62%. Selected IR data (KBr, νmax/cm–

1): 1602, νC=Nimine. UV–visible [CH3OH, λmax/nm (ε/M–1cm–1)]: 203 (14,710), 236 (9,580), 

294 (3,960), 341 (15,330). μeff (300 K): 5.36 BM. ΛM/Ω–1cm2mol–1 (in DMF): 28. ESI–
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MS(Positive ion mode, CH3CN): m/z =378 [M–Cl]+. Anal. Calc. For C18H16N4Cl2Mn: C, 

52.20; H, 3.89; N, 17.12. Found C, 50.87; H, 3.95; N, 16.48. 

 

4.5.3.2. Synthesis of [Mn(HN3L)2](ClO4)2 (9) 

To a stirred methanolic (5–8 mL) solution of ligand HN3L (1.00 mmol, 288 mg), a 

batch of Mn(ClO4)2.xH2O (127 mg, 0.5 mmol) in 3 mL of methanol was added dropwise. A 

significant color change was observed to yellowish orange and reaction mixture was further 

stirred for 3–4 h. Solvent was removed by slow evaporation leading to a crystalline 

compound. Yield: 58%. Selected IR data (KBr, νmax/cm–1): 1604, νC=Nimine1092, 623 νClO4. 

UV–visible [CH3OH, λmax/nm (ε/M–1cm–1)]: 204 (25,780), 225 (16,560), 252 (19,440), 344 

(7,000). μeff (300 K): 5.21 BM. ΛM/Ω–1cm2mol–1 (in DMF): 130. Anal. Calc. For 

C36H32N8O8Cl2Mn: C, 52.06; H, 3.88; N, 13.49. Found C, 51.45; H, 3.12; N, 14.03. 

4.5.3.3. Synthesis of Mn(MeN3L)Cl2CH3COCH3 (10CH3COCH3) 

A batch of (99 mg, 0.5 mmol) MnCl2.4H2O in 3 mL of ethanol was added dropwise to 

stirred solution of (151 mg, 0.5 mmol) ligand (MeN3L) in 15 mL of methanol. The color of 

solution changed to orange and stirred for 3 h. Orange color precipitate was obtained which 

was filtered and washed with small amount of ethanol and diethylether. Crystals were grown 

in acetone diffusion of ether. Yield: 66%. Selected IR data (KBr, νmax/cm–1): 1595, νC=Nimine. 

UV–visible [CH2Cl2, λmax/nm (ε/M–1cm–1)]: 202 (26,210), 225 (13,720), 251(17,670), 344 

(5,980). μeff (300 K): 5.11 BM. ΛM/Ω–1cm2mol–1 (in DMF): 22. ESI–MS–(Positive ion 

mode, CH3CN): m/z = 450.01 [M+Na]+, 393.06 [M–Cl]+, 325.14 [L+Na]+ and 301.14 

[L+H]+. Anal. Calc. For C19H18N4Cl2Mn: C, 53.29; H, 4.24; N, 13.08. Found C, 52.27; H, 

3.67; N, 13.03. 

4.5.3.4. Synthesis of [Mn(MeN3L)2](ClO4)2 (11) 

A batch of (127 mg, 0.5 mmol) Mn(ClO4)2.xH2O in 3 mL of methanol was added 

dropwise, to the stirred solution of (302 mg, 1.00 mmol) ligand (MeN3L) in 10 mL of 
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methanol. The color of solution changed to yellow orange. Yellow orange solution was 

stirred for 34 h. Yellow orange solid was separated out which was filtered and washed with 

methanol and small amount of diethylether. Yield: 53%. Selected IR data (KBr, νmax/cm–1): 

1600, νC=Nimine, 1096, 623 νClO4–. UV–visible [CH3OH, λmax/nm (ε/M–1cm–1)]: 206 (57,260), 

220 (50,460), 251 (44,290), 343 (14,970). μeff (300 K): 5.09 BM, ΛM/Ω–1cm2mol–1 (in 

DMF): 142. ESI–MS (Positive ion mode, CH3CN): m/z = 758.18 [M–ClO4]+. Anal. Calc. 

For C38H36N8O8Cl2Mn: C, 53.16; H, 4.23; N, 13.05. Found C, 52.60; H, 3.77; N, 13.43. 

4.5.4.  Measurement of superoxide dismutase (SOD) activity 

Superoxide dismutase activities of complexes 8, 9, 10 and 11 were monitored using 

indirect method using NBT (nitro blue tetrazolium) assay. Superoxide anion was generated 

in situ enzymetically using xanthine/xantine oxidase system and detected 

spectrophotometrically by reduction of NBT to blue colour formazan dye. Formation of 

formazan dye gives rise to band at 560 nm.396 Addition of complexes to this will reduce the 

absorbance of this band due to the tendency of complexes to demolish the superoxide ion. 

The assay was carried out in phosphate buffer (50 mM) at pH 7.8 using 0.2 mM xanthine, 

0.12 mM NBT, 0.07 U/mL xanthine oxidase and catalase 1000 U/mL (final volume = 750 

μL). The tested compounds were dissolved in DMF and the final concentration of DMF in 

reaction mixture was 0.1% in phosphate buffer at pH 7.8. The reaction was initiated by 

adding 0.07 U/mL xanthine oxidase and measurement was started after incubation of 15 min 

for each measurement. IC50 value for SOD activity was defined as the concentration of the 

compound for the 50 % inhibition of the NBT absorbance due to the superoxide radicals 

generated during the reaction. 

4.5.5.  DNA–binding activity 

Absorbance titration experiment were carried out with at constant complex 

concentration varying the CT–DNA concentration in 0.1 M phosphate buffer (pH 7.2) 

containing 10% DMF. Fluorescence quenching experiments were carried out by the 
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successive addition of complexes to the DNA (25 μM) solutions containing 5 μM ethidium 

bromide (EB) in 0.1 M phosphate buffer (pH 7.2). For better solubility of complexes, 10% 

DMF was also used. These samples were excited at 250 nm and emissions were observed 

between 500700 nm. Stern–Volmer quenching constants were calculated using the given 

equation 

I0 /I = 1 + Ksv Q, 

Where I0 and I are the fluorescence intensities in the absence and presence of 

complex and Q is the concentration of quencher (complexes). Ksv is a linear Stern–Volmer 

constant and given by the ratio of slope to intercept in the plot of I0 /I versus Q.396 

Circular dichroism (CD) spectra of CT–DNA in absence and presence of the manganese 

complexes were recorded with a 0.1 cm path length cuvette after 10 min incubation at 25 

oC. The concentration of the complexes and CT–DNA were 50 and 200 M respectively.  

4.5.6. Nuclease activity 

As described in the chapter 2. 

4.5.7. Protease activity 

As described in the chapter 2. 

4.5.8. Density functional theory (DFT) calculations 

As described in the chapter 2. 

4.5.9.  X–ray structure determination 

The X–ray data collection for complex 10 was performed at 296 K using Mo–Kα 

(0.71073). Crystal data, data collection parameters and refinement details of the structure 

determinations has been summarized in Table 4.13. 
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Table 4.13 Crystallographic parameters of complex 10 

Empirical formula C22H23N4OCl2Mn 

Formula weight (gmol–1) 485.28 

Temperature /K 296(2) 

λ (Å) (Mo–Kα) 0.71073 

Crystal system Monoclinic 

Space group P 21/n 

a (Å) 7.8634(2) 

b (Å) 17.4229(3) 

c (Å) 17.1614(3) 

 (˚) 90.00 

γ (˚) 90.00 

β (˚) 90.4300(10) 

V (Å3) 2351.10(8) 

Z 4 

ρcalc (gcm–3) 1.371 

Crystal size (mm) 0.20 × 0.19 × 0.14 

F(000) 1000.0 

Theta range for data collection 1.67–28.010 

Index ranges –10<h<10,–23<k<22,–

22<l<22 

Refinement  method Full matrix least–squares on 

F2 

Data/restraints/parameters 5658/0/282 

GOFa on F2 0.777 

R1
b [I > 2σ(I)] 0.0434 

R1[all data] 0.0758 

wR2
c [I > 2σ(I)] 0.1579 

wR2 [all data] 0.2073 
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a GOF = [Σ[w(Fo
2–Fc

2)2] /M–N)]1/2 (M = number of reflections, N 

= number of parameters refined). b R1 = Σ║Fo│–│Fc║/Σ│Fo│, c 

wR2 = [Σ[w(Fo
2–Fc

2)2]/Σ [w(Fo
2)2]]1/2 
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5.1. Abstract 

 
Tridentate ligands HN3L and MeN3L have been utilized to synthesized 

mononuclear iron complexes. Complexes Fe(HN3L)Cl3 (12) [Fe(HN3L)2](ClO4)2 (13) 

Fe(MeN3L)Cl3 (14) and [Fe(Me-N3L)2](ClO4)2 (15) have been synthesized and 

characterized using elemental analysis, IR, UVvisible and ESIMS spectral studies. 

Magnetic moments and conductivity measurements also supported the formulated structures 

of the complexes. NMR spectral studies were also performed for complexes 13 and 15 due 

to the presence of lowspin Fe(II) metal centre. Structural and geometrical aspects were 

monitored using DFT calculations. TDDFT calculations were also performed to optimize 

the electronic properties. Electrochemical studies were also investigated for representative 

complex. Due to the stability in buffer complexes were subjected to the DNA interaction 

studies. DNA binding studies were monitored using UVvisible, fluorescence and CD 

spectral studies. Nuclease activity was monitored for the representative complexes and 

exhibited oxidative nuclease in presence of oxidizing agent (H2O2). 
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5.2. Introduction 

Mononuclear iron complexes having tridentate 3N donors are of extreme current 

interest in several areas of chemical research such as structural and functional modelling of 

mononuclear iron enzymes such as catechol dioxygenase (CDO),524,525 superoxide 

dismutase (SOD).526 Several groups are interested in designing oxidation catalyst with such 

kind of mononuclear iron complexes. Chemistry of iron with the nitrogen donor ligands has 

been an interesting area to explore.527–529 In this regard, Que and co–workers have utilized a 

tetradentate ligand TPA for the synthesis of iron complexes. These complexes were utilized 

for the functional modelling of nonheme iron enzymes capable of alkane 

functionalization.530 Hitomi and co–workers have reported iron complexes derived from 

ligands having nitrogen donors. These complexes were found to be potent applicant in the 

hydroxylation of alkane C–H bonds with high selectivity.531 Roelfes et. al. have synthesized 

iron complexes using N4Py a pentadentate ligand. This complex was proved to be an 

efficient catalyst for diverse substrate oxidation reactions.532 Iron complexes derived from 

nitrogen donor ligands have been shown remarkable magnetic properties as in spin state 

crossover533–535 and also used as polymerization catalyst.536 We have been working with 

ligand Pyimpy, Me−Pyimpy and recently reported spontaneous reduction and nuclease 

activities of corresponding iron complexes.507 Such types of ligands are similar to bis 

iminopyridine ligands reported by Chirik and coworkers which have shown several type of 

interesting activities.537–541 

As a part of our ongoing research396,497,542,543,398,544–551 we have designed ligand 

HN3L, MeN3L and synthesized mononuclear iron complexes Fe(HN3L)Cl3 (12), 

[Fe(HN3L)2](ClO4)2 (13), Fe(MeN3L)Cl3 (14) and [Fe(MeN3L)2](ClO4)2 (15). These 

complexes were characterized spectroscopically using IR, UV–visible, NMR and ESI–MS 

spectral studies. Theoretical calculations were also elucidated geometrical and structural 
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parameters. TD–DFT calculations were monitored for the representative complex 12 to 

study the electronic properties. Electrochemical studies were also performed for complexes 

12 and 13. These complexes were found to be stable in aqueous buffer system and hence 

subjected to DNA binding and nuclease studies. Complex 12 exhibited effective oxidative 

cleavage in presence of H2O2. 

