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ABSTRACT 

Synthesis of water soluble metal complexes of β-cyclodextrin based ligands is 

an emergent field of research in coordination chemistry. The vast interest in this field 

has stemmed from their fascinating features (like water solubility, less toxicity, 

variation of coordination properties, green synthetic aspect, etc.). These properties 

lead to their wide range of applications as enzyme mimicking, drug delivery, 

catalysis, etc. Using this type of metal complexes as catalysts and drugs makes the 

catalytic reaction environmentally benign and bio-friendly. 

Chapter I is an introductory one that describes β-cyclodextrin based ligands, 

their applications in various fields and the advantages of using metal complexes of β-

cyclodextrin based ligands. This chapter also contains a brief literature review on 

related works as well as the objective and application of the research works. 

            Chapter II contains the sources of the different chemicals and materials used in 

this research work. This chapter also contains details of the physico-chemical and 

spectroscopic techniques, viz., Elemental analysis, Magnetic susceptibility 

measurement, IR, UV-Visible, NMR- spectroscopies, ESI-MS, etc., used for the 

physic-chemical characterization of the synthesized complexes. This chapter also 

describes briefly the procedure to study different applications of the compounds.  

Chapter III contains the synthesis, physico-chemical characterization of the 

water soluble Zn(II) complexes of two β-cyclodextrin based Schiff bases, viz., mono-

6-deoxy-6-(4-(5-chloro-2-hydroxybenzylideneamino)-3,4-diaminotolune)-β-

cyclodextrin and mono-6-deoxy-6-(4-(5-nitro-2-hydroxybenzylideneamino)-3,4-

diaminotolune)-β cyclodextrin. Immune cell cytotoxic properties, antioxidant and free 

radicals scavenging activities of these complexes were studied.  

Chapter IV includes the synthesis and physico-chemical characterization of 

newly synthesized Co(II) and Cu(II) complexes of a β-cyclodextrin based azo 

functionalized Schiff base. It was found that the β-cyclodextin based azo containing 

Schiff base ligand acts as tetradentate ligand for both the metal ions. But both the 

Co(II) and Cu(II) complexes acquire octahedral geometry with two coordinated water 

molecules. The synthesized compounds were used to study DNA interaction and 

DNA cleavage activities. 
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Chapter V includes the synthesis, physico-chemical characterization and 

biological activity of S, N containing S-modified β-cyclodextin based ligand and its 

fairly water soluble Fe(III) complex. Various analytical and spectroscopic data 

suggested that the Fe-complex has high spin octahedral geometry. The synthesized 

compounds were used to study antibacterial activity against gram positive 

(Staphylococcus aureus, Bacillus subtilis) and gram negative (Escherichia coli, 

Klebsiella pneumoniae) bacteria. 

Chapter VI includes the synthesis, Physico-chemical characterization and 

catalytic activity of a Pd(II) complex of β-cyclodextin based polydentate ligand in 

aqueous phase. The complex showed good catalytic activity for Suzuki reaction in 

aqueous media with its recyclabilty up to 4th run. 

Finally chapter VII concluded the works embodied in this dissertation. 
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PREFACE 

I started the research work presented in this thesis entitled “Novel Transition 

Metal Complexes of Some β-cyclodextrin based Polydentate Ligands : Synthesis 

and Physico-Chemical Characterization” in the year 2014 under the supervision of 

Prof. Biswajit Sinha in the Department of Chemistry, University of North Bengal, 

India. It is well known that transition metal ions play vital roles in a number of 

biological processes. The metal ions with biologically active ligands are a subject of 

considerable interest due to their numerous applications as antitumor, antibacterial 

and antifungal agents and functionalized β-cyclodextrins have been studied 

extensively over the years due to their selectivity towards various transition metal ions 

and for their water solubility. They may act as polydentate ligands for complexation 

with different transition metal ions like Mn(II), Ni(II), Cu(II), Co(II), Fe(III), Zn(II) 

and Pd(II), etc.  

Of late, functionalized β-cyclodextrins have drawn much interest in the 

context of green synthesis and catalysis, etc. Their merit lies in the ease with which 

their properties can be tuned by varying coordination sites through substitutions of the 

hydroxyl group of β-cyclodextrin. Catalytic utilization of the transition metal 

complexes prepared by these tunable ligands is very promising. Suitable changes of 

the steric or electronic environment about the metal complexes can have a dramatic 

influence on their physico-chemical properties. Metal complexes of β-cyclodextrin 

based polydentate ligands are favorite catalysts for their easy recovery process in a 

series of chemical transformations such as olefin metathesis, hydrogenation, 

hydroformylation, Negishi cross-coupling reaction, Heck reaction, Suzuki coupling 

reactions, etc.  Therefore studies on the β-cyclodextrin based polydentate ligands and 

their transition metal complexes is quite interesting from the point of view: their 

stability, geometry, biological activity and potential applications in many fields. 

The present dissertation focused on the synthesis, physico-chemical 

characterization and their potential applications of water soluble metal complexes of 

β-cyclodextrin based polydentate ligands.  
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CHAPTER I 

General Introduction 

Modern coordination compounds and transition metals play the pivotal role in 

catalysis, biological and other applications. Over the years, synthesis and application 

of transition metal complexes have attracted the researchers worldwide for their 

synthetic and operational flexibility and interesting structural features. Though most 

of the coordination compounds formed by the organic ligands containing more than 

fifty percent of carbon, they are included under inorganic chemistry due to 

involvement of the central metal ion that is accountable for their reactivities. In the 

biological processes, traces of metals are essential. For the proper folding into an 

active three dimensional (3-D) structure, 30 - 40 % of all known proteins including 

metalloenzymes need metal cofactors (e.g., Fe, Cu, Zn, Ni, Mn).1,2 The reactivity of 

transition metal complexes can easily be modulated by simply changing the metal 

ions and their oxidation states as well as the ligand system. Research has shown that 

the transition metal complexes utilized as drugs to treat several human diseases, viz. 

cisplatin, carboplatin and oxaplatin (Platinum, Pt) as anticancer agents, arsenic 

trioxide (Arsenic, As) as anticancer agent, auranofin (gold, Au) as anti-rheumatoid 

agent, ebselen (selenium, Se) as anti-inflammatory agent, scralfate and 

polaprezincdiabetes (aluminum, Al and zinc, Zn) as anti-ulcer agents.3,4 Development 

of transition metal complexes as drugs is not a simple task. Accumulation of free 

metal ion inside the cell may cause severe side effects.5 For example, cisplatin is a 

successful chemotherapeutic drug but its clinical application is limited by its severe 

side effects such as dose-dependent nephrotoxicity, nausea, vomiting, ototoxicity and 

neurotoxicity. Another important limitation of the transition metal complexes is that 

most of them are sparingly soluble in water or they have very limited aqueous 

solubility. Solubility is one of the main parameters to achieve desired concentration of 

a drug for obtaining its required pharmacological response.6 Such sparingly water 

soluble drugs required high doses to obtain optimal therapeutic plasma concentrations 

after administration. The low solubility and poor dissolution rate of such drugs in the 

aqueous gastrointestinal fluids often results inadequate bioavailability. At the site of 

absorption any drug must be present in the form of an aqueous solution.7 Despite of 

this limitation, the use of transition metal complexes as therapeutic agents/drugs has 
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become more pronounced.  Problem of aqueous solubility is a main challenge for the 

formulation scientist.8  

Transition metals and their coordination compounds play an important role in 

catalyzing numerous chemical reactions. In such reactions mixture of water and 

water-miscible organic solvents such as THF, t-BuOH and DMSO are generally used 

as solvents.9 Since most organic solvents like VOCs (volatile organic compounds) are 

toxic, carcinogenic, flammable, or explosive.10,11 Their use is associated with safety, 

health and environmental issues. For example many Palladium-catalyzed C–C 

coupling reactions have been reported and major drawbacks associated with them are 

the use of toxic solvents, high temperature and long reaction time, etc.11 From the 

standpoint of green chemistry, water is the best replacement for organic solvents.12-14 

The major advantages associated with water are its abundance, low cost, no toxicity 

and  non-flammability.15 In addition, water offers exceptional chemical reactivity and 

selectivity through its ability to solvate salts and polar compounds.16 In catalytic 

reactions, the use of water as a solvent with hydrophilic metal catalysts results into 

easy separation and recycling of the catalyst from the products. Recently, interest in 

the exploration of catalytic reactions in neat water is increasing dramatically owing to 

the advantages such as work-up procedure simplification, reaction rate acceleration. 

etc., offered by this eco-friendly and naturally available solvent.17 Hence it is clear 

that water is the most favorable solvent for its versatile properties regarding catalytic, 

biological and other applications and hence it is desirable to prepare the water soluble 

transition metal complexes. The water-solubility of transition-metal complexes can be  

enhanced by suitable ligand design/ligand modification and thus widening the scope 

of applicability.18 Solubility of metal complexes in water can be gained by 

incorporation of polar substituents such as ammonium or sulfonate side groups.18 

There have been several examples of water-soluble transition-metal complexes based 

on monodentate alkanesulfonated NHC ligands,19-22 and the complexes have found 

applications in (transfer) hydrogenation and regioselective deuteration of aromatic 

compounds23 and cross couplings.24 Along with this type of ligand modification, 

cyclodextrins (CDs) have also drawn much attention due to their high water-solubility 

and special hydrophobic cavity. Indeed, CDs, their derivatives and their metal 

complexes have shown excellent performances in aqueous organic reactions 

(oxidation, reduction, hydrolysis, hydroformylation, and so on25, enzyme mimicking, 

molecular recognition and drug delivery in aqueous medium.26,27 The necessity of 
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preparing water soluble metal complexes has motivated the researcher to do further 

work towards the improvement of novel β-cyclodextrin based metal complexes with 

superior properties. However, the application of β-cyclodextrin based metal 

complexes in catalysis has not been fully explored, especially in aqueous medium and 

their application in the field of DNA interactions is very rare. Also the studies on their 

antioxidant property and antibacterial activity are less common. Metal complexes 

with changeable coordination environments and versatile spectral, electrochemical 

properties offer a great extent for design of water soluble β-cyclodextrin based species 

that are suitable for catalytic, antibacterial, antioxidant, DNA binding and cleavage 

activities.  

Chemistry of coordination complexes with organic molecules has gained 

extensive attention throughout the world. Alfred Werner (1866-1919), the Nobel Prize 

winner was the first scientist who majorly contributed to the discovery of this branch 

of chemistry by his ‘Coordination Theory’ in 1913.28 His coordination theory became 

one of the greatest milestones in chemistry and influenced other chemists to explore 

coordination chemistry of metal complexes. The contribution of other pioneers like 

Lewis, Sidgwick, Linus Pauling, Bethe, Orgel, Jorgenson, Ballhausen and Pearson 

etc, in the structure and bonding are landmarks in the history of coordination 

compounds. Coordination chemistry is described as the study of the bonding in 

compounds formed between metal ions (lewis acid) and neutral or negatively charged 

ligands (lewis base) that donate electrons to the metal. The ligands generally contain 

oxygen, nitrogen, and sulphur, etc, donor sites and they readly form chelates with 

metal(II) ions through a stable coordinate bond (M → L). Chelation causes dramaic 

changes in the biological properties of ligands as well as of the metal moiety and in 

many cases it causes synergistic effects for both  metal ion and ligand.29,30 In 

coordination chemistry, the modified β-cyclodextrin based ligands with several 

transition metals have found important roles in catalysis, molecular recognition, food 

and pharmaceutical industries, etc.31 Different synthetic modifications of CD can be 

accomplished for better complexing ligand molecule. But modification of CD as a 

ligand has been explored far less in the field of organometallic catalysis for various 

transformations in aqueous media. Recently, some authors have published articles on 

the coordination chemistry of β-cyclodextin based ligands and their metal 

complexes.32,33 Metal ions complexes with cyclodextrins have potentialilty to act as 

metallo-enzyme models.34 Because of their many potential applications,35-40 they 



 
Chapter I 

4 
 

inspired the chemists to choose this field for research particularly for biological and 

catalytical interests. Metal ion dependent processes are abundant in bioscience and 

vary tremendously in their function and complexity. It is well known that metal ions 

control a vast range of processes in biology. There is an increasing interest towards 

the use of metal complexes with organic chelating molecules as therapeutic agents. 