 

 

Fig. 5.1 Tridentate ligands with abbreviation used in the present work 
 

5.3. Results and discussion 

5.3.1.  Synthesis and characterization of ligands  

Tridentate ligands HN3L and MeN3L have been synthesized in two steps (i) 

Synthesis of amine (ii) Synthesis of Schiff’s base using amine with corresponding aldehyde 

as described in chapter 4.  

5.3.2. Synthesis and characterization of metal complexes  

Mononuclear iron complex Fe(HN3L)Cl3, 12 was synthesized using Et4N[FeCl4] and 

ligand HN3L in equimolar ratio. Two equivalent of ligand HN3L and Fe(ClO4)2.xH2O 

were utilized to prepare bis complex of [Fe(HN3L)2](ClO4)2, 13 in ethanol:methanol (1:1) 

solutions. Similar procedures were followed to prepare Fe(MeN3L)Cl3, 14 and 

[Fe(MeN3L)2](ClO4)2, 15 using equimolar ratio of ligand MeN3L with Et4N[FeCl4] in 

case of complex 14 and two equivalent of ligand with one equivalent of Fe(ClO4)2.xH2O in 
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case of complex 15. The schematic representation of synthetic procedures of complexes 12, 

13, 14 and 15 has been summarized in Scheme 5.1. 

 

 

Scheme 5.1 Schematic representation of synthesis of iron complexes 
 

5.3.2.1. IR spectral studies 

During IR spectral studies characteristic azomethine (ν-HC=N) band for free ligands 

were observed at 1595 cm-1. On metal complexation all the iron complexes exhibited shift 

in stretching frequency. These shifts exhibited the probable coordination of azomethine with 

the metal during complex formation.552,553 Complex 13 and 15 also showed characteristic 

band near 1090 cm1 together with a band at 623 cm1 for noncoordinated perchlorate 

ion.401 The experimental IR data for all complexes have been deposited in Table 5.1. 

Table 5.1 Data for IR and conductivity studies for complexes 

Complex IR data (cm1)a Conductivity data 

(Ω1cm2mol1)b νHC=N νClO4 

12 1606  52 (neutral) 

13 1606 1091, 623 156(2:1) 

14 1595  41 (neutral) 

15 1597 1095, 618 148(2:1) 

aUsing KBr pellets, bSolvent: Dimethylformamide 
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5.3.2.2. Electronic absorption spectral studies 

Absorption spectral studies were also performed for all the complexes in methanol and 

depicted in Fig. 5.2 and Table 5.2. High energy band observed below 250 nm is probably 

due to the intraligand –* and n–* transitions. The band originated at higher wavelength 

in the range 400–550 nm could be due to d–*, chloro to iron and other LMCT 

transitions.554,555 

 

Table 5.2 Electronic absorption spectral data of iron complexes  

Complex UVvisible data (max/nm, /M1cm1)a 

12 452 (500), 343 (7,520), 300 (4,930), 259 (7,960), 221 (10,740) 

13 550(210), 340 (31,290), 294 (11,010), 258 (14,840), 238 (24,160) 

14 435 (790), 329 (3,980), 260 (6,500), 225 (8,220) 

15 552(350), 345(8,720), 285(9,790), 250(27,740) 

aUVvisible data of complexes in methanol 
 

 

Fig. 5.2 UVvisible absorption spectra of iron complexes in methanol 
 

5.3.2.3. Conductivity studies 

The molar conductivity was measured at 25 C in dimethylformamide at ca. 103 M. 

Data have been deposited in Table 5.1. Values for mononuclear complexes 12 and 14 were 
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found to be 52 and 41 1cm2mol1 respectively. These values suggested neutral electrolytic 

behavior of the complexes in solution. Complexes 13 and 15 were having the values 156 

and 148.0 1cm2mol1 respectively. These values confirmed unibivalent (1:2) electrolytic 

behavior of complexes in solution.556 

5.3.2.4. Magnetic moment studies 

Effective magnetic moments for all the complexes were also calculated. Magnetic 

moments for complex 12 and 14 were found to be 5.63 and 5.94 BM at 303 K. The values 

indicated the presence of high spin iron(III) metal centre in the complexes.411 Complexes 13 

and 15 have the value of magnetic moment 2.31 and 2.04 BM at 303 K. These values are 

employed for the lowspin iron(II) electronic configuration.557,558 NMR spectra of metal 

complexes 2 and 4 also supports the presence of lowspin iron(II) center. 

5.3.2.5. ESIMS spectral studies 

ESIMS spectra of the complexes were also recorded in acetonitrile solution at 

positive ion mode. Complex 12 exhibited peak at m/z 414.1428 corresponding to the 

[MCl]+ as shown in Fig. 5.3. 

 

Fig. 5.3 ESIMS spectrum of complex 12 in acetonitrile under positive ion mode 
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Similarly, studies performed for complex 13 exhibited peak corresponding to the m/z 

731.1615 for [MClO4]
+ in acetonitrile solution (Fig. 5.4). 

 

 

Fig. 5.4 ESIMS spectrum of complex 13 in acetonitrile under positive ion mode 
 

ESIMS spectrum of 14 in acetonitrile solutions under positive mode exhibiting the 

peaks corresponding to [MCl]+, [L+Na]+ and [L+H]+ at m/z: 428.02 (1.92%) [M-Cl]+, 

325.14 (25.24%) [L+Na]+, 301.14 (65.10%) [L+H]+ respectively (Fig. 5.5). 
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Fig. 5.5 ESIMS spectrum of complex 14 in acetonitrile under positive ion mode 
 

ESIMS studies performed for complex 15 showed peak at m/z 759.1790 

corresponding to the [MClO4]
+ in acetonitrile solution (Fig. 5.6). 
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Fig. 5.6 ESIMS spectrum of complex 15 in acetonitrile under positive ion mode 
 

5.3.2.6. NMR spectral studies 

Presence of iron(II) lowspin metal centre the complexes 13 and 15 afforded NMR 

spectra. However coordination of the ligand with iron metal ion afforded a change in 

chemical shift as compared to the free ligand. 1H and 13CNMR spectral data for both the 

complexes have been shown in Fig. 5.75.10. 
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Fig. 5.7 1HNMR spectrum of 13 in deuteriated DMSO 
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Fig. 5.8 13CNMR spectrum of 13 in deuteriated DMSO 
 

 

Fig. 5.9 1HNMR spectrum of 15 in deuteriated DMSO 
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Fig. 5.10 13CNMR spectrum of 15 in deuteriated DMSO 

 

5.3.3. Density functional theory (DFT) calculations 

Density functional theory (DFT) calculations have been found useful to determine the 

geometrical and structural properties of metal complexes.516,559–561 Herein we have 

performed DFT calculations to elucidate the structural property of complex 12. Optimized 

structure of complex 12 has been depicted in Fig. 5.11 and characteristic structural 

parameters have been summarized in Table 5.3. 
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Fig. 5.11 Optimized geometry of the complex 12 using DFT 
 

Table 5.3 Selected bond lengths (Å) and angles () of complexes 12 obtained using 

DFT 

Bond lengths (Å) Bond angles () 

 DFT  DFT 

Fe(1)N(2) 2.186 Cl(3)Fe1N(2) 

N(2)Fe1Cl(1) 

N(2)Fe1Cl(2) 

N(2)Fe1N(3) 

N(2)Fe1N(4) 

99.55 

92.95 

83.56 

88.25 

161.72 

Fe(1)N(3) 2.252 Cl(3)Fe1N(3) 

N(3)Fe1N(4) 

171.83 

74.87 

Fe(1)N(4) 2.145 Cl(3)Fe1N(4) 97.08 

Fe(1)Cl(1) 2.399 Cl(1)Fe1Cl(2) 

Cl(1)Fe1N(3) 

N(4)Fe1Cl(1) 

N(2)Fe1Cl(1) 

166.37 

85.06 

92.53 

92.95 

Fe(1)Cl(2) 2.454 N(4)Fe1Cl(2) 

Cl(2)Fe1N(3) 

87.03 

81.67 

Fe(1)Cl(3) 2.328 Cl(3)Fe1Cl(2) 

Cl(3)Fe1Cl(1) 

96.71 

96.87 
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Time dependent DFT (TD–DFT) calculations were also performed on the optimized 

structure of the complex to verify the electronic transitions in the UV–visible spectrum with 

the theoretical one. All the theoretical calculations were performed in the gas phase. The 

HOMO and LUMO have been depicted in the Fig. 5.12. 

  

HOMO () LUMO () 

  

HOMO () LUMO () 

Fig. 5.12 HOMO and LUMO of complex 12 
 

TD–DFT calculations show contribution of molecular orbitals associated with the 

electronic transition and characteristic transitions have been depicted in Table 5.4.  
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Table 5.4 Calculated TD–DFT excitation energies (in eV), oscillator strengths (f), and 

nature of transitions in the complex 12 

Composition(% Contribution) E (eV) Oscillator 

strength (f) 

λtheo (nm) λexp (nm) 

HOMO–3       LUMO+6 (29%) 

HOMO–7       LUMO+4 (13%) 

4.1401 0.0511 299.47 300 

HOMO–5        LUMO (74%) 

HOMO–4         LUMO+5 (11%) 

3.6216 0.0077 342.9 342.35 

HOMO–7     LUMO (23 %) 

HOMO–11     LUMO+1 (15 %) 

2.7422 0.0002 452.13 452 

 

The theoretical and experimental values were found to be in good agreement. Fig. 5.13 

exhibit distribution of  HOMOLUMO orbitals calculated using DFT calculations. 
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HOMO3 
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HOMO4 

 
LUMO+4 

 
HOMO4 

 
LUMO+4 

 
Fig. 5.13 A pictorial representation of HOMOLUMO distribution calculated using 

TDDFT calculations 
 

5.3.4. Electrochemical studies 

Redox properties of the metal complexes were investigated using electrochemical 

studies at a glassy carbon electrode using Ag/AgCl reference electrode. Fig. 5.14 shows 

cyclic voltammograms associated with the metal complexes 12 and 13 in acetonitrile 

solution. Both the complexes 12 and 13 showed a reversible peak at 0.85 and 0.97 V 

probably associated with Fe(III)/Fe(II) redox behavior. Both the complexes showed 

irreversible peak at 0.35 and 0.78 V for complexes 12 and 13 respectively. 

 

(a) 

 

(b) 

 

Fig. 5.14 Cyclic voltammograms of 103 M solution of complexes (a) 12 and (b) 13 in 
acetonitrile solutions 
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5.3.5. DNA binding studies 

Synthesized iron complexes were subjected to the DNA interaction studies using 

absorption, fluorescence and circular dichroism spectral studies. To investigate the DNA 

interaction studies of the complexes, stability of complexes were determined in the buffer 

solution. All the complexes were found to be stable in the buffer for more than 6 h. Fig. 

5.155.16 shows the stability of complexes in buffer. No shift was observed in the band 

only a decrease in absorbance was observed. Small decrease in absorbance could be 

probably due to the slow precipitation of the compounds. This indicated that the complexes 

retained their composition for the particular period of time. Hence complexes could be 

utilized for further DNA interaction studies. 

 

  

Fig. 5.15 Stability of complexes 12 and 13 in 0.1 M phosphate buffer (pH 7.2) solution for 6 h 
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Fig. 5.16 Stability of complexes 14 and 15 in 0.1 M phosphate buffer (pH 7.2) solution for 6 h 

 

Absorption spectral studies have been utilized for preliminary investigation of 

interactions of CT–DNA with the complexes. During experiments, small amount of DNA 

was added to a fixed complex concentration. Experiments were performed at physiological 

pH and changes in electronic properties were monitored. The UV–visible data for all the 

complexes have been depicted in the Fig. 5.17–5.20. 