Catalysts are highly specific compounds. The specificity of the metal catalysts 

especially depends on their associated metal ions.  In view of all the above facts 

studies on the coordination chemistry of transition metal complexes with modified β-

cyclodextrin based ligand systems are very important. 

1.1.Biological and Catalytic importance of some transition metals  

Catalysis lies at the core of modern synthetic chemistry. 90 % of all commercial 

chemicals are produced by preparative methods involving at least one catalytic step. 

Accordingly, the worldwide catalyst market has grown steadily over the past several 

decades. Transition metal and their complexes have played an important role as 

catalysts in modern organic41 and organometallic42 chemistry, because of their 

inherent properties like variable oxidation number, ease of complex ion formation and 

catalytic activities. Metal ions play key roles in about one third of enzymes.43 The 

electron flow in a substrate or enzyme can be modified by these ions, thus effectively 

controlling an enzyme catalyzed reaction. The role of some transition metal ions in 

biological and catalytic field are therefore given below:  

1.1.1. Iron 

Iron is one of the common elements in earth crust. Iron plays a main role in 

forming complexes with molecular oxygen in myoglobin and hemoglobin. Also many 

important redox enzymes dealing with oxidation, reduction and cellular respiration in 

plants and animals contain iron at their active sites. Inorganic iron involves in redox 

reactions in the iron-sulfur clusters of many enzymes, viz, nitrogenase and 

hydrogenase. Non-heme iron proteins include the enzymes ribonucleotide reductase 

(reduces ribose to deoxyribose; DNA biosynthesis), methane monooxygenase 

(oxidizes methane to methanol) and hemerythrins (oxygen transport and fixation in 

marine invertebrates).  

Because of low toxicity and low cost of the iron salts, it is attractive as a 

stoichiometric reagent. In the Haber process of ammonia preparation iron plays the 

role of catalyst. Iron compounds such as Fe(acac)3 catalyze a wide range of cross-

coupling reactions  similar to Kumada coupling (the catalysts are based 
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on palladium and nickel). Fe-Complexes derived from Schiff bases are active 

catalysts for olefin polymerization.44 Fenton's reagent (solution of H2O2 with typically 

FeSO4) acts as a catalyst that is used for oxidizing the contaminants of waste waters.  

1.1.2. Cobalt 

Cobalt is also one of the important trace elements in the world of living 

systems. Cobalt is an important part of the Corrine ring of vitamin B12 and a 

fundamental coenzyme of cell mitosis. Cobalamin is very much crucial for normaly of 

the nervous system, formation of red blood cells, DNA synthesis and development of 

children.  Another non-corrin cobalt enzyme is nitrile hydratase, an enzyme in 

bacteria that is able to metabolize nitriles.45 Moreover, cobalt is extremely important 

for forming amino acids and some proteins to create myelin sheath in nerve cells. 

However, ingestion of higher doses of cobalt over a period of days may affect 

hemoglobin content and produce polycythaemia and hyperlipaemia. Many cobalt 

compounds exhibit useful catalytic properties. Pauson-Khand reaction is catalysed by 

cobalt complex in which [2+2+1] cycloaddition occurs between an alkyne, 

an alkene and carbon monoxide to form a α,β-cyclopentenone. Cobalt is also acts as 

catalyst in the Fischer-Tropsch process for the hydrogenation of carbon monoxide 

into liquid fuels.46 In hydroformylation of alkenes generally uses cobalt 

octacarbonyl as a catalyst. 

1.1.3. Copper 

            Copper plays a vital role in human metabolism, because it allows many critical 

enzymes to function properly, for example, superoxide dismutase (SOD) is one of the 

example of Copper containing enzyme.47 Copper is vital for maintaining the strength 

of the skin, blood vessels, epithelial and connective tissue throughout the body and 

also for skin pigmentation, brain function and iron metabolism. Copper plays a crucial 

role in the production of melanin, hemoglobin, myelin and it keeps thyroid gland 

healthy.48 Copper can act as antioxidant as well as pro-oxidant. As an antioxidant, 

Copper scavenges or neutralize free radicals and it may help to prevent the damage 

triggered by free radicals.49-52 Maintaining the right dietary balance of Copper, along 

with other minerals such as zinc and manganese is vital.49 There are various blue 

proteins like plastocyanine and azurine containing copper liable for electron transfer 

in plants and in bacteria respectively. Wilson’s disease occurs as result of copper 

accumulation in the liver. Copper is relatively economical and efficient metal 

compared to other transition metals utilized in catalysis in many industrially important 
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reactions.53 Several known reactions, such as Click applications, C–N and C-C cross-

coupling, C–H functionalization, trifluoromethylations, asymmetric Ullmann and 

Goldberg couplings, asymmetric acetylide additions to carbonyl groups, radical 

alkylations and asymmetric conjugate additions, heterocycle synthesis, amide bond 

formation are cupper catalyzed reactions.53 Recently, copper based nanoparticles have 

been found to be the most useful catalysts for various organic transformations.53 

1.1.4. Zinc 

Zinc is known as an essential trace element in biological system. It is involved 

in numerous stages of cellular metabolism.54 Zinc is liable for the catalytic activity of 

more than 200 enzymes.55,56 It plays a serious role in immune function,56,57 cellular 

division,58 protein synthesis, wound healing,66 respiration, energy release, sugar 

metabolism and in alcohol metabolism, DNA synthesis. Zinc is important for correct 

sensing of taste and smell,59,60 normal growth and development during pregnancy, 

childhood, and adolescence.61-64 Zinc possess antioxidant properties and thus can 

protect against accelerated aging.62 Carboxypeptidase and Carbonic-anhydrase are the 

example of zinc-containing enzymes and they are important to the processes of 

digestion of proteins and carbon dioxide regulation, respectively.  Trace amount of 

Zinc ions can acts as potent antimicrobial agents. Cells within the exocrine gland, 

prostate, immune system and intestine communicate with other cells through Zn 

signaling.65 Within the brain, glutamatergic neurons store zinc in specific synaptic 

vesicles and may modulate brain excitability.66 However, excess intake of zinc often 

causes nausea, vomiting, colic, diarrhoea, lethargy, loss of appetite, stomach cramps, 

headache and peripheral neuritis resulting to paralysis.47 

Organozinc compounds are widely utilized in different types of reactions in 

organic chemistry, e.g, Reformatskii reaction, Negishi reaction, Frankland–Duppa 

reaction, Fukuyama reaction, etc.67 Additionally, the merits of zinc catalysts for the 

reactions,viz, aldol reaction, Mannich reaction and Henry reaction  have been proved 

by extreme literature.68 Zinc catalyzed C-N bond and C-O bond formation was also 

reported in the literature.69  

1.1.5. Palladium   

Palladium has no well known biological roles. Recently, several Pd(II) 

complexes with promising anticancer activity against tumor cell lines are 

reported.70As acrucial feature of metal-containing anticancer agents, Pd complexes 

are expected to have less nephrotoxicity than cisplatin.70,71 As many new Pd 



complexes containing amine ligands 

lower side effects, they will 

Palladium-catalysed

synthesis and have several applications in target

use in organic synthesis 

together with their tolerance 

such as Suzuki–Miyaura, Sonogashira, Mizoroki

glaser reaction, which are catalyzed by

1.2. Cyclodextrin 

Cyclodextrins are

glycosyltransferase enzyme. They are also known as Schardinger dextrins, 

cycloamyloses and belong to the family of cyclic oligosaccharides possessing of α

1,4-linked glucopyranose units. Depending 

present in cyclodextrin (CD) structures

glucopyranose units), β-CD (containing 7 glucopyranose units) and 

8 glucopyranose units) (

cyclodextrins has indicated that all glucose moieties in the ring possess the 

thermodynamically favoured 

equatorial position. The cyclodextrins are not 

toroidal or cone shaped

connecting the glucopyranose units

Fig 1.1. Schematic representation of 

In the structure of cyclodextrins,

narrow side of the torus while the secondary hydroxyl groups (2

sited on the wider edge. Due to the presence of hydroxyl groups the outer surface of a 
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amine ligands may have promising anticancer activities with 

they will find potential applicability in medicinal field

catalysed reactions have had a huge impact on 

and have several applications in target-oriented synthesis. Their extensive 

 is because of the mild conditions related to the reactions 

together with their tolerance to a good range of functional groups. Several

Miyaura, Sonogashira, Mizoroki–Heck cross‐coupling rea

glaser reaction, which are catalyzed by palladium in routine organic synthes

are obtained from the enzymatic degradation of starch by 

glycosyltransferase enzyme. They are also known as Schardinger dextrins, 

belong to the family of cyclic oligosaccharides possessing of α

glucopyranose units. Depending on the number of glucopyranose units 

present in cyclodextrin (CD) structures, they are named as α-CD (containing 6 

CD (containing 7 glucopyranose units) and γ-CD (co

8 glucopyranose units) (as shown in Fig 1.1). The study of the crystal structure of 

cyclodextrins has indicated that all glucose moieties in the ring possess the 

thermodynamically favoured 4C1 chair conformation and all substitutions in the 

he cyclodextrins are not proper cylindrical molecules but are 

toroidal or cone shaped because of the absence of free rotation about the bonds 

connecting the glucopyranose units.  

Schematic representation of the structural characteristic of cyclodextrins.

cyclodextrins, the primary hydroxyl groups (6-OH) are sited on the 

narrow side of the torus while the secondary hydroxyl groups (2-OH and 3

sited on the wider edge. Due to the presence of hydroxyl groups the outer surface of a 
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potential applicability in medicinal field.70-71 

huge impact on organic 

Their extensive 

is because of the mild conditions related to the reactions 

al groups. Several reactions, 

ling reactions and 

organic syntheses.72 

obtained from the enzymatic degradation of starch by 

glycosyltransferase enzyme. They are also known as Schardinger dextrins, 

belong to the family of cyclic oligosaccharides possessing of α-

e number of glucopyranose units 

CD (containing 6 

CD (containing 

crystal structure of 

cyclodextrins has indicated that all glucose moieties in the ring possess the 

chair conformation and all substitutions in the 

cylindrical molecules but are 

the absence of free rotation about the bonds 

 
structural characteristic of cyclodextrins. 

OH) are sited on the 

OH and 3-OH) are 

sited on the wider edge. Due to the presence of hydroxyl groups the outer surface of a 



cyclodextrin is hydrophilic in nature; where as its inner cavity

anomeric oxygen atoms is hydrophobic. Such property makes the

a useful tool, for the inclusion of 

polar groups. The cavity diameters (

radii) are 5.0, 6.2, and 8.0 Å for 

conformations of cyclodextrin 

identical.73 Cyclodextrins are stable under a

hydrolysis. Glucose is produced 

Cyclodextrins are chiral due to the existence of asymmetric carbon atoms on the 

glucose units and glycosidic bridges between the glucose units. The hydroxyl groups 

on the primary side and secondary sides of 

these group can be modified with different functional groups like aldehyde, 

alkanedioates, disulfides, amino, dipyridines and imidazole

Owing to the relatively apolar cavity 

cyclodextrins can form inclusion compounds with hydrophob

aqueous solutions because of hydrophobic interactions.

complexes the 1st requirement is hydrophobic interactions and 

the guest molecule must be able to fit in the cavity of the cyclodextrin. 

highlighted that the formation of inclusion compound is an intricate process and 

various factors also take decisive 

only apolar compounds but also acids, amides, small ions and even rare gases can be 

included.85,86 Small molecules generally form 1:1 inclusion compounds

cyclodextrin ring. Partial inclusion of a guest

possible. This occurs when size of the guest molecules is larger than the cavity of 

inclusion. Depending upon the size and nature of guest molecules different types of 

inclusion compounds can be formed

Fig 1.2. Schematic illustration o
cyclodextrin (Host) and substrate (guest).
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philic in nature; where as its inner cavity lined with ether

is hydrophobic. Such property makes the cyclodextrins 

for the inclusion of guest molecules of various types generally with non

avity diameters (maximum values based on the Van der Waals 

radii) are 5.0, 6.2, and 8.0 Å for α-CD, β-CD and γ-CD, respectively. The 

 in solution and in crystalline state are almost 

Cyclodextrins are stable under alkaline conditions and cleaved by acid 

lucose is produced in the acid hydrolysis of the cyclodextrins. 

are chiral due to the existence of asymmetric carbon atoms on the 

glucose units and glycosidic bridges between the glucose units. The hydroxyl groups 

on the primary side and secondary sides of cyclodextrin are nucleophilic in nature 

modified with different functional groups like aldehyde, 

alkanedioates, disulfides, amino, dipyridines and imidazole, etc.74-81 

Owing to the relatively apolar cavity compared to the polar exterior, 

cyclodextrins can form inclusion compounds with hydrophobic guest molecules in 

of hydrophobic interactions.82,83 To form the inclusion 

requirement is hydrophobic interactions and 2nd requirement is 

the guest molecule must be able to fit in the cavity of the cyclodextrin. It must be 

the formation of inclusion compound is an intricate process and 

also take decisive roles.84 This is demonstrated by the fact that not 

apolar compounds but also acids, amides, small ions and even rare gases can be 

Small molecules generally form 1:1 inclusion compounds with

artial inclusion of a guest with the cyclodextrin ring is also 

occurs when size of the guest molecules is larger than the cavity of 

inclusion. Depending upon the size and nature of guest molecules different types of 

inclusion compounds can be formed as shown in (Figure 1.2). 