 

(a) 

 

(b) 

 

Fig. 5.17 Absorption spectra of complex 12 in 0.1 M phosphate buffer (pH 7.2) in the 
presence of increasing DNA concentration. (a) [12] = 70 µM, [DNA] = 0–150 µM, (b) Plot 
of [DNA]/a–f vs [DNA] for the calculation of Kb of complex 12. Arrow indicates change 

in the absorbance with the increasing DNA concentration 
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(a) 

 

(b) 

 

Fig. 5.18 Absorption spectra of complex 13 in 0.1 M phosphate buffer (pH 7.2) in the 
presence of increasing DNA concentration. (a) [13] = 100 µM, [DNA] = 0–250 µM, (b) Plot 
of [DNA]/a–f vs [DNA] for the calculation of Kb of complex 13. Arrow indicates change 

in the absorbance with the increasing DNA concentration 
 

(a) 

 

(b) 

 

Fig. 5.19 Absorption spectra of complex 14 in 0.1 M phosphate buffer (pH 7.2) in the 
presence of increasing DNA concentration. (a) [14] = 70 µM, [DNA] = 0–200 µM, (b) Plot 
of [DNA]/a–f vs [DNA] for the calculation of Kb of complex 14. Arrow indicates change 

in the absorbance with the increasing DNA concentration 
 

(a) 

 

(b) 

 

Fig. 5.20 Absorption spectra of complex 15 in 0.1 M phosphate buffer (pH 7.2) in the 
presence of increasing DNA concentration. (a) [15] = 100 µM, [DNA] = 0–220 µM, (b) Plot 
of [DNA]/a–f vs [DNA] for the calculation of Kb of complex 15. Arrow indicates change in 

the absorbance with the increasing DNA concentration 
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During the interaction of CT–DNA with the complexes a change is observed in the 

intra ligand transition at 340 nm. Hypochromism was observed in all the four complexes 

12–15 without any shift in wavelength. Binding constant (Kb) has been evaluated using 

Wolfe–Shimer equation519 and have been tabulated in Table 5.5. The strength of binding is 

determined in terms of binding constant (Kb). The values of intrinsic binding constants (Kb) 

for complexes are in the range of 103–104 M–1. These values are lower than the standard 

intercalator EB.562 These hypochromism along with the value of binding constant proposed 

binding of DNA probably through intercalation attributed to –* stacking interaction 

between the aromatic chromophore of ligands and DNA base pairs.563–565 The values for Kb 

are comparable to the reported values for the iron complexes.566 Interaction of DNA with the 

complexes cannot be concluded only using UV–visible absorption studies. Hence 

fluorescence and CD spectral studies must be performed to explain the accurate mode of 

interaction. 

 

Table 5.5 Binding constants (Kb) for complexes 

Complex Kb (M
1) 

12 

13 

3.29×104(Hypochromism) 

5.01×104(Hypochromism) 

14 6.82×103(Hypochromism) 

15 3.35×103(Hypochromism) 

 

From the UVvisible interaction studies it can be calculated that all the complexes 

were found to be interactive with the CTDNA in given experimental condition. 

Ethidium bromide (EB) displacement assay was performed using fluorescence spectral 

studies. EB is not itself fluorescent but in presence of DNA it becomes fluorescent. During 

studies displacement of EB with the complex is monitored. In order to optimize these 

properties a fixed amount of DNA is used with EB and titrated with a fixed amount of 
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complexes at regular interval. Quenching in fluorescence emission intensity was observed 

due to the displacement of EB from the CTDNA. The extent of quenching was calculated 

in terms of Stern–Volmer constant (KSV) using linear Stern–Volmer equation (Fig. 

5.215.24). 

 

(a) 

 

(b) 

 

Fig. 5.21(a) EB–DNA fluorescence quenching titration complex 12 (0–20 µM).(b) 
Stern−Volmer plots of Fo/F versus [R] for complex shown. Tests were performed in the 

conditions of 50 mM phosphate buffer (pH 7.2) at 298 K [CDNA] = 25 μM, [CEtBr] = 0.5 μM; 
λex = 250 nm, λem = 585 nm 

 

(a) 

 

(b) 

 

Fig. 5.22 (a) EB–DNA fluorescence quenching titration complex 13 (0–28 µM).(b) 
Stern−Volmer plots of Fo/F versus [R] for complex shown. Tests were performed in the 
conditions of 50 mM phosphate buffer (pH 7.2) at 298 K [CDNA] = 25 μM, [CEtBr] = 0.5 

μM; λex = 250 nm, λem = 585 nm 
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(a) 

 

(b) 

 
Fig. 5.23 (a) EB–DNA fluorescence quenching titration complex 14 (0–28 µM).(b) 

Stern−Volmer plots of Fo/F versus [R] for complex shown. Tests were performed in the 
conditions of 50 mM phosphate buffer (pH 7.2) at 298 K [CDNA] = 25 μM, [CEtBr] = 0.5 μM; 

λex = 250 nm, λem = 585 nm 
 

(a) 

 

(b) 

 

Fig. 5.24 (a) EB–DNA fluorescence quenching titration complex 15 (0–40 µM). (b) 
Stern−Volmer plots of Fo/F versus [R] for complex shown. Tests were performed in the 

conditions of 50 mM phosphate buffer (pH 7.2) at 298 K CDNA = 25 μM, CEtBr = 0.5 μM; λex = 
250 nm, λem = 598 nm 

 

Stern–Volmer plots clearly indicated that the fluorescence quenching of EB bound 

CT–DNA in the presence of complexes 12–15 and also in good linear agreement with the 

Stern–Volmer equation. These data suggested that the complexes bound with CT–DNA and 

values of Stern–Volmer constant (KSV) have been summarized in the Table 5.6. 
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Table 5.6 SternVolmer quenching constant (Ksv) for complexes 

Complex KSV (M
1) 

12 9.2×104 

13 4.0×104 

14 3.2×104 

15 2.7×104 

 

The values of KSV are found to be lesser then classical intercalator.562 Hence the partial 

displacement was observed in all the four complexes. The studies performed indicated 

probable mode of interaction with the CT–DNA is partial intercalation.567,568 

During circular dichroism studies conformational changes in CT–DNA observed on 

interaction of metal complexes. DNA shows two bands in CD spectra, a positive band at 

275 nm due to base stacking and a negative band at 245 nm due to helicity. The iron 

complexes were not optically active and did not exhibit any CD spectra in the range 200–

800 nm. On interaction with metal complexes CD spectra showed a decrease in the negative 

as well as in positive bands (Fig. 5.25) which represents significant interaction of CT–DNA 

with metal complexes. No shift in wavelength observed which indicates that these 

complexes do not affect the conformational changes of DNA.352 These studies also 

suggested intercalative mode of interaction with the DNA.569–571 

(a) 

 

(b) 

 

Fig. 5.25 Circular dichroism spectra in 0.1 M phosphate buffer (pH 7.2) after 10 min 
incubation at 25 C. (a) 12 (red) and 14 (blue) (b) 13 (red) and 15 (blue) with CT–DNA 
(black) and its interaction with complexes spectra recorded in 5% dimethylformamide 
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5.3.6. Nuclease activity 

Nuclease activity of the representative complex 12 in presence of H2O2 was evaluated 

(Fig. 5.26). Cleavage of supercoiled pBR322 DNA was observed with the complex 12 using 

gel electrophoresis. During the studies DMF content was kept below 10 %. Variable 

concentration of complex 12 was employed to optimize the cleavage activity. Fig. 5.26 

depicts that intensity of the circular SC form decreases, while that of NC form increase (lane 

4–7) without any activating agents. When an oxidising agent H2O2 was added to the DNA 

the NC form further increased (lane 8). 

 

 

Fig. 5.26 Gel electrophoresis separations showing the cleavage of supercoiled pBR322 
DNA (100 ng) by variable concentration of complexes 12 in 10% DMF incubated at 37 °C 

for 2 h. Lane 1: DNA, lane 2: DNA + FeCl3 (100 μM), lane 3: DNA + HN3L, lane 4: 
DNA + 12 (10 μM), lane 5: DNA + 12 (25 μM), lane 6: DNA + 12 (50 μM), lane 7: DNA 
+ 1 (100 μM), lane 8: DNA+ 12 (100 μM) + H2O2 (100 μM), lane 9: DNA + H2O2 (100 

μM), lane 10: DNA + DMF (10%) 

Quantitative representation of cleavage has been depicted in the Fig. 5.27. From the 

activity it is clear that with the increased amount of complex concentration the DNA is 

cleaved and a mixture of nicked DNA and supercoiled DNA obtained in presence of H2O2. 

 

Fig. 5.27 Bar diagram representation of SC and NC form during nuclease activity of 
complex 
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5.4. Conclusions 

A new family of mononuclear iron complexes have been synthesized and characterized 

using various spectroscopic techniques. ESI–MS and NMR spectral studies clearly indicated 

the formation of complexes. DFT and TDDFT calculations were performed on complex 12 

to optimize geometrical and structural parameters. Redox properties of complexes of were 

examined by electrochemical studies and the results indicated Fe(III)/Fe(II) redox behavior. 

For advancement of medicinal inorganic chemistry a better understanding of mechanism of 

metal complexes interaction with the DNA is needed. Hence DNA interaction studies were 

performed utilizing these complexes. DNA binding studies were optimized using 

absorption, fluorescence and circular dichroism spectral studies. These studies indicated 

interaction is probably due to the intercalation mode of binding. Complex 12 was subjected 

to the nuclease activity. Complex 12 was effective artificial chemical nuclease in presence 

of H2O2 under physiological pH. Oxidative reactivity studies of these complexes are under 

progress. 
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5.5. Experimental section 

5.5.1.  Materials and instrumental methods 

Anhydrous FeCl3 was purchased from Rankem, New Delhi, India, Fe(ClO4)2.xH2O, 

2–chloromethylpyridine hydrochloride from Sigma Aldrich, Steinheim, Germany.  

5.5.2.  Synthesis of metal complexes 

Caution! Perchlorate salts of metal complexes with organic ligands are potentially 

explosive. Only a small amount of material should be prepared and handled with caution. 

5.5.2. 1. Synthesis of Fe(HN3L)Cl3 (12) 

To a solution of HN3L (144 mg, 0.5 mmol) in methanol:ethanol (1:1) was added 

similar equivalent of NEt4[FeCl4] (163 mg, 0.5 mmol) in 2 mL methanol:ethanol (1:1) 

dropwise. Reaction mixture was continued to stirr for 3 h and filtered. Evaporation of 

solvent afforded a red–brown colored precipitate. Yield: 70%. Selected IR data (KBr, 

νmax/cm–1): 1606, νC==Nimine. UV–visible [CH3OH, λmax/nm (ε/M–1cm–1)]: 452 (500), 343 

(7,520), 300 (4,930), 259 (7,960), 221 (10,740). μeff (303 K): 5.91 BM. ΛM/Ω–1cm2mol–1 (in 

DMF): 52. ESI–MS (m/z): 414.1428 [M–Cl]+. Anal. Calc. For C18H16N4Cl3Fe: C, 52.08; H, 

3.89; N, 13.50. Found C, 49.97; H, 4.05; N, 13.32. 

5.5.2. 2. Synthesis of [Fe(HN3L)2](ClO4)2 (13) 

Ligand HN3L (144 mg, 0.5 mmol) was taken in 10 mL of methanol and stirred. To 

this stirred solution Fe(ClO4)2.xH2O (63 mg, 0.25 mmol) in 2–3 mL of methanol was added 

drop wise. Color changes to red and reaction was stirred further for 3–4 h. Reaction was 

filtered and left for solvent evaporation. Evaporation of solvent ended up with crystalline 

complex. Yield: 68%. Selected IR data (KBr, νmax/cm–1): 1606,ν–C=N, 1091, 623, νClO4–. UV–

visible [CH3OH, λmax/nm (ε/M–1cm–1)]: 340 (31,290), 294 (11,010), 258 (14,840), 238 

(24,160). μeff (303 K): 2.10 BM. ΛM/Ω–1cm2mol–1 (in DMF): 156. ESI–MS (m/z): 731.1615 
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[M–ClO4]
+. Anal. Calc. For C36H32N8Cl2O8Fe: C, 52.00; H, 3.88; N, 13.48. Found C, 51.77; 

H, 3.22; N, 13.02. 