 

Schematic illustration of different types of inclusion complexes between 
cyclodextrin (Host) and substrate (guest). 
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to the polar exterior, 
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This is demonstrated by the fact that not 

apolar compounds but also acids, amides, small ions and even rare gases can be 

with one 

is also 

occurs when size of the guest molecules is larger than the cavity of 

inclusion. Depending upon the size and nature of guest molecules different types of 
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Cyclodextrin may change some of the physical and chemical properties (such as 

solubility, stability, taste, smell) of the guest molecule through the formation of 

inclusion complexes and thus leads to a large number of applications related to 

analytical chemistry, food technology, pharmaceutical chemistry, chemical synthesis, 

catalysis, etc.87 

1.2.1. Functionalization 

A hydrophilic exterior is formed by two rims of hydroxyl groups surrounding 

the hydrophobic molecular cavity. Various functional groups can be covalently 

bonded to the hydroxyl groups.88,89 When the hydroxyl groups are modified, the 

complexation behavior of cyclodextrins are altered and thus it is possible to create 

cyclodextrin based polydanted ligands and on reaction with transition metals they can 

form water soluble metal complexes. Selective modification of cyclodextrins with 

catalytic and biologically active groups can initiate activities in aqueous phase organic 

synthesis and in biological systems. That’s why several functional groups were placed 

on the periphery of cyclodextrins for specific purpose.90,91Functionalization of 

cyclodextrins can be performed with complete sets of hydroxyl group or this partial 

functionalization e.g, monofunctionalization, functionalization of one particular –OH 

group. Monofunctionalization of β-CD is discussed below: 

1.2.1.1. Approaches to selective modification of cyclodextrins 

Modifications of CDs are performed by modifying the hydroxyl groups and 

since these are nucleophilic in nature, the initial reaction involves an electrophilic 

attack on these groups. However, due to their abundance and similarity, these 

hydroxyl groups compete for the reagent and make selective modification tough. Of 

the three types of hydroxyl groups (hydroxyl group at C2-, C3- and C6), hydroxyl 

groups at the 6-position are the most basic and often most nucleophilic, those at the 2-

position are the most acidic (pKa ~ 12.1) and those at the 3-position are the most 

inaccessible shown in (Figure 1.3).92 

 

Fig 1.3. Schematic illustration of different –OH groups of cyclodextrins. 



1.2.1.1.1. Primary face monomodification

Primary hydroxyl groups are more 

counterparts; they are easily modified into other functional groups. There are some 

paths by which mono modification of CD occurs (shown in Fig

Fig 1.4.  Different pathways for the mono

Mono-6-Tosyl-β-CDs are important precursors for a variety of modified CDs. 

Monosubstitution at the 6-position is most commonly achieved by nucleophilic attack 

on mono-6-Tosyl -CDs. The most popular path for mono

CD) is through the reaction of 

solution,(Path I in Fig 1.4 )92 with reasonable yield and purity. Starting from mono

Tosyl-β-CDs, the subsequent nucleophilic displacement of the tosyl group by suitable 

nucleophiles results into monoio

CDs.92 Modifications of C6 of CD other than by tosylation are very rare. However, a 

single-step synthesis of CD monoaldehydes has been published. 

perodinane was added to the solution of 

stirred for 1 h at ambient temperature. Addition of acetone and cooling allowed 

isolation of the crude product by filtration (Path II

monoaldehyde has been synthesized by oxidizing mono

(Path III in Fig 1.4).95,96 Hydroxylamine or hydrazine on reaction with mono
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Primary face monomodification 

Primary hydroxyl groups are more nucleophilic than their secondary 

counterparts; they are easily modified into other functional groups. There are some 

tion of CD occurs (shown in Figure 1.4).  

Different pathways for the mono-modification at the C6-position of β-

 

CDs are important precursors for a variety of modified CDs. 

position is most commonly achieved by nucleophilic attack 

CDs. The most popular path for mono-6-CD tosylation (notably β

CD) is through the reaction of the CDs with p-toluenesulfonyl chloride in alkaline 

with reasonable yield and purity. Starting from mono

CDs, the subsequent nucleophilic displacement of the tosyl group by suitable 

nucleophiles results into monoiodo-, azido-, thio-, hydroxyamino- or alkylamino

Modifications of C6 of CD other than by tosylation are very rare. However, a 

step synthesis of CD monoaldehydes has been published. Dess–Martin 

solution of CD (dissolved in an organic solvent

temperature. Addition of acetone and cooling allowed 

isolation of the crude product by filtration (Path II in Fig 1.4).92,93,94

monoaldehyde has been synthesized by oxidizing mono-6-Tosyl-β-CD using DMSO 

Hydroxylamine or hydrazine on reaction with mono
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CD tosylation (notably β-

toluenesulfonyl chloride in alkaline 

with reasonable yield and purity. Starting from mono-6-

CDs, the subsequent nucleophilic displacement of the tosyl group by suitable 

or alkylamino-

Modifications of C6 of CD other than by tosylation are very rare. However, a 

Martin 

dissolved in an organic solvent) and 

temperature. Addition of acetone and cooling allowed 
94 The 

CD using DMSO 

Hydroxylamine or hydrazine on reaction with mono-6-
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aldehyde-CD  produce a monooxime or a monohydrazone derivatives (Path IV in Fig 

1.4).96 Mono-6-mercapt-β-CD has been synthesized from mono-Tosyl-β-CD (Path V 

in Fig 1.4).97 This compound was then combined with tri- or tetravalent carbosilane 

bromide and any alkyl or aryl bromide in liquid ammonia to obtain different CD 

derivatives as a new core substance for the construction of a variety of functional 

materials (Path VI in Fig 1.4).97,98 Monoazides of CD are indirectly obtained by 

heating the monotosylate with sodium or lithium azide salt in DMF (VII in Figure 

3).99 A direct azidation of CDs with sodium azide by reduction with 

triphenylphosphine–carbon tetrabromide in aqueous ammonium medium has also 

been reported (Path VIII in Fig 1.4).100 Monoamino derivatives of CDs are also 

obtained from monoazides of cyclodextrin (Path IX in Fig 1.4).100 The monoamino 

derivative of CD is also obtained from mono-Tosyl-β-CD with reaction of different 

amines in presence of Dimethylformamaide (DMF), Dimethylaminopyridine (DMAP) 

and Pottasium iodide (KI) (Path X in Fig 1.4).101 Monoamines are invaluable in 

attaching desired groups to the primary side of CDs via N, Nʹ-

dicyclohexylcarbodiimide (DCC) coupling technology (XI in Fig 1.4).102 This 

strategy has been used to connect various sugar units such as α-D-glucose, α-D-

galactose, R-D-mannose, and α-D- and L-fructose to cyclodextrins through alkyl 

chains. Solution of D- or D-N-dansylleucine in DMF containing 1-

hydroxybenzotriazole and DCC on reaction with monoamines at ambient temperature 

form D- or L-mono-6-(N-dansylleucylamino)-6-deoxy-α-cyclodextrin with 50% 

yield.103 

1.2.1.1.2. Secondary face modification 

Presence of twice the number of hydroxyl groups in secondary side of CDs 

makes this side more crowded than that of the primary side.  The hydroxyl groups at 

the 2- and 3-positions are more rigid and less flexible than hydroxyl groups at the 6-

position due to hydrogen bonding between them. All these factors make the secondary 

side less reactive and harder to selective functionalization than the primary face. 

Modification at the wide rim by p-toluenesulfonyl chloride in DMF with dibutyltin 

oxide and triethylamine as catalysts often involves sulfonation at the 2-position. The 

elimination of the tosyl group at the 2-position affords the 2,3- manno-epoxide CDs,  

and this is  its turn can affort to further nucleophilic attack to yield 3-substituted CDs. 

Methods to achieve selective mono- and poly-substitutions of CDs at either 2-, 3-, or 

6-position are also reported.92 



1.3. Functionalized β-cyclodextrin as l

Functionalization of the hydroxyl groups of 

can bring proper coordination sites 

ligands. Most of CD derivatives with different binding sites reported in literature have 

been obtained by modifying the primary sites, mainly 

on the β-CD.104 The mono-6-tosyl

to obtain monofunctionalized CDs. A nucleophilic displacement of the tosyl group

mono-6-tosyl-CD by suitable nucleophiles (

hydroxylamine, carboxylate, amines and polyamines) is the next reaction step

obtained monofunctionalized CDs

monofunctionalized CDs is shown

Fig 1.5. Tosylaton of CD and subsequent nucleophilic 

group. 

 

For example, amino cyclodextrins are known to be efficient ligands for first

coordination of metal ions. The presence of lone pair of electrons in nitrogen atom

-NH2 or –NH- group can make these groups

groups in cyclodextrins is not 

amino group is connected with aromatic aldehydes having effective conjugated 

systems or when in combination with one or more donor

groups cyclodextrins become excellent chelating a

the ligand depends on both the type of 

carbonyl compound) that reacts 

for increasing number of donor sites. 

tetra- or polydentate ligands depending on the number of donor sites present in their 

structure. Some illustrations exampl

these selectively functionalized CDs possesses N, S, O donor sites and have a 
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cyclodextrin as ligand and their metal complexes 

Functionalization of the hydroxyl groups of CD with various functional group

proper coordination sites into action and thus CDs can acts as polydanted 

ligands. Most of CD derivatives with different binding sites reported in literature have 

been obtained by modifying the primary sites, mainly involved with the modification 

tosyl-CD is generally synthesized as precursor in order 

to obtain monofunctionalized CDs. A nucleophilic displacement of the tosyl group

suitable nucleophiles (such as iodide, azide, thioles, 

carboxylate, amines and polyamines) is the next reaction step

obtained monofunctionalized CDs. The general synthetic route of the formation of 

shown in Figure 1.5. 

 

Tosylaton of CD and subsequent nucleophilic displacement of the tosyl 

For example, amino cyclodextrins are known to be efficient ligands for first-sphere 

The presence of lone pair of electrons in nitrogen atom

these groups doner sites. But only the presence of 

not sufficient for being good chelting ligand but when 

group is connected with aromatic aldehydes having effective conjugated 

combination with one or more donor atoms close to the amine 

excellent chelating agent. In general, the donor nature of 

the type of amines employed and the compound (generally 

 with the amine group of amino functionalized

sites. Such modified cyclodextrins may act as bi

or polydentate ligands depending on the number of donor sites present in their 

examples are given below in Figure 1.6. A number of 

these selectively functionalized CDs possesses N, S, O donor sites and have a variety 
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acts as polydanted 

ligands. Most of CD derivatives with different binding sites reported in literature have 

the modification 

is generally synthesized as precursor in order 

to obtain monofunctionalized CDs. A nucleophilic displacement of the tosyl group of 

iodide, azide, thioles, 

carboxylate, amines and polyamines) is the next reaction step to 

formation of 

displacement of the tosyl 

sphere 

The presence of lone pair of electrons in nitrogen atoms of 

presence of such 

chelting ligand but when 

group is connected with aromatic aldehydes having effective conjugated 

atoms close to the amine 

. In general, the donor nature of 

the compound (generally 

functionalized CDs 

may act as bi-, tri-, 

or polydentate ligands depending on the number of donor sites present in their 

A number of 

variety 
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of applications such as enzyme mimics, miniature devices, sensors, catalysis and drug 

delivery systems. 