5.5.2. 3. Synthesis of Fe(MeN3L)Cl3 (14) 

To a solution of MeN3L (151 mg, 0.5 mmol) in methanol:ethanol (1:1) was added 

similar equivalent of NEt4[FeCl4] (163 mg, 0.5 mmol) in 2 mL methanol:ethanol (1:1) 

dropwise. Reaction mixture was continued to stirr for 3 h and filtered. Evaporation of 

solvent afforded red–brown colored precipitate. Yield: 64%. Selected IR data (KBr, 

νmax/cm–1): 1595, νC==Nimine. UV–visible [CH3OH, λmax/nm (ε/M–1cm–1)]: 435 (790), 329 

(3,980), 260 (6,500), 225 (8,220). μeff (303 K): 5.40 BM. ΛM/Ω–1cm2mol–1 (in DMF): 41 

ESI–MS (m/z): 428.0220 [M–Cl]+, 325.1410 [L+Na]+, 301.1438 [L+H]+. Anal. Calc. For 

C19H18N4Cl3Fe: C, 53.18; H, 4.23; N, 13.06. Found C, 51.85; H, 4.42; N, 12.83. 

5.5.2.4. Synthesis of [Fe(MeN3L)2](ClO4)2 (15) 

To the stirred solution of ligand MeN3L (151 mg, 0.5 mmol) in 10 mL of methanol 

was added a methanolic solution Fe(ClO4)2.xH2O (63 mg, 0.25 mmol) was added drop wise. 

A dark red color precipitate appeared. The reaction mixture was stirred further for 4 h. 

Reaction was filtered and solvent was removed. The solid obtained after evaporation was 

washed with small amount of methanol and diethylether. Complex was recrystallized for 

further analysis. Yield: 63%. Selected IR data (KBr, νmax/cm–1): 1597, ν–C=N,1091, 623, 

νClO4–. UV–visible [CH3OH, λmax/nm (ε/M–1cm–1)]: 552 (350), 345 (8,720), 285 (9,790), 250 

(27,740). μeff (303 K): 2.04 BM. ΛM/Ω–1cm2mol–1 (in DMF): 148. ESI–MS (m/z): 759.1790 

[M–ClO4]. Anal. Calc. For C38H36N8Cl2O8Fe: C, 53.10; H, 4.22; N, 13.04. Found C, 52.88; 

H, 4.19; N, 12.92. 

5.5.3. Density functional theory (DFT) calculations 

As described in previous chapters. 

5.5.4. DNA-binding and cleavage activity 

As described in chapter 4. 
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6.1. Abstract 

Naphthylaminebased probe (N-(2-aminoethyl)naphthalen-1-amine) NED1 was 

utilized for the detection of Hg(II), Fe(II), Fe(III) in mixed aqueous media via fluorescence 

quenching. These sensitive metal ions bind with the probe by forming a 1:1 complex. Time 

resolved fluorescence and quantum yield of probe NED1 in absence as well as in presence 

of metal ions were investigated. Extent of binding probe with sensitive metal ions was 

calculated. Sensitivity of the probe in presence of other metal ions was examined using 

competitive binding studies. Probe NED1 displayed sensitivity towards Hg(II) during in 

vitro as well as in vivo studies. This multianalyte probe demands biological applications in 

cell imaging and in logic gates. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This work has been published in Eur. J. Inorg. Chem. 2015, 311 
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6.2. Introduction 

Designing and synthesis of fluorescent probes which are selective and sensitive for 

monitoring heavy and transition metal ions is an important and demanding area of research 

due to the prominent role of metal ions in environment and biology.327–329 Over the last 

several decades, an outstanding development of small fluorescent molecule with selectivity 

towards metal ions has been dragged attention of the researchers. These study generally 

helps us to understand transport and localization along with the physiological and 

pathological effect of metal ions in the cell.331 Due to high sensitivity, rapid response and 

simplicity, fluorescence has gained much awareness for the detection of several chemical 

analytes.332 Detection of Hg(II) in aqueous media is important as it is one of the toxic metal 

ion which severely affects environment and living beings.572–576 On the other hand, iron is 

also an important biological relevant transition metal playing crucial roles in several 

catalytic and enzymatic reactions and could become dangerous due to its improper 

concentration.3,333 Till date various fluorescent probes based on single metal ion detection 

have been explored.577 However, a multi analyte recognition via a single probe has received 

a great interest.345,578–581 Most of these probes have been synthesized using multistep 

synthesis and tedious methods. Among them, several probes have solubility in organic 

solvents only, it restricts their utilization in in vivo applications. Hence a probe which could 

work in aqueous media is needed to monitor accumulation of these metals in living cells. 

Hence a probe which could work in aqueous media or in mixed aqueous media along with 

working in physiological pH is highly demanding for living cell applications.345–347 A multi 

analyte responsive probe is also very important for designing in molecular logic gates and 

molecular keypad lock devices.582–586 Recently, we have designed and synthesized 

fluorescent probe based on naphthylamine showing sensing for single metal ion 

Fe(III).587,588 This prompted us to synthesize other naphthylamine based fluorescent probes 

which may provide us multianalyte responsive probe as well as logic gates and molecular 
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keypad lock devices. Herein we have reported probe 

N(2aminoethyl)naphthalen1amine (NED1) and its photophysical properties in mixed 

aqueous media. To avoid tedious method used for synthesis of a sensor we have chosen a 

probe which is neither time consuming and also cost effective and has application in living 

cell as well as in logic gates. To the best of our knowledge there is no report of a 

multianalyte responsive probe for Hg(II), Fe(II) and Fe(III) based on naphthylamine.589,590 

In the present work, we have chosen N(2aminoethyl)naphthalen1amine (NED1) 

because of this molecule could easily be derivatized in several ways to synthesize a series of 

naphthyl based fluorescent probes. Such variety of fluorescent probe contains metal binding 

motif which could provide us probable chelation enhanced quenching (CHEQ) as well as 

enhancement of fluorescence activity during metal coordination. To the best of our 

knowledge this moiety is found to be chelated to platinum.591  

 

 
Fig. 6.1 Probe N(2aminoethyl)naphthalen1amine (NED1) used in present work 

 

6.3. Results and discussion 

6.3.1. Synthesis and characterization of probe NED1 

Probe NED1 was obtained commercially in form of hydrochloride salt and used 

directly neutralizing the hydrochloride salt of N(2aminoethyl)naphthalen1amine with 

potassium hydroxide.  

To optimize the proper neutralization of the hydrochloride salt GCMS data was also 

recorded (Fig. 6.2) which showed the molecular ion peak supporting the proper 
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neutralization of the probe NED1. Purity of NED1 was also confirmed using thin layer 

chromatography. 

 

 
Fig. 6.2 GCMS spectrum of N(2aminoethyl)naphthalen1amine NED1 

 

ESIMS spectral study was also performed to justify the neutralization which showed 

peaks at (m/z) 185.04 corresponding to [MH]+ under positive ion mode in acetonitrile 

solution solution. 
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Fig. 6.3 ESIMS spectrum of NED1 in acetonitrile under positive mode  
 

6.3.2. Absorption spectral studies 

Absorption spectral studies of probe NED1 was monitored in mixed aqueous media. 

Titration of probe NED1 was performed with the sensitive metal ions. During experiments 

only freshly prepared stock solution of metal ions have been used in water as described by 

Xu and coworkers, Chereddy et al. and Anslyn and coworkers341,592,593 and no 

precipitation were observed during experiment (2 hrs) in the stock as well as in the cuvette. 

Absorption spectra of probe NED1 at different concentrations of Hg(II) has been depicted in 

Fig. 6.4. Probe NED1 showed a band around 320 nm which was due to charge transfer 

transition between donor amine and acceptor naphthyl moiety.583 During titration two 

isosbestic points at 290 nm and 345 nm appeared. Appearance of a shoulder near 390 nm is 

probably due to metal to ligand charge transfer (MLCT) transition.594 These experiment 

clearly indicated significant change in donoracceptor property of naphthylamine 

chromophore and chelation of Hg(II) to the probe (Fig. 6.4).595 
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Fig. 6.4 UVvisible spectra of probe NED1 (50 μM) upon addition of HgCl2 (0300 μM) 

in mixed solvent media (0.1% DMSO in 100 mM phosphate buffer, pH 7.4) 
 

 Similarly, electronic absorption spectral studies were also monitored using probe 

NED1 and other sensitive metal ions Fe(II) and Fe(III) (Fig. 6.5). Titration experiments 

were also carried out for  probe NED1 with Fe(II) and Fe(III) to optimize metal ion binding 

properties. During titration experiments a cation induced hyperchromic shift was observed 

in case of both the metals (Fig. 6.5). 

 

(a) 

 

(b) 

 

Fig. 6.5 Changes observed in UVvisible spectra of probe NED1 (20 μM) upon addition of 
(a) FeCl2(0240 μM) (b) FeCl3(0240 μM)  in mixed solvent media (0.1% DMSO in 100 

mM phosphate buffer, pH 7.4) 
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The greater extent of hyperchromism observed for the absorption band near 320 nm in 

case of Fe(II), Fe(III) as well as for Cu(II) indicating strong binding of these metal ions with 

the probe NED1 in ground state (Fig. 6.6). 

 

 
Fig. 6.6 UVvisible spectra of probe NED1 (50 μM) upon addition of 20 equivalents of 
representative metal ions in mixed solvent media (0.1% DMSO in 100 mM phosphate 

buffer, pH 7.4) 
 

Control experiments were also performed to nullify the effect of any metal ion or 

precipitation. During these experiments equal amount of metal salt was added to both the 

cuvettes. Changes observed in UVvisible spectra indicate that some complexation is 

occurring which is responsible for the change in spectra and decline the effect due to the 

metal ion or any precipitation. No precipitation was found till the completion of experiment. 

Both the stock solutions were having similar concentrations and no major change in color 

was observed. To exclude the possibilities of Fe(II) and Fe(III) and their chemistry 

water/buffer mixture, this titration experiments (UVvisible) were repeated in methanol as a 

control experiment (Fig. 6.7). Similar results to that of the experiments performed in water 

were obtained. 
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(a) 

 

(b) 

 

Fig.6.7 UVvisible spectral changes observed during titration with probe NED1 (20 μM) (a) 
Fe(II) (b) Fe(III) in methanol 

 

To check whether changes in UVvisible spectra were due to chelation with iron, 

some control experiments using ophenylenediamine as a mimic of chelating motiff were 

performed. The results obtained in Fig. 6.8 shows similar behavior was observed for probe 

NED1 and supported probable chelation of motif to iron metal ion. 

 

(a) 

 

(b) 

 

Fig. 6.8 UVvisible spectral changes observed during titration with ophenylenediamine 
(20μM) in DMSO (a) Fe(II) (b) Fe(III) in 0.1M phosphate buffer solution pH 7.4 

 

Control experiments were also performed in case of iron under anaerobic condition 

and have been depicted in Fig. 6.9. 
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(a) 

 

(b) 

 

Fig. 6.9 UVvisible spectral changes observed during titration with probe NED1 (20μM) in 
DMSO (a) Fe(II) under anaerobic conditions (b) Fe(II) under aerobic conditions in 100 mM 

phosphate buffer solution pH 7.4 
 

6.3.3. Emission spectral studies 

Stability of probe NED1 in mixed aqueous media (0.1% DMSO in 100 mM phosphate 

buffer, pH 7.4) was observed for 30 min (Fig. 6.10). Emission spectral of probe NED1 was 

also explored. 

 

 
Fig. 6.10 Stability of probe NED1 (10 μM) in mixed solvent media (0.1% DMSO in 100 

mM phosphate buffer, pH 7.4) for 30 min at (λex= 320 nm) 
 

For better insight into the photophysical properties change in emission intensity of 

probe NED1 (50 µM) were explored for various representative metal ions such as Ca(II), 

Mg(II), Mn(II), Fe(II), Co(II), Cr(III), Fe(III), Ni(II), Cu(II), Zn(II) and Hg(II) (in form of 
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their chloride salts) respectively in mixed solvent media (0.1% DMSO in 100 mM 

phosphate buffer, pH 7.4) (Fig. 6.11). 