 

Fig1.6. Some modified CDs used as chellating agents. 

Salen functionalized CD which derived from diamino-CD family also acts as ligands. 

When the –NH2 group of amino cyclodextrin is condensed with different types of 

aldehyde salen functionalized β-CDs results. Some examples of salen functionalized 

β-CDs used as ligands are depicted in Figure 1.7. 

 

Fig 1.7. Some Salen functionalized CDs used as chelating ligands. 

In addition to these, a large number of β-CD dimer with linker containing dimethyl 

amino pyridine, 1,10 phenanthroline 2,9-aminomethyl, ethelynediamine, bypyridyl, 

terephthalate group, etc., were prepared and they find wide range of applications in 

the development of supramolecular chemistry.105 A few examples of β-CD dimer are 

depicted in Figure 1.8. 

 

Fig 1.8. Some β-CD dimer linked with different functional group used as chelating 

ligands. 
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Functionalized β-CD have a number of applications, viz., enzyme 

mimics, miniature devices, sensors, supramolecular and drug delivery systems, 

abiotic receptors, fluorescence indicators and molecular actuators and 

catalysis, etc. In salen functionalized β-CD derivatives, the (-HC=N-) linkage 

is essential for biological activity and several azomethine compunds were 

reported to possess remarkable antibacterial, antimalerial activities.106 If a 

cyclodextrin dimer has a catalytic group in the linker, one might observe 

strong catalytic activity. Attachment of a simple catalytically active group to a 

cyclodextrin can afford interesting enzyme mimics. Amino- and polyamino-

cyclodextrins have significant catalytic activities. Amino-cyclodextrins can 

catalyze or inhibit catechol autoxidation,107 they can act as catalysts for 

decarboxylation,108 and aldol condensations.109,110  

Normally CDs are inefficient first sphere ligands, but there ligating 

properties can be improved by deprotonation of the hydroxyl groups at high 

pH. The metal binding ability of modified CDs also depends on the 

conformation of a pendant group and its interaction with the hydrophobic 

cavity.111 In addition, appropriate functionalization permits the complexation 

of a metal ion to further improve their potential applications especially in the 

field of chiral recognition and of metalloenzyme mimicking.112 On the 

contrary, the requirements of  a particular geometry for the metal complex can 

be a driving force for the inclusion of guest into the CD cavity.113 The nature 

of the metal is another parameter that controls the stability of modified CD 

complexes. Usually, experimental data on the characterization of 

functionalized CD complexes with several metals114,115 are consistent with the 

Irving–Williams series.116 An exception is showed by CDs modified at the 

primary rim with imidodiacetate (CDida).117 In this case, the steric hindrance 

of the cavity and the coordination of a primary hydroxy group may be the 

cause of its unusual metal binding behaviour.117 

Matsui et al. were the first to report the formation of a metal-CD 

complex with the metal ion coordinated directly to the cyclodextrin.118 Figure 

1.9 shows the proposed binuclear hydroxyl-bridged structure for this complex.  

Nair and Dismukes119 prepared a complex of β-CD with Mn(III) with a 

Mn:CD ratio of 2:1. The electronic and vibrational spectroscopy results 

suggested a bridged structure similar to that proposed by Matsui et al.118 



Fig 1.9. First reported metal
to the cyclodextrin. 
 

Modifying cyclodextrins can also allow 

for metal coordination. These derivatised CDs have been used as metallo

mimics and as catalysts.  Breslow and Overman prepared the nickel(II) chelate of an 

α-CD ester of pyridine

donating nitrogen and oxygen atoms allow for the coordination of the metal ion. This 

derivative was further developed by Szejtli and Pagington resulting in “Breslow’s 

Enzyme” (shown in Figure 1.10; 2)

nitrophenylacetate over 1000

Fig 1.10. Metal complexes of cyclodextrin based polydantate ligands:1,
of an α-CD ester of pyridine
Zn2+complex of polyamine 
amino)ethylamino]-β-cyclodextrin (CDEn)
 

Almost at the same

including β-CD complex
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First reported metal-CD complex in which metal ion is directly coordinated 

Modifying cyclodextrins can also allow themself to act as first sphere ligands 

for metal coordination. These derivatised CDs have been used as metallo

mimics and as catalysts.  Breslow and Overman prepared the nickel(II) chelate of an 

CD ester of pyridine-2,5-dicarboxylic acid (Figure 1.10; 1).120 

donating nitrogen and oxygen atoms allow for the coordination of the metal ion. This 

derivative was further developed by Szejtli and Pagington resulting in “Breslow’s 

(shown in Figure 1.10; 2) that can increase the rate of hydrolysis of 

nitrophenylacetate over 1000-fold.121 

Metal complexes of cyclodextrin based polydantate ligands:1, 
CD ester of pyridine-2,5-dicarboxylic acid; 2, Breslow’s Enzyme; 

complex of polyamine functionalized β‐CD; 4, Cu2+complex of 6-deoxy
cyclodextrin (CDEn). 

same time, Pioneer work was also reported by Tabushi’s

complex functionalized by polyamines with Cu2+, Zn2+
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directly coordinated 

to act as first sphere ligands 

for metal coordination. These derivatised CDs have been used as metallo-enzyme 

mimics and as catalysts.  Breslow and Overman prepared the nickel(II) chelate of an 

 The electron 

donating nitrogen and oxygen atoms allow for the coordination of the metal ion. This 

derivative was further developed by Szejtli and Pagington resulting in “Breslow’s 

the rate of hydrolysis of p-

 

 Ni2+-complex 
Breslow’s Enzyme; 3, 

deoxy-6-[1-(2-

Tabushi’s group, 
2+ or Mg2+ as 



metal ions (Zn Complex is shown 

cyclodextrins have been reported to be particularly efficient ligands

coordination of various metal ions. Matsui 

complex with 6-deoxy-6-[1-(2-amino)ethylamino]

at pH of 10.5 (shown in Figure 1.10; 

complex of CDEn and Cu(II) at  pH 

stereo-selectivity towards amino

selectivity using a range of metal centres (Co(II),

diaminopropane derivative of β-CD (

Metal complexes of functinalized cyclodextr

treating metal salts with modified ligands under suitable experimental conditions. An 

elaborate discussion on the synthesis and characterization of 

based metal complex are available in numerous literatur

synthesized triazolyl β-cyclodextrin supported palladium complex (PdLn@β

treating the obtained ligand with Pd(OAc)

1.11).126 

Fig 1.11. Metallation process of triazolyl β
Pd(OAc)2. 

 

Liu et al. reported Cu(II) complex of novel triethylenetetraamine

bis(β-cyclodextrin) by reaction with 

perchlorate (Figure 1.12).127 

Fig 1.12. Metallation process of 
cyclodextrin) ligand with Cu(ClO
 

Chapter I

16 

shown in Figure 1.10; 3).122  Nitrogen-modified 

cyclodextrins have been reported to be particularly efficient ligands for first sphere 

coordination of various metal ions. Matsui et al. reported the synthesis of the 

amino)ethylamino]-β-cyclodextrin (CDEn) derivative 

pH of 10.5 (shown in Figure 1.10; 4).123 Bonomo et al. showed the formation of 

at  pH 7.8  and this complex showed some enantiomeric 

selectivity towards amino acids.124 Brown et al. reported same type of 

selectivity using a range of metal centres (Co(II), Ni(II), Cu(II) and Zn(II)) with a 

CD (CDPn).125  

es of functinalized cyclodextrins are generally prepared by 

treating metal salts with modified ligands under suitable experimental conditions. An 

synthesis and characterization of functinalized cyclodextrn 

metal complex are available in numerous literature.120-127 Guofu Zhang 

cyclodextrin supported palladium complex (PdLn@β-CD) by 

treating the obtained ligand with Pd(OAc)2 in anhydroustoluene for 12 h (Fig

Metallation process of triazolyl β-cyclodextrin supported ligand with 

(II) complex of novel triethylenetetraamine-tethered 

cyclodextrin) by reaction with aqueous solution of a slight excess of copper(II) 

Metallation process of novel triethylenetetraamine-tethered bis(
Cu(ClO4)2. 
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1.4. Catalysis 

The production of most industrially important chemicals involves catalysis. 

Most of our liquid fuels and about 80% of the chemical products are manufactured 

with the aid of catalytic conversions. The continuing increase of the quality of the 

chemical products and the steadily decreasing production costs of bulk and fine 

chemicals can be ascribed to a great extent to improvements in catalytic systems. 

Chemical reactions with a half-lifetime as long as centuries can be accomplished in 

minutes or hours by the use of a catalyst. The general feature of a catalyst is that it 

provides a reaction pathway with lower free energy change to the rate-limiting 

transition state than the corresponding non-catalyzed reaction, thus increasing the rate 

of a reaction. The term ‘catalysis’ was first proposed by Berzelius in 1836 when he 

had noticed changes in substances when they were brought in contact with small 

amounts of certain substances later termed as ‘catalysts’.128 The definition that 

nowadays is used to reads: “A catalyst is a substance that increases the rate of a 

chemical reaction without being consumed in the process”. It can open a precise route 

to the desired product using fewer resources and generating less waste. Depending on 

the nature of reactants and catalysts used the catalytic process can be divided into two 

types: 1) Homogeneous catalysis and 2) Heterogeneous catalysis. 

1.4.1. Homogeneous catalysis vs. heterogeneous catalysis 

In homogeneous catalysis the reactants and the catalysts are in the same phase such as 

liquid or gaseous phase and are together with the reactants in the reaction medium. In 

heterogeneous catalysis, the catalyst is in a different phase from the reactants and 

products. Homogeneous catalysts have numerous advantages with respect to the 

heterogeneous counterparts.129,130 They generally display very high activities, very 

high selectivity and the reaction is not limited by mass transfer. Despite all these 

advantages the basic problem with homogeneously catalyzed processes is the 

separation of the catalyst from the products. The processes necessary to achieve this 

usually include thermal operations such as distillation, decomposition, transformation 

and rectification, and may lead to thermal stresses on the catalyst. These can cause 

decomposition reactions and progressive deactivation during the lifetime of the 

catalyst. But in heterogeneous catalysis the separation of catalyst from product is easy 

as they are in different phase.   
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1.4.2. Heterogeneous catalysis of water soluble metal complexes 

Since catalyst-product separation is a major problem with the homogeneous 

reactions, heterogenization of the catalyst is in vogue for the last couple of decades. 

Various ways have been attempted for heterogenization. The homogeneous metal 

complex catalysts are heterogenized on to a solid support, by binding on modified 

silica, polymer (polyethylene glycol)  and other functionalized supports (sulfonate salt 

or quaternary ammonium salt), etc.131 The catalysts are also heterogenized into a 

second immiscible in aqueous liquid phase as in biphasic catalysts using water, ionic 

liquids, and perfluorinated solvents etc.132 This concept involves selection of two 

liquid phases, such that the catalyst is soluble in only one phase, while the product 

present in other phase. The substrate should have finte solubility in the catalyst phase, 

so that obtain reasonable reaction rate while being immiscible with catalyst phase. 