 

 
Fig. 6.11 Changes in fluorescence spectra of probe NED1 (50 μM) in presence of 20 

equivalents of served metal ions λex 320 nm in mixed solvent media (0.1% DMSO in 100 
mM phosphate buffer, pH 7.4) 

 

Probe NED1 shows fluorescence emission at wavelength (λem) 438 nm in mixed 

aqueous media when excited at 320 nm. After incubation of 23 min fluorescence emission 

intensity becomes constant and with the addition of Hg(II) fluorescence got quenched. 

Emission intensity of probe NED1 keep on decreasing with the further addition of Hg(II) 

(Fig. 6.12). The quenching observed was probably due to a heavy atom effect of Hg(II) 

metal ion and chelation enhanced quenching (CHEQ).596 

 

Fig. 6.12 Change in emission spectra on addition of Hg(II) (0200 µM) in mixed aqueous 
media (0.1% DMSO in 100 mM phosphate buffer, pH 7.4) 
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Titration was also performed for the other two sensitive metal ions Fe(II) as well as 

Fe(III) ions (Fig. 6.13). During fluorescence studies, decrease in emission intensity was 

observed with the increase in concentration of Fe(II) as well as Fe(III) metal ion. The 

probable mode of quenching was due to the chelation enhanced quenching in presence of 

paramagnetic metal ion.597 

 

(a) 

 

(b)  

Fig. 6.13 Change in emission spectra on addition of (a) Fe(II) (b) Fe(III) (0400 µM) in 
mixed solvent media (0.1% DMSO in 100 mM phosphate buffer, pH 7.4) 

 

6.3.4. Quantum yield and timeresolved measurements 

Quantum yield studies of probe NED1 (λex: 310 nm) was monitored in mixed solvent 

media (0.1% DMSO in 100 mM phosphate buffer, pH 7.4), 2aminopyridine (ΦF= 0.6) as a 

reference.598 

Fluorescence quantum yield of probe NED1 was found to be 0.74 and decrease in 

quantum yield was found 0.68, 0.52 and 0.65 with the addition of Hg(II), Fe(II) and Fe(III) 

respectively. 

To gain better insight, time resolved fluorescence measurements were also performed 

in absence and in presence of sensitive metal ions. Fluorescence decay curves followed 

three exponential decay kinetics for probe NED1 as well as in probe NED1 in presence of 

Hg(II), Fe(II), Fe(III) (Table 6.1) metal ions respectively. 
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Table 6.1 Effect of addition of Hg(II), Fe(II) and Fe(III) on fluorescence lifetime (ns) of 

probe NED1 (λex: 320 nm, λem: 438 nm) 

Lifetime (ns) 

 Component 1 Component 2 Component 3 ‹τ›  χ2 

Sample  τ1 Emission 

(%) 

τ2 Emission 

(%) 

τ3 Emission(%)   

NED1 2.89 38.84 0.82 26.14 14.23 35.02 6.31 1.16 

NED1+Hg(II) 1.59 64.96 0.31 15.22 12.24 19.82 3.50 1.11 

NED1+Fe(II) 1.92 18.62 13.46 20.37 0.04 61.00 3.12 1.12 

NED1+Fe(III) 2.05 20.72 13.54 25.16 0.04 54.13 3.85 1.16 

 

Life time of NED1 was found to be 6.31 ns (χ2=1.16) and on addition of Hg(II) (20 

equivalent) the value decreased to 3.50 ns (χ2= 1.11) (Fig. 6.14). Faster decay of the excited 

state was observed in presence of Hg(II) probably due to narrower HOMO–LUMO gap.583 

The similar decrease in life time was observed for all the three metal ions. Decay was faster 

in presence of Fe(II) and the slowest for Fe(III). These data is consistent to the stronger 

binding of Fe(II) with the probe NED1 as compared to Hg(II) and Fe(III).599 

 

 

Fig. 6.14 Fluorescence decay profile of NED1 in absence and presence of Hg(II), Fe(II) and 
Fe(III) in mixed solvent media (0.1% DMSO in 100 mM phosphate buffer, pH 7.4) 
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6.3.5. Binding stoichiometry and NMR studies 

To calculate the binding stoichiometry, Benesi–Hildebrand plot was obtained which 

suggests 1:1 stoichiometry for all three sensitive metal ions and apparent association 

constants were also calculated (Table 6.2, Fig. 6.15).600 

 

Table 6.2 Apparent association constants (Kass) and SternVolmer constants (KSV) 

Probe NED1 

and Metal 

Kass(M
1) KSV(M1) 

Hg(II) 6.17 103 5.55 103 

Fe(II) 9.87103 8.39 103 

Fe(III) 5.18103 8.74 103 

 

(a) 

 

(b) 

 

(c) 

 
Fig. 6.15 Benesi–Hildebrand plot of probe NED1 at 438 nm depending on the (a) Hg(II). (b) 

Fe(II) and Fe(III) 
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These results were also supported by NMR spectral studies (Fig. 6.16). Evaluation of 

interaction studies of probe NED1 with sensitive metal ion was performed using NMR 

experiments in [D6] DMSO. Changes in chemical shifts for aromatic protons (proton present 

in the napthyl group) as well as aliphatic protons (proton present in –CH2 groups) was 

observed with the addition of Hg(II) ion. Similar experiments for the iron could not be 

performed due to the paramagnetic nature of metal ion. 

 

 
 
Fig. 6.16 Changes observed during 1HNMR studies on addition Hg(II) in probe NED1 in 

[D6] DMSO 
 

Mass spectral studies were also monitored to find out possible changes in the probe 

NED1 with the addition of mercury using ESIMS spectroscopy (Fig. 6.17).  
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Fig. 6.17 ESI–MS spectrum of [probe NED1+HgCl2.DMSO+K]+ in mixed solvent media (0.1% 
DMSO in 100 mM phosphate buffer, pH 7.4) 

 

6.3.6. SternVolmer quenching constant studies and detection limit 

Fluorescence quenching titration was further evaluated using Stern–Volmer 

equation.601 Relation between the fluorescence quenching (I0/I) and the concentration of the 

quencher (Hg(II), Fe(II) and Fe(III)) has been depicted in Fig. 6.18 is consistent with the 

Stern–Volmer equation. The extent and efficiency of quenching was calculated in terms of 

Stern–Volmer constant (Table 6.2). 

 

(a) 

 

(b) 
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(c) 

 
Fig.6.18 SternVolmer plot of (a) Hg(II) (b) Fe(II) and (c) Fe(III) 

 

Limit of detection for all the three sensitive metal ions have been calculated. Detection 

limits were calculated by varying the concentration of Hg(II), Fe(II) as well as for Fe(III) 

and values were found to be 27.5, 20.93, 27.05 µM respectively. 

 

(a) 

 
(b) 
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(c) 

Fig. 6.19 Calculation process of the detection limit of probe NED1 towards (a) Hg(II) 
(Concentration was linear from 20 μM to 140 μM) (b) Fe(II) (Concentration was linear from 

20 μM to 140 μM) and (c) Fe(III) (Concentration was linear from 20 μM to 160 μM)  at 

 

6.3.7. Competitive binding studies

Competitive binding studies of the sensitive metal ions in presence of other served 

metal ions Ca(II), Mg(II), Mn(II), Fe(II), Co(II), Cr(III) Fe(III), Ni(II), Cu(II), Zn(II) and 

Hg(II) (as their chloride salts) were 

studies exhibit no interference of other metal ions in presence of sensitive metal ions. Hence 

metal ions which are found to be sensitive can be detected even in presence of other metal 

ions. 
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Calculation process of the detection limit of probe NED1 towards (a) Hg(II) 
(Concentration was linear from 20 μM to 140 μM) (b) Fe(II) (Concentration was linear from 

20 μM to 140 μM) and (c) Fe(III) (Concentration was linear from 20 μM to 160 μM)  at 
438nm 

6.3.7. Competitive binding studies 

Competitive binding studies of the sensitive metal ions in presence of other served 

metal ions Ca(II), Mg(II), Mn(II), Fe(II), Co(II), Cr(III) Fe(III), Ni(II), Cu(II), Zn(II) and 

Hg(II) (as their chloride salts) were also carried out. Fig. 6.20 shows competitive binding 

studies exhibit no interference of other metal ions in presence of sensitive metal ions. Hence 

metal ions which are found to be sensitive can be detected even in presence of other metal 

1+ other metal ions 1+ other Metal ions+ Hg

Naphthyl.............. 

 
Calculation process of the detection limit of probe NED1 towards (a) Hg(II) 

(Concentration was linear from 20 μM to 140 μM) (b) Fe(II) (Concentration was linear from 
20 μM to 140 μM) and (c) Fe(III) (Concentration was linear from 20 μM to 160 μM)  at 

Competitive binding studies of the sensitive metal ions in presence of other served 

metal ions Ca(II), Mg(II), Mn(II), Fe(II), Co(II), Cr(III) Fe(III), Ni(II), Cu(II), Zn(II) and 

shows competitive binding 

studies exhibit no interference of other metal ions in presence of sensitive metal ions. Hence 

metal ions which are found to be sensitive can be detected even in presence of other metal 
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(b) 

(c) 

Fig. 6.20 Competitive binding studies: Change in emission intensity of probe NED1 (50 
µM) at 438 nm upon addition of 20 equivalents of (a) Hg(II) (b) Fe(II) and (c) Fe(III) along 

with 20 equivalents of various metal ions (λex=320 nm)
 

6.3.8. Living cells imaging

In vitro studies prompted to evaluate the performance of probe in living cells. Hence 

to optimize utility of probe

studies were also performed. 

Hg(II) have been depicted in 

is providing intense fluorescence inside the cell (

cells are alive in the experimental concentration range of HgCl
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Competitive binding studies: Change in emission intensity of probe NED1 (50 
µM) at 438 nm upon addition of 20 equivalents of (a) Hg(II) (b) Fe(II) and (c) Fe(III) along 

with 20 equivalents of various metal ions (λex=320 nm)

Living cells imaging 

studies prompted to evaluate the performance of probe in living cells. Hence 

to optimize utility of probe NED1 as an imaging agent for the detection of Hg(II) living cell 

studies were also performed. Fluorescence microscopic images for the probe and probe and 

Hg(II) have been depicted in Fig. 6.21. Results obtained clearly indicated that probe NED1 

is providing intense fluorescence inside the cell (Fig. 6.21a). Fig. 6.

alive in the experimental concentration range of HgCl2. Quenching of fluorescence 

was observed with the addition of Hg(II) as shown in Fig. 6.21c. 

1+ other metal ion 1+ other metal ions+ Fe(II)

1 + other metal ions 1+ other metal ions + Fe(III)

cury) Using Naphthyl.............. 

 

 
Competitive binding studies: Change in emission intensity of probe NED1 (50 

µM) at 438 nm upon addition of 20 equivalents of (a) Hg(II) (b) Fe(II) and (c) Fe(III) along 
with 20 equivalents of various metal ions (λex=320 nm) 

studies prompted to evaluate the performance of probe in living cells. Hence 

NED1 as an imaging agent for the detection of Hg(II) living cell 

Fluorescence microscopic images for the probe and probe and 

esults obtained clearly indicated that probe NED1 

Fig. 6.21b explains that the 

Quenching of fluorescence 

1+ other metal ions+ Fe(II)

1+ other metal ions + Fe(III)
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Fig. 6.21 Fluorescence microscopic images of 
image of cells treated with probe NED1 (50 μM) in the absence of HgCl
supplemented with 10 equivalent HgCl

10 equivalents of HgCl
 

6.3.9. Logic gate application 

Molecular logic gates are also an interesting area to explore in current research. OR 

gate is a basic gate which is normally switched on if either one or both inputs are turned on. 