The recent development of water soluble metal complexes has made it feasible to 

conduct reactions in the biphasic mode to gain easy separation of the catalyst and 

products. Product separation is simpler for two-phase systems incorporating water-

soluble catalysts.133 

Generally the hydrophilic catalyst, which is insoluble in the organic product 

phase, is an (organometallic) coordination complex and as such is molecularly well 

defined like conventional homogeneous catalysts.133 It brings about the catalytic 

reactions (e.g., C-C coupling) in the aqueous phase or at the phase boundary and is 

removed from the desired product at the end of the reaction by a simple phase 

separation.133 Thermal separation processes can have a detrimental effect on the active 

life of the catalyst and are thereby avoided. Because of the high polarity of the water-

soluble catalyst and its consequent insolubility in the organic phase, the loss rate is 

often below the limit of detection. Recently, interest in the exploration of catalytic 

reactions of water-soluble ligands and their metal complexes in neat water is 

increasing dramatically due to advantages such as reaction rate acceleration, easy 

work-up procedure and catalyst separation etc., offered by this green and naturally 

available solvent.134 So, it is a challenge for the researchers to prepare water soluble 

metal complexes with catalytic potentiality. For example Nehra et. al synthesized a 

novel palladium complex of imidazolium ionic liquid-tagged Schiff base complex and 

explored its catalytic activity for the Heck and Suzuki reactions in aqueous media.135 

Wei et al. reported SiO2-supported imidazolium ionic liquid-immobilized Pd-EDTA 

as an efficient and reusable catalyst for the Suzuki reaction in water.136 
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Furthermore, native β-CD has been widely used as a host and catalyst for 

various transformations in aqueous medium.137 Selectively modified cyclodextrins are 

currently used as sensors as well as catalysts.31,138Aminomodified β-CD compounds 

are employed as biomimetic catalysts for Kemp elimination,139deprotonation,140 and 

chiral-recognition processes.141 Amino modified cyclodextrins and their metal 

complexes are known to be efficient ligands for first-sphere coordination of metal 

ions and their complexes are used in aqueous organometallic catalysis.31,142 

Aminocyclodextrin/Pd(OAc)2 complex as an efficient catalyst for the Mizoroki–Heck 

cross-coupling reaction.143 These types of newly developed systems represent an 

efficient and environmentally benign coupling protocol and are inspiration for the 

design of water-soluble catalysts to mediate aqueous organic reactions. However, the 

application of hydrophilic CD derivatives as ligands in organometallic catalysis has 

not been fully explored, especially for aqueous phase coupling reactions. 

1.5. DNA  

The determination of the structure of DNA by Watson and Crick in 1953144 is 

often said to mark the birth of modern molecular biology and is of high importance 

since it provides the foundation for the central molecule of life. The strands of DNA 

are composed of an alternating sugar-phosphate backbone consisting of deoxyribose 

sugar groups and phosphodiester groups. A series of heteroaromatic bases project 

from the sugar molecules in this backbone. There are two types of bases that occur in 

DNA –a) the purine bases, guanine (G) and adenine (A) and b) the pyrimidine bases, 

cytosine (C) and thymine (T). The two anti-parallel strands of nucleic acid that form 

DNA can assume several distinct conformations.145 The two strands are held together 

primarily via Watson Crick hydrogen bonds where adenine (A) forms two hydrogen 

bonds with thymine (T) and cytosine (C) forms three hydrogen bonds with guanine 

(G). The DNA double helix is further stabilised by π-π stacking interactions between 

the aromatic rings of the base pairs.146 The asymmetry of the bases gives rise to minor 

and major grooves along the DNA helix. 

1.5.1. Modes of DNA interactions with of transition metal complexes 

DNA is the main intracellular target of anticancer drugs, so interaction of 

small molecules with DNA has gained much attention.147,148 Many small molecules 

that bind to DNA have been clinically proven to be therapeutic agents which inhibit 

the proliferation of cancer cells by causing DNA damage and blocking their 

division.147 Two common modes of covalent interaction between small molecules and 
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DNA have been found: 1) Irreversible covalent binding between the different 

nucleophilic sites in DNA either phosphate back bone or ring nitrogen bases which is 

known as Mono adduct (base or phosphate binding) and  2) covalently crosslinked 

with the nucleotide residues of the same DNA strand (intrastrand cross link) or from 

opposite strands (interstrand crosslink). Sometimes inter helical DNA cross linking 

may happen.149 Along with the above two common modes of covalent interaction 

there are three common modes of noncovalent interactions between DNA and small 

molecules: (1) interactions (electrostatic) with the negatively charged phosphate 

backbone, (2) binding interactions with the minor and major grooves of DNA double 

helix, and (3) intercalation between the stacked base pairs of double-stranded DNA 

resulting to perturbation in DNA structure.148 According to strength of the interaction, 

the binding of these molecules with DNA can be categorized into strong interactions 

and weak electrostatic attractions. The intercalation into adjacent base pairs in DNA 

strands, hydrogen bonding and reciprocal association of hydrophobic region between 

the ligands and DNA strands are typical examples of strong interaction.150. The major 

grooves and minor grooves in the DNA structure are generally binding sites for 

groove binders that fit into grooves causing little perturbation of DNA structure. The 

selective binding and damaging capabilities of DNA by transition metal complexes 

were investigated by various number of experiments, owing to their possible 

applications as cancer therapeutic agents and their photochemical properties make 

them potential probes of DNA structure and conformation.151,152 Metal complexes can 

cleave the DNA through hydrolytic, oxidative and photolytic cleavages types of 

mechanisms.153-155 In recent years, the study of interactions between transition metal 

complexes and DNA have gained much attention due to their possible applications in 

cancer therapy and molecular biology.156-159 

DNA is the primary target molecule of many anticancer agents and the binding 

between DNA and metal complexes can be used in understanding the interaction 

between the drugs and DNA. In general, the tumour cells can be destroyed by 

stopping the replication of the unnatural DNA. The degree of variability of transition 

metal complexes imparted by the metal,  its oxidation state, coordinated ligands, 

overall size and shape of the complex allows for a high degree of selectivity towards 

numerous biological targets.160-163 Dwyer realized that the diversity of coordination 

metal complexes could be used to provide insight into the structure of 

biomolecules.164,165 The coordination geometry of the metal and the orientation of the 
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ligands on the binding site show the influence on metal complex-DNA interactions. 

For example, the most widely used anticancer drug  planner cisplatin obtains its 

cytotoxicity by forming both coordinate covalent DNA intrastrand and interstrand 

cross-links as well as protein-DNA cross links in the cellular genome.166-167 Again, 

square planar complexes allow deeper insertion of an intercalator compared to 

octahedral or tetrahedral geometries.168 Metal complexes like [Pt(phen)(en)]2+ (where, 

phen=1,10-phenanthroline, en=1,2-diaminoethane) can intercalate between the base 

pairs of DNA169 and depending on the choice of the ancillary ligand, may insert 

beyond the platinum(II) centre, effectively offsetting the size of small intercalating 

ligands such as phen.170,171 However, when incorporated octahedral complexes such as 

[Co(phen)3]
2+ or [Ru(phen)3]

2+, the geometric arrangement of the ligands can hinder 

full insertion.168,172 For complexes like [Ru(phen)2Cl2], they can inhibit covalent 

binding because of steric crowding by the DNA phosphate backbone.173 Further, a 

study that compared cobalt (octahedral) and zinc (tetrahedral)  complexes 

incorporating a porphyrin ligand revailed that the cobalt complex bound to DNA via 

intercalation but the zinc complex was inhibited by the presence of an axial water 

ligand.174 It is clear that different transition metal complexes can undergo different 

binding interactions with DNA. Now-a-days the DNA interaction with water soluble 

metal complex obtained much attention because of the bioavailability of a metal ion 

in body.  Arunadevi et al. synthesized the water soluble Cu(II), Co(II), Ni(II) and 

Zn(II) complexes of tryptophan-derived Schiff base ligand and there complexes were 

found to efficiently bind to CT-DNA through intercalation mode.175 Again most of the 

functionalized β-cyclodextrin and their metal complexes are water soluble and 

biologically potent and they may have probability to cleave DNA and may act as 

potential drugs with moderate to high bioavailability. But   their capability and nature 

of interaction with DNA have not been explored sufficiently till date. 

1.5.2. DNA Cleavage  

Gel electrophoresis was used to study cleavage of supercoiled DNA by the 

different compounds. When circular plasmid DNA is put through electrophoresis, 

comparatively fast migration will be noticed for the intact supercoil form (Form I). If 

scission happens only on one strand (nicking), the supercoil will generate a slower 

moving open circular form (Form II). If both strands are cleaved, a linear form (Form 

III) will be generated and that migrates between Form-I and Form-II. Above said 

three forms of DNA are shown in Figure 1.13.175  



Fig 1.13. Schematic representation of DNA cleavage process.

1.6. Antioxidant Activity 

It was found that generation of reactive oxygen and nitrogen species (ROS and 

RNS) play a crucial role in the pathogenesis and development of the disease. ROS are 

produced mainly in the biological system during the cellular metabolism and by the 

influence of environmental resources. Although ROS are produced during

aerobic cell metabolism but its excessive production causes oxidative stress. 

Oxidative stress is a situation where in

of ROS and the capacity to neutralize them,

intracellular components such as lipids, proteins and nucleic acids as well as 

extracellular matrix components like proteoglycans and collagens. This may result in 

the alteration of structure and biological functions of those m

recognized as antigens by the immune system and autoantibodies formed against 

these modified molecules and create

infection, hypertension, cancer, arterios

Antioxidant can control this autoxidation by interrupting the

the generation of free radicals and subsequently decrease the oxidative stress, improve 

immunity and increase longevity. Most organisms are protected to some ex

free radical (peroxide, hydro-peroxide or lipid peroxyl) damage by enzymes like 

super-oxide dismutase and catalase or compounds such as ascorbic acid, phenolic 

acids, tocopherols, polyphenols, glutathione and flavonoids.

supplements or dietary antioxidants may protect the body from the damaging effects 

created by free radicals. Antioxidants are considered as important nutraceuticals 
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Schematic representation of DNA cleavage process. 

It was found that generation of reactive oxygen and nitrogen species (ROS and 

play a crucial role in the pathogenesis and development of the disease. ROS are 
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influence of environmental resources. Although ROS are produced during normal 
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toxidation by interrupting the propagation or inhibiting 

the generation of free radicals and subsequently decrease the oxidative stress, improve 
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peroxide or lipid peroxyl) damage by enzymes like 
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acids, tocopherols, polyphenols, glutathione and flavonoids. However, antioxidant 

ments or dietary antioxidants may protect the body from the damaging effects 
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because of their many health benefits and are extensively used in the food 

industry.177,178 The combination of certain foods, natural and synthetic rubbers, and 

gasolines with oxygen in air at room temperature cause to undesirable status such as 

rancidity in foods, loss of elasticity in rubbers and production of gums in gasolines. 

Currently, synthetic antioxidants are widely used because they are cheaper and 

effective than natural antioxidants. Antioxidant activity of a synthesized compound 

can be measured by using its scavenging potential for trapping of the free radicals.  

The finding for metal-derived antioxidants has received much attention. Recently, 

variety of Schiff-base metal complexes has been investigated as potential scavengers 

of ROS or as antioxidants.101,177 It is highly expected that the water soluble metal 

complexes of β-CD based Schiff bases may show some potential antioxidant activity. 

1.7. Antimicrobial studies 

Antibacterial activity of a compound is associated with its preferential ability 

to provincially kill bacteria or slow down their rate of growth without being 

extensively toxic to nearby tissues.179 Antibacterial agents are the most important in 

fighting infectious diseases. The antibacterial properties of metals have been 

recognized for centuries and have been represented by some of the most fundamental 

breakthroughs in medicinal history. Probably the first antibacterial experiment 

involved a metal compound in laboratory was done by Koch in 1890. The 

investigation involving the activity of mercuric chloride on anthrax spores and the 

introduction of the organoarsenical compound Salvarsan™ (in 1912) for the treatment 

of syphilis is considered to be the first synthetic therapeutic agent. The major 

hindrance associated with the chemical substances as antimicrobes is their toxicity to 

the host cell as well as microbial cells. Hence, the chemical substances used should 

have selective toxicity towards the harmful microbes but not much to the host tissues. 