OR gate can be interpreted if Hg(II)(IN1), Fe(II)(IN2), Fe(III)(IN3) taken as an input while 

emission intensity at 438 nm as output. Emission intensity 200 a.u. has been taken as a 

threshold value, above 200 emission intensity gives OUT=0 and emission intensity below 

200 gives OUT=1. The truth table and logic function have been shown in Fig. 6.
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Fluorescence microscopic images of Candida albicans cells. (a) Fluorescence 
image of cells treated with probe NED1 (50 μM) in the absence of HgCl2 (control); (b) cells 
supplemented with 10 equivalent HgCl2 only (c) cells supplemented with probe NED1

10 equivalents of HgCl2 in growth medium for 20 min 

Molecular logic gates are also an interesting area to explore in current research. OR 

gate is a basic gate which is normally switched on if either one or both inputs are turned on. 

II)(IN1), Fe(II)(IN2), Fe(III)(IN3) taken as an input while 

emission intensity at 438 nm as output. Emission intensity 200 a.u. has been taken as a 

threshold value, above 200 emission intensity gives OUT=0 and emission intensity below 

truth table and logic function have been shown in Fig. 6.

Naphthyl.............. 

cells. (a) Fluorescence 
(control); (b) cells 

only (c) cells supplemented with probe NED1 and 

Molecular logic gates are also an interesting area to explore in current research. OR 

gate is a basic gate which is normally switched on if either one or both inputs are turned on. 

II)(IN1), Fe(II)(IN2), Fe(III)(IN3) taken as an input while 

emission intensity at 438 nm as output. Emission intensity 200 a.u. has been taken as a 

threshold value, above 200 emission intensity gives OUT=0 and emission intensity below 

truth table and logic function have been shown in Fig. 6.22. 
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Fig. 6.22 Change in emission spectra and output intensities (bar diagram) of NED1 upon 
chemical inputs of Hg(II) A, Fe(II) B, Fe(III) C. Truth table indicates OR logic functions 
 

6.4. Conclusions 

In conclusion, a naphthylamine based fluorescent probe NED1 was utilized for the 

metal ion detection using fluorescence spectral studies in mixed aqueous medium. Probe 

NED1 exhibited selective quenching probably via CHEQ in presence of Hg(II), Fe(II), 

Fe(III). UVvisible and NMR data clearly indicated chelation of above ions to probe NED1. 

Binding stoichiometry, association constant and SternVolmer constants for all the three 

sensitive metal ions were also calculated. Due to the sensing in mixed aqueous media probe 

was also subjected for the in vivo studies. In vivo studies on fluorescence quenching showed 

sensing of Hg(II) in Candida albicans cells. Competitive binding studies clearly articulated 

that probe NED1 is selective to above three ions. This simple and easytouse probe demands 

its application in molecular logic gate devices.  
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6.5. Experimental section 

6.5.1. Materials and instrumental methods 

N(2aminoethyl)naphthalen1amine hydrochloride salt was purchased from Sigma 

Aldrich, Steinheim, Germany and used without further purification. All metal salts used in 

the synthesis were purchased from commercial source and used directly (without any 

purification). GCMS was performed using PerkinElmer CLARUS 500 GCMass 

spectrometer; mass spectroscopic measurements were recorded with micROTOFQ II 

10328. The UVvisible spectra were obtained by using Evolution 600, Thermo Scientific 

UVvisible spectrophotometer. Emission spectra were obtained from RF5301PC with a 3 

cm standard quartz cell. Living cells imaging were recorded by a digital camera connected 

to the microscope (Evos fl, AMG groups, Carlsbad, CA, USA). DMSO used for studies was 

HPLC grade.  

6.5.2. Synthesis of N(2aminoethyl)naphthalen1amine, NED1 

Probe NED1 was used directly neutralizing the hydrochloride salt of 

N(2aminoethyl)naphthalen1amine with saturated solution potassium hydroxide. This 

neutralized amine was further used and stocks were prepared in DMSO. 

6.5.3. Preparation of stock 

6.5.3.1. Preparation of stock solution of probe NED1 

Stock of probe NED1 was prepared in dimethylsulfoxide. All the experiments were 

performed with freshly prepared stock solutions and no precipitation was observed within 2 

hrs time in the stock as well as in the cuvette. To avoid any precipitation we made very 

concentrated stock solutions and added a little amount of the stock solution to the solution in 

cuvette. 
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6.5.3.2. UVvisible and fluorescence stock preparations 

Stock solution of NED1 (1 mM) in DMSO and chloride salt (10 mM) of metals Ca(II), 

Mg(II), Mn(II), Fe(II), Co(II), Cr(III) Fe(III), Ni(II), Cu(II), Zn(II) and Hg(II) were prepared 

in water for metal ion sensing. 

6.5.4 Determination of fluorescence quantum yield 

The fluorescence quantum yield were calculated for probe NED1 as well as probe 

NED1 and sensitive metal ion using 2aminopyridine as standard (ΦF= 0.6) in 0.1 N 

H2SO4.
597 The probe NED1 as well as probe NED1 and sensitive metal ion were taken in 

mixed solvent media (0.1% DMSO in 100 mM phosphate buffer, pH 7.4). 
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6.5.5 Life time measurements 

Time resolved fluorescence studies for probe NED1 was carried out in absence as well 

as presence of sensitive metal ions namely Hg(II), Fe(II) and Fe(III). Laser excitation source 

of 340 nm was used and decay kinetics was observed at 438 nm. In absence as well as in 

presence of metal ion probe NED1 followed three exponential decay kinetics. Samples of 

probe NED1 and NED1 with metal ions were prepared in mixed solvent media (0.1% 

DMSO in 100mM phosphate buffer, pH 7.4). 

6.5.6 Determination of the binding stoichiometry, the apparent association constants 

Kass and SternVolmer constant KSV  

The apparent association constant (Kass) for probe and sensitive metal ion were 

calculated using Benesi–Hildebrand equation: 
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1/(F − F�) = 1/{����(F��� − F�)[M]	} + 1/((F��� − F�) 

Where F is fluorescence intensity for a given concentration of metal ion at λem 438 

nm, F0 is intensity in absence of metal ion, and Fmax is maximum fluorescence intensity in 

presence of metal ion in solution. A graph is obtained by plotting 1/(FF0) against 1/[M]. 

The values of apparent association constant Kass were calculated using slope and line of the 

plot.600 Fluorescence quenching titration was further evaluated using Stern–Volmer 

equation:601 

I

I�
= 1 + ���[Q] 

 

Where I0 is the emission intensity in absence of quencher, I is emission intensity in 

presence of quencher (Q) and Ksv is SternVolmer constant. 

6.5.7. Calculation of detection limit 

Limit of detection was calculated using following equation: 

Detection limit  =3σ/k  

where σ is the standard deviation of blank measurement, k is the slope between the 

fluorescence intensity versus metal ion concentration. 

6.5.8. In vitro cell imaging 

Candida albicans was grown in yeast extract peptone dextrose (YEPD) broth medium, 

and incubated at 30 °C for 48 h with a shaking speed of 120 r/min. Diluted cell suspension 

(1×108 cells/mL) of test microbe was added to separate sterile eppendorf tubes (2 mL) 

followed by addition of test solutions (probe NED1 (50 μM), HgCl2 (1000 μM) and probe 

and HgCl2 in respective tube. The eppendorf were then incubated at 30 °C for 4 h to 

evaluate the fluorescent capturing of prepared solution (HgCl2). After incubation, the tubes 

were centrifuged and the supernatant was discarded. The pellet was rinsed thrice with PBS 

(pH 7.4) to remove any extra probe or HgCl2. The stained cells were visualized using 

fluorescent microscopy. 
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Chapter 7 

 
7.1. Abstract 

A novel fluorescent probe (2-((2-(naphthalen-1-ylamino)ethylimino)methyl)phenol) 

NED2 has been synthesized and characterized by various spectroscopic methods. 

Photophysical properties of NED2 have been investigated to study the sensing of metal 

ions in methanolic solutions. NED2 was found to be highly selective for iron over tested 

metal ions. Probe NED2 selectively detected iron in both II and III oxidation states giving 

rise to yellowbrown and purple color respectively. The naked eye detection of iron is 

useful for the discrimination of II and III oxidation state while fluorescence studies 

concludes selective and specific sensitivity towards iron(III). Probe was found to be highly 

sensitive and selective towards iron(III) during fluorimetric detection. DFT calculations 

were performed. Logic gate application of the probe was also executed. 
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7.2. Introduction 

Design and synthesis of fluorescent probes or chemosensors for the detection of metal 

ions are significant area of chemical research.327,329 Among transition metals, iron is one of 

the most essential element present in the biosystem and exhibit several fundamental roles in 

different enzymatic and other biological activities.2,3,333 However, improper concentration of 

this metal ion could exhibit detrimental effects alone or in a combined state causing diseases 

like hemochromatosis, cancer etc.334 Hence detection of the iron and its concentration as 

well as localizations are extremely important for the cure of such diseases. The most 

common oxidation states of iron are Fe(II) and Fe(III) which are important for ordinary and 

related chemistry.1 Naked eye detection of metal ions is important for qualitative detection 

as well as quantitative identification. Hence simple and ready to use colorimetric probes are 

extremely demanding for metal ion sensing.335 In this regard, fluorescent chemosensors have 

gained considerable awareness in the recent years because fluorescence measurements are 

simple, sensitive and easy to handle technique fluorescence.602 Several colorimetric as well 

as fluorimetric probes have been described for iron metal ion sensing.336–339,341–343,603 We 

have recently reported a simple fluorescent probe for fluorimetric detection of Fe(III).587 To 

the best of our knowledge, there is no report of a naphthylbased probe which could detect 

iron colorimetrically as well as fluorometrically.604,605 Multi step synthesis, tedious methods, 

complicated structures as well as interference from several metals such as Cu(II) and Cr(III) 

were also observed in reported fluorescence probes for Fe(III).606–613 In this work, we have 

designed and synthesized a simple but novel probe 

2((2(naphthalen1ylamino)ethylimino)methyl)phenol (NED2) for the naked eye 

detection of Fe(II) and Fe(III) (Fig. 7.1). Probe was subjected for the fluorometric detection 

of Fe(III). The results for the detection of iron will be discussed in the light of theoretical 

studies via DFT calculations. Possible application in the area of logic gates will also be 

scrutinized.  
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Fig. 7.1 Probe 2((2(naphthalen1ylamino)ethylimino)methyl)phenol (NED2) used in 
present work 

 

7.3. Results and discussion 

7.3.1. Synthesis of probe NED2 

Fluorescent probe 2((2(naphthalen1ylamino)ethylimino)methyl)phenol NED2 

has been synthesized by refluxing N(1naphthyl)ethylenediamine and 

2hydroxybenzaldehyde. Amine N(1naphthyl)ethylenediaminedihydrochloride was 

neutralized using potassium hydroxide prior to use. Probe NED2 was charcterized using 

various spectroscopic studies such as IR, UVvisible spectral studies. Structure of probe 

NED2 was established by spectroscopic techniques 1HNMR, 13CNMR and GCMS 

spectral studies. 

7.3.2. Characterization of NED2 

7.3.2.1. IR spectral studies 

The characteristic azomethine (HC=N) band for probe was observed at 1581 cm1 in 

IR spectrum (Fig. 7.2).396 
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Fig. 7.2 IR spectrum of probe NED2 
 

7.3.2.2. Electronic absorption spectral studies 

The electronic absorption study of probe showed bands around 282 and 354 nm 

(shown in Fig. 7.3). All these bands were assigned as intramolecular ππ* and nπ* 

transitions.396,402 

 

 

Fig. 7.3 UVvisible absorption spectrum of NED2 (20 μM) in methanol 
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7.3.2.3. GC-MS spectral studies 

GCMass spectral studies exhibited peak corresponding to the molecular ion at m/z 

value of 290 as depicted in the Fig. 7.4. 

 

Fig. 7.4 GCMS spectrum of NED2 
 

7.3.2.4. NMR spectral studies 

The 1HNMR spectrum of the NED2 (Fig. 7.5) exhibited four methylene protons at 

3.68 and 3.69 ppm respectively. A singlet for –NH bonded directly to the naphthyl group is 

at 4.58 ppm. All the aromatic protons were found in the range of 6.698.32 ppm. A broad 

singlet peak at 13.26 ppm was observed due to –OH proton.  
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Fig. 7.5 1HNMR spectrum of NED2 in CDCl3  
 

To confirm –OH proton a deuterium exchange experiment also performed and 

confirmed the presence of –OH at 13.26 ppm. 

 
Fig. 7.6 1HNMR D2O exchange spectrum of NED2 in CDCl3  
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13CNMR spectrum of NED2 has been exhibited in Fig. 7.7. –CH2 carbon showed 

peak at 44.4 and 58.1 ppm. All the aromatic carbons were found in the range of 104.7166.7 

ppm. 

 

 

Fig. 7.7 13CNMR spectrum of NED2 in CDCl3  
 

To confirm the –CH2 carbon 13C DEPT135 NMR experiment was also performed 

which showed peak in negative corresponding to –CH2 carbon and confirms the presence of 

the same (Fig. 7.8). 
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Fig. 7.8 13C DEPT135 NMR of NED2 in CDCl3  
 

Table 7.1 Data for UV-visible and NMR spectral studies of probe NED2 

UV–visible data  

(max/nm, /M1cm1)a 

1HNMRb 13CNMRb 

400 (1,190), 325 

(9,730), 247 (24,700), 

213 (65,560) 

13.260 (s, 1H), 8.345 (s, 1H), 8.005 

(d, J= 8, 1H), 7.799 (d, J= 8, 1H), 

7.742 (d, J= 8.5, 1H), 7.270-7.451 

(m, 5H), 7.267 (d, J= 7.5 Hz, 1H), 

7.198 (d, J= 7.5, 1H), 6.702 (d, J= 

7.5, 1H), 4.586 (s, 1H), 3.318 (dd, 

2H), 3.251 (t, 2H)  

166.7, 44.41, 58.12, 104.7,117, 

117.8, 118.73, 118.78, 119.82, 

123.58, 124.97, 125.89, 126.54, 

128.73, 131.53, 132.53, 134.42, 

142.69, 161.09 

aSolvent: Methanol, bSolvent: CDCl3 
 

7.3.3. Naked eye detection 

During the addition of probe NED2 to the metal ions a unique color change was 

observed. Among the served metal ions only Fe(II) (yellow-brown) and Fe(III) (purple) 

showed color which can easily be detected via “naked eye” (Fig. 7.9). Although several 

fluorescent probes have been reported for the naked eye detection of iron but there is no 
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report for discrimination of Fe(II) and Fe(III) using naphthylbased probe for visible 

detection. 

 

 

Fig. 7.9 Naked eye detection of NED2 in the presence of representative metal ions (10 eq) 
 

7.3.4. UVvisible absorption spectral studies 

Absorption spectral studies of probe NED2 have been investigated in methanol. 

UVvisible spectra showed typical naphthalene absorption band at 320 nm corresponding to 

charge transfer transition between amine and naphthyl group.583 Probe NED2 exhibited a 

band around 402 nm in visible region responsible for the slight yellow color of probe. On 

addition of Fe(II) into the methanolic solution of probe NED2 yellowbrown color appeared 

and showed an intense absorption band in the visible region around 536 nm. Similarly, the 

addition of Fe(III) into the methanolic solution gave rise to purple color and showed an 

intense absorption band in the visible region around 590 nm (Fig. 7.10). The color appeared 

was due to a charge transfer band originated in the visible region.614 
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Fig. 7.10 UVvisible spectral change of NED2 (20 µM) in methanol on addition of 
10 equivalent of Zn(II), Sn(II), Ni(II), Mn(II), Mg(II), Hg(II), Fe(II), Fe(III), 

Cu(II), Co(II), Cd(II), Ca(II) and Ba(II) 
 

Further the effect of concentration variation of iron metal ion (Fe(II) and Fe(III)) was 

monitored using absorption spectral studies. During titration experiments with Fe(II) and 

Fe(III) ions band increases in the visible region (Fig.7.11Fig.7.12). 

 

 

Fig. 7.11 Absorption spectra of NED2 (5 μM) upon addition of different amounts of Fe(II) 
in methanol 
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Fig. 7.12 Absorption spectra of NED2 (5 μM) upon addition of different amounts of Fe(III) 
in methanol 

 

7.3.5. Emission spectral studies 

Photophysical properties of probe NED2 were explored in methanol. Probe NED2 was 

found to be fluorescent at excitation wavelength (λexc) 320 nm. The wavelength of emission 

was 420 nm. Maximum emission intensity of probe NED2 was observed after incubation for 

5 min and remains constant after that (Fig. 7.13). 

 

 

Fig. 7.13 Plot of emission intensity NED2 (5×10-5M) for 40 min at λex 320 nm 
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Upon addition of metal ions Zn(II), Sn(II), Ni(II), Mn(II), Mg(II), Hg(II), Fe(II), 

Cu(II), Co(II), Cd(II), Ca(II) and Ba(II) to the probe NED2 did not show any appreciable 

change. While introduction of Fe(III) to the solution of probe NED2 gave rise to quenching 

in emission intensity with the red shift of 13 nm. On further addition of Fe(III) to the probe 

a decrease in emission intensity was observed (Fig. 7.14). 

 

  

Fig. 7.14 (A) Fluorescence emission spectra of NED2 (20µM) in methanol with 10 
equivalent of Zn(II), Sn(II), Ni(II), Mn(II), Mg(II), Hg(II), Fe(II), Fe(III), Cu(II), Co(II), 
Cd(II), Ca(II) and Ba(II). (B) Fluorescence emission titration spectra of NED2 (20µM) in 
the presence of varying concentration of Fe(III) in MeOH at λex 320 nm. (Inset- change in 

emission intensity with number of equivalents of Fe(III) 
 

A large stoke shift was observed for maximum excitation and emission wavelength as 

depicted in Fig. 7.15. Due to large value of stokes shift, fluorescence resonance energy 

transfer (FRET) is not favorable for the quenching mechanism. Hence the electron transfer 

could be a probable mechanism for Fe(III) quenching as Fe(III) is a strong Lewis acid and 

can accept electron easily.615 
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Fig. 7.15 Excitation and emission spectra of probe NED2 (50 μM) in methanol solution. 
Black line is the excitation spectra, and the blue line is the emission spectra. The 

maximum excitation and emission are at 330 nm and 420 nm, respectively 
 

7.3.6. Detection of Fe(III) in mixed aqueous media and at variable pH 

To optimize possible utilization of probe NED2 for fluorimetric sensing of Fe(III) in 

the living cell applications, experiments were also performed in watermethanol mixed 

solvent media. Probe NED2 is insoluble in water hence a mixed aqueous media was utilized 

for experiments. During absorption spectral studies in mixed aqueous media, the band in 

visible region which were responsible for color generation completely disappeared (Fig. 

7.16). 

 

 

Fig.7.16 Changes observed during absorption spectral studies of NED2 (20 μM) and NED2 
and Fe(III) upon addition of different amounts of water in methanol 
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Experiments were also performed at variable pH in mixed aqueous media (Fig. 7.17) 

and in this case also band responsible for the naked eye detection was not observed.  

 

 

Fig. 7.17 Effect of pH during absorption spectral studies of NED2 (20 μM) and NED2 
and Fe(III) in water–methanol (4:1) 

 

Hence naked eye detection was not possible on changing solvent media from methanol 

to methanol:water as well as for pH variation.  

Similar to absorption spectral studies fluorescence properties of probe NED2 were 

also explored in mixed aqueous media as well as in different pH of the solutions. 

In mixed aqueous media sensing of metal ions towards probe changed as compared to 

sensing in methanol. Although a retention in quenching of Fe(III) observed in both the 

medium, however selectivity of iron sensing reduced (Fig. 7.18). In methanol, all the metal 

ions exhibited enhancement of emission intensity as compare to probe NED2 excluding 

Fe(III). On the other hand, in mixed aqueous media enhancement as well as quenching of 

emission intensity for different metal ions were observed. 
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Fig. 7.18 Emission spectral studies of NED2 (20 μM) and other representative metals in 
water–methanol (4:1) 

 

Effect of water was also observed on Fe(III) metal ion sensing as shown in Fig. 7.19. 

 

Fig. 7.19 Effect of water during absorption spectral studies of NED2 (20 μM) and NED2 
and Fe(III) in water–methanol (4:1) 

 

Fluorescence properties was also observed of probe NED2 and NED2 with the Fe(III) 

metal ion sensing at variable pH. Data has been deposited in Fig. 7.20. 
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Fig. 7.20 Effect of pH during emission spectral studies of NED2 (20 μM) and

 

All these experiments (Fig. 7.16

Fe(III) fluorescence quenching is medium dependent. These results ruled out the possibility 

of Fe(III) sensing via fluorescence in living cells applications.

7.3.7. Nature of quenching

SternVolmer plot, measurement of life time for probe (τ = 7.94 ns) only, 

Fe(III) (8.09ns) and changes in absorption spectra clearly designate static nature of 

quenching616 (Fig. 7.21(A) and (B)).

 

Fig. 7.21 (A) Fluorescence decay profile of NED2 in the presence and absence of Fe(III) in 
methanol.(B) Stern–Volmer plots for titrations of 
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Effect of pH during emission spectral studies of NED2 (20 μM) and
Fe(III) in water–methanol (4:1) 

All these experiments (Fig. 7.167.20) suggested that sensitivity and selectivity of 

III) fluorescence quenching is medium dependent. These results ruled out the possibility 

fluorescence in living cells applications. 

Nature of quenching 

Volmer plot, measurement of life time for probe (τ = 7.94 ns) only, 

Fe(III) (8.09ns) and changes in absorption spectra clearly designate static nature of 

(Fig. 7.21(A) and (B)).  

 

Fluorescence decay profile of NED2 in the presence and absence of Fe(III) in 
Volmer plots for titrations of NED2 with different 

Fe(III) in methanol 

d Iron (III) Metal Ion and.............. 

 

Effect of pH during emission spectral studies of NED2 (20 μM) and NED2 and 

7.20) suggested that sensitivity and selectivity of 

III) fluorescence quenching is medium dependent. These results ruled out the possibility 

Volmer plot, measurement of life time for probe (τ = 7.94 ns) only, probe and 

Fe(III) (8.09ns) and changes in absorption spectra clearly designate static nature of 

 

Fluorescence decay profile of NED2 in the presence and absence of Fe(III) in 
with different concentrations of 
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Quantum yield values were calculated using 2aminopyridine as standard. The values 

for relative quantum yield for probe NED2 as well as for probe NED2 and Fe(III) were 

found to be 0.03 and 0.005.613 

7.3.8. Selectivity studies 

Competitive binding studies were also performed to study the interference by served 

metal ions Zn(II), Sn(II), Ni(II), Mn(II), Mg(II), Hg(II), Fe(II), Cu(II), Co(II), Cd(II), Ca(II) 

and Ba(II) for the detection of Fe(III) using spectrophotometry as well as 

spectrofluorometry. Interference of metal ion can affect the selectivity of probe NED2 

towards Fe(III) and is very crucial for the sensitivity. During competitive binding studies 

equal concentration of Fe(III) and other metals were taken in methanolic solution. 

Antiinterference experiment showed that no metal ion interfere with the sensing of Fe(III). 

Hence probe NED2 is found to be an excellent sensor for Fe(III) even in presence of other 

metal ions.  

During absorption studies wavelength 565 nm was chosen for the mixed metal ion 

sensing experiment. Bar diagram clearly exhibits the effect of Fe(III) on fluorescence of 

probe NED2 (Fig. 7.22). Other metal ions did not show any band around 565 nm but on 

addition of Fe(III) a band arises at 565 nm. Only Cu(II) interfere with the band formation 

during UVvisible studies. 
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Fig. 7.22 Selectivity of metal ions at wavelength 565 nm in a solution having probe NED2 
and metal ions (black bar) and NED2 and metal ions and Fe(III) (red bar) observed using 

UVvisible absorption spectral studies 
 

Similar to absorption spectral studies, fluorescence studies performed for the 

competitive binding studies. During experimental condition Fe(III) showed quenching 

without interference of any other metal ion at wavelength 421 nm (Fig. 7). Hence probe 

NED2 can be used as highly selective as well as specific fluorimetric sensor for Fe(III) in 

methanol. 