Certain chemicals of synthetic and plant origin are toxic to the bacteria and fungi, but 

not to the host animal and their wide use as well as abuse, the appearance of bacterial 

resistance toward antibacterial agents has become a major problem for today’s 

pharmaceutical industry.180-184 The above problems motivates the scientists to 

synthesize and study the new agents for antimicrobial activities.  

1.7.1. Antimicrobial activity of metal complexes 

Transition metal complexes with various ligands have been shown to exhibit 

antimicrobial activities against a spectrum of microbes and also they have been shown 

to possess toxicity against a number of cell lines of rodents and human in cell culture. 
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Various organic ligands possess strong antibacterial, herbicidal, insecticidal and 

fungicidal properties.185 Metal complexes or coordination complexes have been 

widely used in medicine186 and pharmaceutical fields,187 because of their broad 

bioactivities against bacteria and fungi.188,189 Metal chelates play an important role in 

biological systems where in enzymes are known to be activated by metal ions. The 

enzyme containing metal ions acts as a cofactor for enzyme activity.190,191 Literature 

review suggests that the inclusion complexes of CDs and modified-CD have potential 

antibacterial activities192 and metal associated fictionalized β-cyclodextrin have vast 

application in medicinal field. Metals serve two functions; 1) to provide proper 

stereochemical orientation and 2) to bring the reacting molecules closer to the reacting 

sites of the enzyme so that reaction may occur. The activity of the metal chelates 

depends upon the steric, electronic and pharmokinetic factors.193 Such bio-activities 

depend upon the interactive forces that bind the compound to the organisms. These 

forces may vary from the rigid covalent bonding to the weak Van der Waals forces.  

Christian Grams (Danish Physician) discovered the differential staining technique 

called as Gram staining. This technique differentiates the bacteria into two groups 

“Gram positive” and “Gram negative”. Gram positive bacteria retain the crystal violet 

and resist decolorization with acetone or alcohol and hence appear deep violet in 

colour; while Gram negative bacteria, loose the crystal violet and counter-stained by 

saffranin and hence appear red in colour. The details regarding some bacteria are 

given below: 

1.7.1.1. Escherichia coli 

E. coli (Escherichia coli) is a Gram-negative, facultative anaerobic, rod-

shaped bacterium. This microorganism was first described by Theodor Escherich in 

1885. Most E. coli strains harmlessly colonize the gastrointestinal tract of humans and 

animals as a normal flora but some strains causing diarrhea, intestinal and urinary 

tract infections. One strain can lead to kidney failure to mortality if not properly 

managed. Eating contaminated food and water is the most common way to get an E. 

coli infection. They grow best at 37 °C.194  
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Fig 1.14. E. coli bacteria.194 

1.7.1.2. Staphylococcus aureus 

S. aureus is a gram-positive, round-shaped, facultative anaerobic bacterium 

that is frequently found in the nose, respiratory tract, and on the skin. It is often 

positive for catalase and nitrate reduction. The cell wall of S. aureus is made up of 

peptidoglycan interspersed with teichoic acid and protein. Enzymes also contribute to 

the virulence of this organism. S. aureus is approximately 1μm diameter and it divides 

to form the cluster characteristic of the genes. In liquid media, it is present in different 

forms such as singles, pairs and short chains. It grows on nutrient agar medium, 

incubated in air for 18-24 h at the optimal growth temperature of 37 °C. Although S. 

aureus is not always pathogenic S. aureus causes skin infections like skin abscess, 

respiratory infections like sinusitis, and food poisoning. These bacteria are spread by 

direct contact with an infected person, by using a contaminated object, or 

by infected droplets dispersed by sneezing or coughing. The bacteria can also spread 

through the bloodstream and infect distant organs. Pathogenic strains often promote 

infections producing virulence factors such as potent protein toxins, and the 

expression of cell surface proteins that bind and inactivate antibodies.194 

 

Fig 1.15. Staphylococcus aureus bacteria.194 
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1.7.1.3. Klebsiella pneumoniae 

K. pneumoniae is a gram-negative, encapsulated, rod-shaped, lactose-

fermenting, facultative anaerobic bacteria. Generally it is found in the normal flora of 

the mouth, intestines and skin. It can cause destructive changes to human and animal 

lungs, specifically to the alveoli leading to bloody sputum. In recent 

years, Klebsiella species became important pathogens in nosocomial infections. It 

naturally occurs within the soil, and near about 30% of strains can fix nitrogen in 

anaerobic conditions. Its nitrogen-fixation system has been much-studied due to 

agricultural interest as K. pneumoniae has been illustrated to increase crop yields in 

agricultural conditions.194  

 

Fig 1.16. K. pneumoniae bacteria.194 

1.7.1.4. Bacillus subtilis  

B. subtilis is a gram-positive, catalase-positive bacterium, generally found in 

the gastrointestinal tract of ruminants and humans and in soil. B. subtilis is rod-

shaped, and can form a tough, protective endospore that allowing it to bear extreme 

environmental conditions.194 

 

Fig 1.17. B. subtilis bacteria.194 

1.8. Review of literature 

In 1977 Tabushi et al. reported the first coordination complex based on 

aminomodified CDs as charged system with two cooperative recognition sites.195 
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After this example, various complexes have been synthesized and investigated as 

chiral selectors of coordinating substrates.196,197 In particular, the copper(II) complex 

of 6-deoxy-6-[2-(imidazol-4-yl)ethyl]amino-β-cyclodextrin (CDhm) represents the 

first example of this class of chiral selectors which is capable of resolving a racemic 

mixture of amino acids.197,198 The chromatographic enantioselectivity has also been 

examined using [Cu(CDhm)]2+ as chiral additive to the eluent in ligand exchange 

chromatography (LEC). Later, copper(II) complexes of fluorescent functionalized 

CDs have been investigated as sensors of enantiomers of unmodified amino acids.199 

The nickel(II), zinc(II), copper(II) and cobalt(II) complexes of 6-deoxy-6-(3-

aminopropylamino)-β-cyclodextrin (CDpn) have been investigated by potentiometry. 

as chiral selectors. On the basis of the stability constant values of binary and ternary 

complexes, the authors suggested a recognition mechanism of the L/D-Trp 

(Tryptophane) in which the side chain of the amino acid is included in the cavity in 

both the two diastereoisomer ternary complexes.200,201 Furthermore, the largest 

enantioselectivity has been reported for the nickel(II) complexes, while no 

enantioselectivity was found when zinc(II) had been used. The Co(II) and Cu(II) 

complexes showed enantioselectivity  lower than that of the nickel(II) complexes. A 

similar trend was observed also for the recognition of the phenylalanine using metal 

complexes of CDpn.202 The Co(II), Ni(II), Cu(II) and Zn(II) complexes of 6-deoxy-6-

(hydroxyethylamino)-β-cyclodextrin (CDea) have also been studied and 

enantioselectivity had been found except for zinc(II) complexes with Tryptophane, 

Phenylalanine and Histidine.203 Schlatter et al. suggested the application of ruthenium 

complexes of the amino alcohol β-CDs as catalysts in enantioselective reduction of 

aromatic and aliphatic ketones.204 The hydrophobic and hydrophilic features make the 

CDs extremely attractive components to mimic enzyme systems. Zinc(II) complexes 

with CDs monofunctionalized with different macrocyclopolyamines, 1,5,9-

triazacyclododecane, 1,4,7,10-tetraazacyclododecane and 1,4,8,11-

tetrazacyclododecane, have been synthesized as models of carboxypeptidase enzyme 

(CPA).205 This enzyme is a zinc exopeptidase, that catalyzes the hydrolysis of C-

terminal amino acids from polypeptide with a preference for substrates with aromatic 

side chains. Zinc(II) complexes with CD-monoamine bound to the monooxime of 

1,10-phenanthroline-2,9-dicarbaldehyde displayed a catalytic activity for the p-

nitrophenylacetate hydrolysis more effectively than analogous complexes with Cu(II) 

and Ni(II).206 The metal ions after complexation with modified CDs act as the 
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catalytic center. Many artificial enzymes based on CDs have been synthesized, e.g., 

Zn(II) complex of a CD-difunctionalized with two histamins acts as artificial carbonic 

anhydrase.26 Cu(II) complex of 6-deoxy-6-(2-aminoethylamino)-β-cyclodextrin 

resembles redox enzyme capable to oxidize furoin 20 times faster than either the 

uncatalysed reaction or CD alone.123 Cu(II) complexes of functionalized CDs with 

amines have also been proposed as supoeroxidedismutaste models and the O2
- 

scavenging activity was also determined.207 Mn(II) porhyrin complexes attached to 

two or four β-CDs were investigated as catalysts for the epoxidation of some stilbene 

derivatives.208 Functionalization of CD with proper coordination sites may form the 

polydanted ligand and their metal complexes. Amino cyclodextrins are known to be 

efficient ligands for first-sphere coordination of metal ions, and their complexes are 

used in aqueous organometallic catalysis. Indeed, CDs and their derivatives have 

shown excellent performances in aqueous organic reactions including oxidation, 

reduction, hydrolysis, hydroformylation, and so on.209 Sakuraba et al. proposed 

Mo(V) and Cu(II) complexes with β-CD derivatives having a catechol-type ligands. 

Their chiral catalytic activity was examined in the asymmetric oxidation of aromatic 

sulfides with hydrogen peroxide in water (pH 6.0).210  

Recently imidazolium β-cyclodextrin and per-6-amino-β-cyclodextrin are used in Pd-

catalyzed C-C coupling reactions.143,211 Patrigeon et al. synthesized new water-soluble 

Pt(II) and Rh(II) complexes of bidentate ligands through noncovalent complementary 

interactions and metal coordination, i.e, by inclusion of sodium salt of the bis- (3 

sodiosulfonatophenyl)(4-tert-butylphenyl)phosphane in the hydrophobic cavity of CD 

moiety of  mono-N,N-diethylamino-β-CD  and monopyrrolidino-β-CD. They have 

possibility to acts as mimic Rh(II) and Pt(II) catalysts.212 

Legrand et al. were first to report the synthesis of an NHC-appended methylated CD 

as a catalyst in dioxane and studied its solubility, aggregation and recognition 

properties of its imidazolium precursor as well as its coordination and catalytic 

behaviors. Furthermore, a Suzuki cross-coupling reaction was performed using this 

compounds generating catalytically active species with a palladium precursor but 

unfortunately, the catalytic experiments performed in water failed probably due to the 

unstability of this carbene in the presence of labile protons.213 Zhang et al. (2013) 

reported a triazolyl β-cyclodextrin supported palladium complex and it exhibited 

extremely high efficiency for Suzuki–Miyaura coupling reactions in water. This 

newly developed system represents an efficient and environmentally benign coupling 
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protocol and could provide a valuable approach for the design of water-soluble 

catalysts to mediate aqueous organic reactions.126 Kairouz et al. (2014) reported novel 

dodecyl imidazolium modified β-CD and successfully studied the catalytic properties 

of a compound in presence of palladium source in neat water as a catalyst for the 

Suzuki–Miyaura coupling reaction. The introduction of a dodecyl chain on the 

imidazolium moiety attached to the primary face of a native β-cyclodextrin allows the 

formation of a highly stable self-assembled catalytic reactor for the Suzuki– Miyaura 

cross coupling reaction in water.214   

Dindulkar et al. (2016) synthesized 2-aminopyridine modified β-cyclodextrin 

supported palladium complex which is effective for Mizoroki–Heck cross-coupling 

reactions in aqueous medium under aerobic conditions and gave excellent yield with 

easy recovery process.215 Khan et al. (2016) synthesized an ionic Pd(II) complex of 

water soluble pyridinium modified β-cyclodextrin. The resulting complex showed 

very good catalytic activity in Suzuki- Miyaura and Heck C-C coupling reactions in 

aqueous phase.216 Recently, Shinde et al (2019) reported an ethylene‐β‐cyclodextrin 

supported palladium complex and showed its catalytic pathway in Suzuki–Miyaura 

coupling reactions in water.217  

1.9. Object and application of the research work 

A detailed survey of the literature showed that of formation of inclusion 

complexes and the modification of the hydroxyl group of β-cyclodextrin with 

different functional groups have fascinating properties and applications in synthetic 

chemistry and chemical applications. Therefore in view of the above facts the 

dissertation was undertaken to address the following objectives:  

1. To design and synthesize new water-soluble β-cyclodextrin based polydentate 

ligands and their transition metal complexes. 