 

 

Fig. 7.23 Selectivity of metal ions at wavelength 421 nm in a solution having probe NED2 
and metal ions (black bar) and NED2 and metal ions and Fe(III) (red bar) observed using 

fluorescence spectral studies 
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7.3.9. Binding stoichiometry of probe NED2 and Fe(III) 

Job’s plot was used to calculate the binding stoichiometry of probe NED2 and probe 

NED2 with Fe(III) metal ion.617 A graph between emission intensity vs mole fraction was 

plotted at wavelength 420 nm. The maxima clearly exhibit 1:1 binding stoichiometry of 

NED2 with Fe(III) (Fig. 7.24).  

 

 

Fig. 7.24 Job’s plot of NED2 and Fe(III) in methanol, total concentration of NED2 and 
Fe(III) were maintained 100 µM and observed at 420 nm 

 

Binding strength of probe NED2 and Fe(III) ion was also measured using Benesi–

Hildebrand plot which also supports 1:1 stoichiometry obtained from Job’s plot. The value 

of association constant was found to be 2.884  103 M1 (Fig. 7.25).618,619 
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Fig. 7.25 B–H plot for binding of Fe(III) with the probe NED2. Association constant was 
found to be 2.884  103. A good linear fit of the B–H plot supported the 1:1 binding 

stoichiometry 
 

Electrospray ionizationmass spectral (ESIMS) studies were also optimized to study 

the behavior of species formed in solution. Results observed from these experiments 

supported the 1:1 metal ion and probe NED2 interaction (Fig. 7.267.27). 

 

 

Fig. 7.26 ESI mass spectrum of NED2 in methanolacetonitrile solution 
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Fig. 7.27 ESI mass spectrum of NED2 and Fe (III) 10 eq in methanolacetonitrile mixture 
 

Further, limit of detection of Fe(III) was also calculated for a linear range of 10-60 µM 

and found to be 20.85 µM (Fig. 7.28). 

 

 

Fig. 7.28 Limit of detection calculated for a linear range of 1060 μM (wavelength 426 nm) 
 

7.3.10. Reversibility of fluorescence of probe NED2 

For better insight into the mechanism of Fe(III) sensing, fluorescence titration were 

conducted in presence of EDTA. EDTA has a strong tendency to chelate with Fe(III) and 

formation of FeEDTA complex stops the electronic interaction of probe with Fe(III) ion. 
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Hence instead of the fluorescence quenching, enhancement of fluorescence was observed in 

presence of EDTA. Further addition of Fe(III) ion to the solution gave rise to fluorescence 

quenching. Hence titration of probe NED2 with EDTA showed binding of Fe(III) with 

probe is reversible to some extent. This experiment also supports the electron transfer 

pathway for quenching of the probe (Fig. 7.29). Hence probe NED2 can be considered as a 

reversible sensor for Fe(III) metal ion sensing.338 

 

 

Fig. 7.29 Reversibility experiment from fluorescence spectra of probe NED2 in the presence 
of Fe(III) with excess of EDTA methanol 

 

7.3.11. Density functional theory (DFT) calculations 

To understand the mechanism of such processes, theoretical calculations were also 

performed. DFT calculations for NED2 and NED2Fe(III) complex was performed at the 

B3LYP level using LANL2DZ basis set for Fe center and 631G(d) basis set for non metal 

atoms.428 The highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) of NED2 and NED2Fe(III) complexes has been shown in Fig. 

7.30. 
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Fig. 7.30 Energy diagrams of HOMO and LUMO orbitals of probe NED2 and NED2–
Fe(III) complex calculated at the DFT level using a B3LYP/631+G(d,p) basis set 
 

The energy gaps between HOMO and LUMO was also calculated and the values for 

the probe NED2 and NED2Fe(III) complex were 0.10468 eV and 0.0102 eV respectively. 

Energy gap between HOMO and LUMO in adduct decreases in NED2Fe(III) favors to the 

complexation on addition of Fe(III) in probe NED1 as proposed. These findings suggest 

suitable binding of Fe(III) with tridentate probe having NNO donor.620  

7.3.12. Logic gate application 

Logic gates have been attracted the interest of researchers due to their growing 

application in molecular switches and molecular keypad devices.621–626 We tried to utilize 

these results for the logic gate application. Here we have chosen Fe(III) and EDTA used for 

reversibility experiment as input.627 Truth table and logic gate have been given in Fig. 7.31. 

Emission intensity at 100 has been taken as a threshold value at wavelength 420 nm. 

Emission intensity above threshold gives a state OUT= 0 and below OUT= 1. 
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Fig. 7.31 Change in emission spectra NED2 upon chemical inputs of Fe(III) IN1, EDTA 
IN2. Truth table indicates and logic functions 

 

7.4. Conclusions 

In this present work a simple and novel probe NED2 has been synthesized via a 

simple one step synthetic procedure and resultant compound was characterized by various 

spectroscopic techniques such as IR, UV-visible, GC-MS and NMR spectral studies. 

Photophysical properties of NED2 have been monitored for metal ion sensing in 

methanolic solution. Probe NED2 was found to be a naked eye sensor and selectively detect 

iron in both II and III oxidation states giving rise to yellowbrown and purple color 

respectively. There is a little interference of copper during absorption spectral studies. Probe 

NED2 was extremely sensitive and selective towards Fe(III) during fluorimetric studies. 

Fe(III) efficiently quenches fluorescence of the probe NED2 in presence of served metal 

ions. Static nature of quenching was supported by the data optimized via life time 

measurement, SternVolmer plot and UVvisible spectral studies. Probe NED2 and Fe(III) 

bind in 1:1 stoichiometry. Theoretical studies were also performed. DFT calculation 

provided that the decrease in the energy gap between HOMO and LUMO is probably 
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responsible for the quenching of fluorescence. Absorption spectral and fluorescence spectral 

studies in mixed (water and methanol) solvent were also performed. UVvisible 

experiments clearly showed the disappearance of bands near 500 nm which were 

responsible for the color. Hence presence of water decreases the sensitivity of iron among 

served metal ions. 
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7.5. Experimental section 

7.5.1.  Materials and synthetic methods 

N(1naphthyl)ethylenediaminedihydrochloride purchased from Thomas Baker, 

India. Salicylaldehyde was purchased from SRL, Mumbai, India. All metal salts used in the 

synthesis were purchased from commercial source and used directly (without any 

purification). 1HNMR and 13CNMR spectra of NED2 in CDCl3 were recorded using 

Bruker AVANCE, 500.13 MHz spectrometer; GCMS spectrometry was recorded with 

Perkin Elmer. The UVvisible spectra were obtained by using Evolution 600, Thermo 

Scientific UVvisible spectrophotometer. Emission spectra were obtained from RF5301PC 

with a 3cm standard quartz cell.  

7.5.2.  Synthesis of 2-((2-(naphthalen-1-ylamino)ethylimino)methyl)phenol NED2  

N-(1-naphthyl)-ethylenediaminedihydrochloride salt was dissolved in water and then 

neutralized using a saturated solution of KOH. Free amine was extracted with the help of 

dichloromethane and dried over Na2SO4. A solution of salicylaldehyde (122 mg, 1.00 

mmol) in 5 mL of methanol was added to (186 mg, 1.00 mmol) of 

N(1naphthyl)ethylenediamine in 10 mL methanol with continuous stirring. After 

refluxing of few hours, reaction was cooled to room temperature. An oily compound 

obtained after evaporation of solvent. GCMS (MeOH, m/z): 290 M+. Selected IR data 

(KBr, νmax/cm̶ 1): 3428,νN-H,1631,νC=Nimine. UVvisible [CH3OH, max/nm (/M-1cm-1)]: 400 

(1,190), 325 (9,730), 247 (24,700), 213 (65,560). 1HNMR (CDCl3, /ppm, 500 MHz): 

3.251 (t, 2H), 3.318 (dd, 2H), 4.586 (s, 1H), 6.702 (d, J= 7.5, 1H), 7.198 (d, J= 7.5, 

1H),7.267 (d, J= 7.5 Hz, 1H), 7.270-7.451 (m, 5H), 7.742 (d, J= 8.5, 1H), 7.799 (d, J= 8, 

1H), 8.005 (d, J= 8, 1H), 8.345 (s, 1H),13.260 (s, 1H). 13CNMR (CDCl3, /ppm, 500 

MHz):44.41, 58.12, 104.7,117, 117.8, 118.73, 118.78, 119.82, 123.58, 124.97, 125.89, 
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126.54, 128.73, 131.53, 132.53, 134.42, 142.69, 161.09, 166.7. Anal. Calcd for C18H17N3: 

C, 78.52; H, 6.22; N, 15.26, Found: C, 76.88; H, 6.46; N, 14.45. 

7.5.3.  UVvisible and fluorescence measurements  

Stock solution of NED2 (1 mM)  and chloride salt (10 mM) of metals Zn(II), Sn(II), 

Ni(II), Mn(II), Mg(II), Hg(II), Fe(II), Fe(III), Cu(II), Co(II), Cd(II), Ca(II) and Ba(II) were 

prepared in methanol for metal sensing. All fluorescence spectra of NED2 were recorded 

with the slit width 3/3. Fluorescence quantum yield (QY) was calculated by comparative 

method using 2aminophenol solution in 0.1N H2SO4 as the standard.628  

7.5.4. Determination of fluorescence quantum yield 

As described in chapter 6. 

7.5.5. Life time measurements 

As described in chapter 6. 

7.5.6. Determination of the binding stoichiometry and constants and Stern Volmer 

constant 

As described in chapter 6. 

7.5.7. Calculation of detection limit 

As described in chapter 6. 

7.5.8. Density functional theory (DFT) calculations 

As described in chapter 6. 
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In the present study we have designed and synthesized novel ligands and characterized by 

various spectroscopic studies. Manganese and iron complexes derived from these novel 

ligands were synthesized and characterized. Electrochemical investigations were also 

performed on the designed metal complexes. Molecular structure of the representative 

complexes in the series were determined by X-ray crystallography. DFT and TD-DFT 

calculations were also performed to support the experimental data. Several activities were 

explored using synthesized ligands and complexes designed for the present work. Some of 

the ligands synthesized were utilized for the metal ion sensing due to their remarkable 

photophysical properties. These ligands were proved to be excellent sensor for iron sensing 

in aqueous as well as non�aqueous media. Similarly designed metal complexes were also 

subjected for various studies such as interaction studies with the biomolecules, catalytic 

applications. Some manganese complexes exhibited superoxide scavenging activity (SOD 

activity) in xanthine/xanthine oxidase nitro blue tetrazolium (NBT) assay and these 

complexes found to be potent SOD mimic. Binding studies with the DNA showed good 

interaction with the manganese and iron complexes. These studies were further elaborated 

by monitoring nuclease activity for these complexes. Nuclease activity exhibited that 

complexes are capable to cleave in presence of oxidizing agent H2O2 and hence behaves as 

an artificial chemical nuclease. During the designing of the ligands we have designed some 

ligands with non�innocent character. Therefore the complexes derived from these ligands 

were also utilized for catalytic as well as interaction studies with the biomolecules. Iron 

complexes derived from these ligands showed remarkable oxidation of o-aminophenol. 

Moreover representative complex from the series were subjected to the nuclease as well as 

protease activity in absence of any oxidizing or reducing agent and afforded these activities 

via self-activation. Similarly manganese complexes of these ligands were utilized to 

optimize the phenoxyl radical generation using UV-visible spectroscopy. The representative 

complex from the series also exhibited self-activated nuclease and protease. 
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Hence we synthesized and characterized ligands and several manganese as well as iron 

complexes and explored their application in several activity studies. We are trying to 

explore several other facets including in vivo biological activities, metal ion sensing and 

magnetic studies of the results obtained from the present study. 
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