2. To characterize the synthesized ligands and metal complexes by various 

physico-chemical methods like elemental analysis, ESI-MS, UV-Visible, FTIR, 

NMR spectroscopy and magnetic moment measurements, etc. 

3. To study their potential applications such as catalytic activities, antioxidative 

proprieties, antimicrobial and cytotoxic effect, DNA interaction and antibacterial 

activity, etc. 

Therefore, some funtionalized β-cyclodextrin based polydanted ligand systems 

and their transition metal complexes were synthesized and their catalytic and 

biological activities were thoroughly studied. 
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This present dissertation includes a total of seven chapters including this 

introductory one. The experimental section is discussed under Chapter II wherein 

details of chemicals and the various physico-chemical techniques used to study the 

synthesized compounds were described. The synthesis, structural characterization, 

physico-chemical properties and potential applications of the synthesized compounds 

are discussed in Chapters III to VI, followed by concluding remarks in chapter VII. 
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CHAPTER II 

Experimental Section 

2.1. Chemicals and Reagents 

All the analytical grade (A.R.) chemicals were used without further 

purification for the syntheses of various compounds and metal complexes. However, 

for spectroscopic techniques and conductivity measurements only proper 

spectroscopic grade solvent were used. The list of various chemicals and reagents are 

given in Table 2.1. 

 

Table 2.1. List of chemicals and reagents. 

Chemicals Molecular 
Weight 
(g/mol) 

Source CAS No. 

β-cyclodextrin 198.26 Sigma-Aldrich, 

Germany 

19471-12-6 

p-toluenesulfonyl 

chloride 

190.65 Sigma-Aldrich, 

Germany 

2576-47-8 

3,4-diaminotoluene 122.17 Sigma-Aldrich, 

Germany 

496-72-0 

2-hydroxy-5-nitro 

benzaldehyde 

167.12 Sigma-Aldrich, 

Germany 

97-51-8 

5-chloro-2-hydroxy 

benzaldehyde 

156.57 Sigma-Aldrich, 

Germany 

635-93-8 

2- hydroxyl 

benzaldehyde 

122.12 S. D. Fine 

Chemicals, India 

90-02-08 

o-phenylenediamine 108.10 Sigma-Aldrich, 

Germany 

95-54-5 

Choline bromide 201.019 Sigma-Aldrich, 

Germany 

1927-06-6 

o-chloroaniline 127.57 Sigma-Aldrich, 

Germany 

95-51-2 

Thiourea 76.12 Merck, India 62-56-6 

2,6-diaminopyridine 109.12 Merck, India 141-86-6 
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Palladium acetate 224.51 Sigma-Aldrich, 

Germany 

3375-31-3 

Cobalt acetate 177.021 Sigma-Aldrich, 

Germany 

71-48-7 

Cupper acetate 181.63 Thomas Baker 142-71-2 

Zinc acetate. 2H2O 219.50 Thomas Baker 5970-45-6 

Ferric chloride 162.195 Thomas Baker 7705-08-0 

Acetone (AR) 58.08 S. D. Fine 

Chemicals, India 

67-64-1 

Methanol 32.04 Sigma-Aldrich, 

Germany 

67-56-1 

Isopropanol 60.10 S. D. Fine 

Chemicals, India 

67-63-0 

Ethanol 46.07 S. D. Fine 

Chemicals, India 

64-17-5 

Dimethylformamide 73.09 S. D. Fine 

Chemicals, India 

68-12-2 

4-Dimethylamino 

pyridine 

122.17 Sigma-Aldrich, 

Germany 

1122-58-3 

Pyridine 79.10 Merck, India 110-86-1 

Trichloroethylene 131.40 Merck, India 79-01-6 

Diethylether 74.12 S. D. Fine 

Chemicals, India 

60-29-7 

Potassium bromide 119.00 Sigma-Aldrich, 

Germany 

7758-02-3 

Potassium iodide 166.00 Sigma-Aldrich, 

Germany 

7681-11-0 

Sodium nitrite 68.99 Merck, India 7632-00-0 

Sodium Hydroxide 39.99 Merck, India 1310-73-2 

Sodium carbonate 105.98 Merck, India 497-19-8 

Spectroscopic grade 

water  

(For Spectroscopy) 

18.02 S. D. Fine 

Chemicals, India 

7732-18-5 



 
Dimethylsulfoxide

(For spectroscopy)

 

2.2. Physico-chemical methods used to characterize synthesized compounds

To characterize the structure of synthesized ligands and their metal complexes, 

different Physico-chemical techniques have been used. 

methods are given below:

2.2.1. Elemental analysis

Euro VECTOR EA 3000 analyzer

(C, H and N) of all the synthesized compounds. The metal contents of the complexes 

were determined with Atomic Absorption Spectrophotometer (Varian SpectrAA 50B) 

by using suitable standard metal solutions procured 

Fig 2.1. Atomic Absorption Spectrophotometer (Varian SpectrAA 50B).

2.2.2. Thin layer chromatography

The thin layer chromatography (TLC)

the purity of the prepared ligands and the 

TLC plate and iodine is used 

2.2.3. Magnetic susceptibility measurement

Magnetic susceptibilities were measured at room temperature with a 

Sherwood Scientific Ltd magnetic susceptibility balanc

MSB works on the basis of a stationary sample and moving magnets. The pairs of 

magnets are placed at opposite ends of a beam so placing the system in balance. 

Introduction of the sample between the poles of one pair of magnets produ

deflection of the beam that is registered by means of phototransistors. A current is 
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Dimethylsulfoxide 

(For spectroscopy) 

78.13 S. D. Fine 

Chemicals, India 

67

chemical methods used to characterize synthesized compounds

To characterize the structure of synthesized ligands and their metal complexes, 

chemical techniques have been used. The descriptions of these 

given below: 

Elemental analysis 

Euro VECTOR EA 3000 analyzer was used for the elemental micro

(C, H and N) of all the synthesized compounds. The metal contents of the complexes 

were determined with Atomic Absorption Spectrophotometer (Varian SpectrAA 50B) 

standard metal solutions procured from Sigma-Aldrich, Germany. 

Atomic Absorption Spectrophotometer (Varian SpectrAA 50B).

Thin layer chromatography 

thin layer chromatography (TLC) on silica gel plates were used to confirm 

purity of the prepared ligands and the complexes. UV-light was used to view the 

is used as and when required. 

Magnetic susceptibility measurement 

Magnetic susceptibilities were measured at room temperature with a 

Sherwood Scientific Ltd magnetic susceptibility balance (Magway MSB Mk1). The 

MSB works on the basis of a stationary sample and moving magnets. The pairs of 

magnets are placed at opposite ends of a beam so placing the system in balance. 

Introduction of the sample between the poles of one pair of magnets produ

deflection of the beam that is registered by means of phototransistors. A current is 
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chemical methods used to characterize synthesized compounds 

To characterize the structure of synthesized ligands and their metal complexes, 

descriptions of these 

was used for the elemental micro-analyses 

(C, H and N) of all the synthesized compounds. The metal contents of the complexes 

were determined with Atomic Absorption Spectrophotometer (Varian SpectrAA 50B) 

Aldrich, Germany.  

 

Atomic Absorption Spectrophotometer (Varian SpectrAA 50B). 

were used to confirm 

light was used to view the 

Magnetic susceptibilities were measured at room temperature with a 

e (Magway MSB Mk1). The 

MSB works on the basis of a stationary sample and moving magnets. The pairs of 

magnets are placed at opposite ends of a beam so placing the system in balance. 

Introduction of the sample between the poles of one pair of magnets produces a 

deflection of the beam that is registered by means of phototransistors. A current is 
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made to pass through a coil mounted between the poles of the other pair of magnets, 

producing a force restoring the system to balance. At the position of equilibrium, the 

current through the coil is proportional to the force exerted by the sample and can be 

measured as a voltage drop.  

The solid sample is tightly packed into weighed sample tube with a suitable 

length (l) and noted the sample weight (m). Then the packed sample tube was placed 

into tube guide of the balance and the reading (R) was noted. The mass susceptibility, 

g  is calculated using by equation 1: 

)1(
10

)(
  

9
0

Balg 



m

RR
lC  

where l  = the sample length (in cm), m  = the sample mass (in g), R  = the reading 

for the tube plus sample, 0R  = the empty tube reading and CBal = the balance 

calibration constant. Thus molar susceptibility is sampletheofWtM.M  g . 

The molar susceptibility is the corrected with diamagnetic contribution. The effective 

magnetic moment eff
 
is calculated by using equation 2: 

)2(B.M83.2 Aeff T    

where A  is the corrected molar susceptibility. The MSB was calibrated with 

Hg[Co(SCN)4] before the actual measurements. 

 

Fig 2.2. The magnetic susceptibility balance (Magway MSB Mk1). 

2.2.4. Infrared spectroscopy 

 FTIR spectra were recorded in KBr pellets with a Perkin-Elmer Spectrum 

FTIR spectrometer (RX-1) working in the range 4000-400 cm-1 at ambient 



 
temperature. KBr used for 

hours and then kept in vacuum desiccators over anhydrous CaCl

Fig 2.3. Perkin

2.2.5. Electronic spectroscopy

 UV-Visible spectra  of the ligands and 

quartz cell (1 cm path length) on a Jasco (V

equipped with a thermostated bath (maintained at 25±0.1 °C) using 

DMSO as the reference solven

Fig 2.4. Jasco V
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used for preparing the pellets was dryed in a hot air 

hours and then kept in vacuum desiccators over anhydrous CaCl2 before use.

 

Perkin-Elmer Spectrum FT-IR spectrometer (RX-1)

5. Electronic spectroscopy 

Visible spectra  of the ligands and their complexes were recorded in a 

quartz cell (1 cm path length) on a Jasco (V-530) double beam spectrophotometer 

equipped with a thermostated bath (maintained at 25±0.1 °C) using either water or

DMSO as the reference solvent in accordance with the solubility of the compounds

Jasco V-530 double beam UV-VIS Spectrophotometer
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air oven for 24 

before use.  

 

1). 

complexes were recorded in a 

530) double beam spectrophotometer 

either water or 

of the compounds.   

 

VIS Spectrophotometer. 
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2.2.6. Nuclear Magnetic Resonance (NMR) spectroscopy (1H NMR and 
13C NMR) 

 1H and 13C NMR spectra were recorded on a FT-NMR (Bruker Avance-II 400 

MHz) spectrometer using D2O, CDCl3 and DMSO-d6 as the solvent. Chemical shifts 

(δ) are quoted in ppm downfield of internal standard tetramethylsilane (TMS).  

 

Fig 2.5. FT-NMR (Bruker Avance-II 400 MHz). 

2.2.7. ESI-MS 

Mass spectra were recorded on a Waters ZQ-4000 spectrometer using water 

and chloroform as the solvent. Chemical shifts (δ) are quoted in ppm downfield of 

internal standard tetramethylsilane (TMS).  

 

 

         Fig 2.6. ESI-MS (Waters ZQ-4000 spectrometer). 

 



 
2.2.8. Conductivity

 Specific conductance

conductivity TDS-308 meter. 

using a dip-type immersion conductivity cell, CD

cm-1. The instrument was standardized by using 0.1 (M) 

Measurements were made in a thermostatic water bath maintained at the experimental 

temperature with an accuracy of 

(Λm) was determined by using the relation 

molar concentration of the metal complexes and specific conductance, respectively. 

The complexes (1 × 10−

conductance was measured at (298.15

Fig 2.8. Systronic conductivity TDS

 

2.2.9. Mass measurements

Mass measurements were carried out on digital electronic analytical balance 

(Mettler Toledo, AG 285, 

measure mass to a very high precision and accuracy. The mass measurements were 

accurate to ± 0.01 mg.  
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. Conductivity 

conductances were measured at (298.15 ± 0.01) K with a Systronic 

308 meter. The conductance measurements were carried out by 

type immersion conductivity cell, CD-10 with a cell constant of 1.0 

. The instrument was standardized by using 0.1 (M) aqueous KCl solution. 

Measurements were made in a thermostatic water bath maintained at the experimental 

temperature with an accuracy of  0.01 K. The molar conductance of the complexes 

by using the relation Λm = 1000×κ/c, where c and κ 

molar concentration of the metal complexes and specific conductance, respectively. 
−3 M) were dissolved in respective solvent and their specific 

conductance was measured at (298.15±0.01) K.  

Systronic conductivity TDS-308 meter. 

. Mass measurements 

Mass measurements were carried out on digital electronic analytical balance 

(Mettler Toledo, AG 285, Switzerland) as shown in Fig 2.9. This Digital balance can 

measure mass to a very high precision and accuracy. The mass measurements were 

 
Chapter II 

0.01) K with a Systronic 

The conductance measurements were carried out by 

10 with a cell constant of 1.0  10% 

KCl solution. 

Measurements were made in a thermostatic water bath maintained at the experimental 

The molar conductance of the complexes 

 stands for the 

molar concentration of the metal complexes and specific conductance, respectively. 

M) were dissolved in respective solvent and their specific 

 

Mass measurements were carried out on digital electronic analytical balance 

This Digital balance can 

measure mass to a very high precision and accuracy. The mass measurements were 
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Fig 2.9. Digital electronic analytical balance (Mettler Toledo, AG 285). 

2.3. DNA interaction study 

This study was carried out only for the experiment described in Chapter IV. 

2.3.1 Absorption study  

The DNA binding experiment of synthesized metal complexes with CT-DNA 

were performed in Tris-HCl buffer (50 mM, pH 7.2). The ratio of UV absorbance at 

260 and 280 nm was used to acutain protein contamination of DNA. If this ratio >1.86 

for CT-DNA solution, DNA is considered to be was free from protein contamination.1 

The CT-DNA concentration is also determined by absorption spectroscopy at 260 nm 

(ɛ260 = 6600 mol-1 cm2).  The absorbances measurements were recorded for solution 

with a constant/preferred concentration of the synthesized complex (10 µM) but with 

varied concentration of the CT-DNA. The stock aqueous solutions of the complexes 

were prepared in the range of 1×10-4 M and such solution were then diluted with Tris-

HCl buffer to get the desired experimental concentrations.  During the titration equal 

amount of CT-DNA stock solutions were added to both the complex solutions and the 

reference solutions to eliminate the effect of CT-DNA absorbance. Using the 

absorption data, the intrinsic binding constant (Kb) can be obtained as usual2 by 

plotting [DNA] / (ɛa - ɛf) versus [DNA] using Wolfe-Shimer equation [3] as shown 

below:3 

[DNA]

𝜀 −  𝜀
=

[DNA]

𝜀 −  𝜀
+

1

𝐾 (𝜀 − 𝜀 )
                                   (3) 

 

 



 
Chapter II 

 

50 
 

where, εa, εb and εf correspond to apparent extinction coefficient of the complex, 

Aobs/[complex], extinction coefficient for the complex in fully bound form, and in free 

form, respectively. The intrinsic binding constant (Kb) can be obtained from the ratio 

of slope to intercept.  

2.3.2. Ethidium Bromide (EB) competitive study with fluorescence 

emission spectroscopy 

To investigate the effectiveness of binding modes of the complexes to DNA, a 

competitive binding study was performed by following EB displacement strategy 

through fluorescence emission spectroscopy. The competitive binding experiment was 

carried out in Tris-HCl buffer by keeping a constant ratio of concentration of 

[DNA]/[EB] =1.13 constant and varying the complex concentrations from 0 to 60 μM. 

During this experiment the emission spectra were recorded in the wavelength range 

550-700 nm by exciting the EB-DNA conjugate at the wavelength 540 nm (i.e., 

λex=540 nm). The obtained spectra were analyzed by using the classical Stern–Volmer 

equation4 which is given below as equation [4]:  

 
= 1 + K [Q]                                    (4) 

where I0 and I are the fluorescence intensities in the absence and presence of the 

quencher, respectively, Ksv is the linear Stern–Volmer quenching constant, Q is the 

concentration of the quencher. The relative binding affinities of the complexes to CT-

DNA was determined from the (Ksv) values.  

2.3.3. Thermal denaturation study 

Thermal denaturation studies of DNA were carried out by Jasco UV-Visible 

V-530 model spectrophotometer equipped with a temperature controlling programme 

assembly used to raise the temperature of the experimental solutions by 1 °C min -1.  

The absorbance of the CT-DNA solutions (100 μM) both in absence and presence of 

soluted metal complexes (10 μM) were monitored continuously at 265 nm.4 

2.3.4. Viscosity measurements 

Viscosities of the experimental solutions determined through Ostwald 

capillary type viscometer thermostated at   25 ± 1 °C. The concentration of CT-DNA 

was kept constant (100 μM) during the measurement and concentration of 

ligand/complex solution was gradually increased (10-100 μM). With a digital 
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stopwatch the flow times were measured with an accuracy of ± 0.20 s. The relation 

[5] used to calculate the viscosities:   

η = (t - to)/ to                                                      (5) 

where, t is the flow time of CT-DNA containing ligand or complex solution and to is 

the flow time of buffer alone in seconds.2 The obtained data were presented as 

(η/ηo)
1/3 versus 1/ R (R = [DNA]/[Complex]), where ηo  and η is the viscosity of DNA 

in the absence and that in the presence of the ligand or complex in experimental 

solutions, respectively.   

2.4. DNA cleavage study  

The DNA cleavage reaction was investigated by gel electrophoresis technique. 

The DNA cleavage activity was adjudged by examining the transformation of 

supercoiled form of pBR322 DNA (Form I) to circular (Form II) and linear (Form III) 

form.2 To perform cleavage reaction, solution of pBR322 DNA was prepared in Tris-

HCl buffer and each reaction mixture contains 20μM DNA, 200μM H2O2 and 5-

15μM synthesized complex. After incubation for 2 hours, 2 μL of the loading buffer 

and 1% agarose gel (containing 1 μg/cm3 ethidium bromide) was mixed to each 

reaction mixture. The electrophoresis was performed in Tris-acetic acid-EDTA buffer 

for 2h at 50V. After the completion of electrophoresis, the gel was captured 

photographically under UV light. This study is carried out only for the experiment 

described in Chapter IV. 

2.5. Antioxidant and free radical scavenging activity study 

Antioxidant and free radical scavenging activity study were carried out only 

for the work described in Chapter III. Several biochemical experiments were 

performed to determine the antioxidant or free radical scavenging activities of the 

synthesized complexes. 

2.5.1. DPPH radical scavenging assay 

DPPH (2, 2-diphenyl-1-picrylhydrazyl) free radical scavenging activity was 

monitored by using a literature method given by Saha et al.5 Various concentrations 

of complexes were prepared and mixed with freshly prepared DPPH solution (1mM; 

diluted in 95% methanol) and kept in dark.  After 30 minutes of reaction absorption 

was measured at 517 nm to determine the percent of inhibition and compared with the 

standard ascorbic acid. The percent of inhibition was calculated using the following 

relation [6]:  
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Percentage of scavenging = × 100                          (6)              

where, A0= absorbance of the control and A1= absorbance in the presence of samples 

and standard. 

2.5.2. Hydroxyl radical scavenging assay 

Hydroxyl radical scavenging activity was studied according to a standard 

protocol with slight modification.6 Hydroxyl radical (OH•) was generated through 

Fenton reaction and inhibition was measured at 532 nm. Mannitol was used as a 

standard for hydroxyl radical scavenging activity. Releation (6) was used for 

calculation of percent of inhibition. 

2.5.3. Superoxide radical scavenging assay 

Superoxide radical scavenging assay was studied by following a literature 

method7 with slight modifications. Non-enzymatic combination of phenazine 

methosulfate (PMS) and reduced nicotinamide adenine dinucleotide (NADH), 

superoxide radical (O2
•−) was produced and measured by the reduction of nitro blue 

tetrazolium (NBT) to purple-colored formazan. Quercetin was used as standard for the 

scavenging of superoxide radical. 

2.5.4. Nitric oxide (NO) radical scavenging assay 

Nitric oxide radical (NO) quenching activity was studied as per GriessI-llosvoy 

reaction.8 NO was generated through the reaction between aqueous sodium 

nitroprusside (SNP) and oxygen. Diazotization of nitrite ions with sulphanilamide and 

subsequent coupling with N-(1-naphthyl) ethylenediamine dihydrochloride (NED), 

pink azo dye was generated. Curcumin was used as standard for the above 

experiment. The percentage inhibition was calculated using relation (6).  

2.5.5. Hydrogen peroxide scavenging assay 

Hydrogen peroxide (H2O2) scavenging activity was studied by following FOX 

reagent method.9 Sodium pyruvate was used as standard. 

2.5.6. Peroxynitrite scavenging activity 

Peroxynitrite (ONOOˉ) scavenging activities of β-cyclodextrin derived Schiff 

base-Zn(II) complexes were compared against the standard gallic acid following a 

previously standardized method.10 
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2.5.7. Singlet oxygen scavenging assay 

Singlet oxygen (1O
2) generated through the reaction of sodium hypochloride 

(NaOCl) with H2O2 and scavenging activity of singlet oxygen was determined by 

monitoring the bleaching of N, N-dimethyl-4-nitrosoaniline (RNO) using the method 

of Pedraza-Chaverrí et al.11 with minor modifications. Lipoic acid was used as 

standard for the above experiment. 

2.5.8. Hypochlorous acid scavenging assay 

HOCl scavenging activity was studied by monitoring the decrease in 

absorbance of catalase following a standard method with minor modification.12 

Ascorbic acid was used as standard for this experiment. 

2.5.9. Measurement of reducing power 

The ferric reducing power was determined by the method of Oyaizu et al.13 

and Butylated hydroxytoluene (BHT) was used as standard. 

2.5.10. Iron chelation assay 

Iron chelation activity was studied by the method of Haro-Vicente et al.14 by 

measuring the decrease of intensity of violet complex (generated on coupling of Fe2+ 

and ferrozine) on addition of various concentrations of compounds. The absorbance 

was measured at 562 nm. Etylenediaminetetraacetate (EDTA) was used as standard. 

2.5.11. Total antioxidant activity (TAA) 

Total antioxidant activity (TAA) was measured following the method of 

Prietto et al.15 by the reduction of Mo6+ to Mo5+. Various concentrations of complex 

solution were mixed with 1 mL of reaction mixture containing sulfuric acid, sodium 

phosphate and ammonium molybdate. The absorbance was measured at 695 nm 

against a suitable blank. Ascorbic acid was used as standard for this experiment. The 

antioxidant activity was measured by the capacity of the complex to reduce 

molybdenum (VI) to molybdenum (V) using equation [7]: 

Total antioxidant activity = × 100                                (7) 

where, A0 = the absorbance of the blank and A1 = absorbance in the presence of the 

samples and standard (ascorbic acid). 

2.5.12. Lipid peroxidation inhibition assay 

Lipid peroxidation inhibitory activity was determined by studying the 

inhibition of OH− catalyzed malondialdehyde (MDA) production from the 

polyunsaturated fatty acid (PUFA) as per the method of Kizil et al.16 Mice brain 
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homogenate was used for the lipid peroxidation inhibition assay. Brain homogenate 

was prepared by centrifuging of mice brain with phosphate buffer (and potassium 

chloride. Various concentrations of complexes were mixed with the homogenate (100 

μl) followed by addition of ferrous sulfate and ascorbic acid and incubated for 1 h at 

37°C. Following incubation, TCA (Trichloroacetic acid) and TBA (thiobarbituric 

acid) were added in the reaction mixture and then heated at 95°C in water bath for 30 

min. Then the mixtures were cooled to room temperature and centrifuged for 2 min. 

The absorbance of the supernatant liquid was measured at 532 nm. The resultant data 

was compared with the standard Trolox.  

2.5.13. Erythrocyte membrane stabilizing activity (EMSA) 

  The assay was performed according to Navarro et al.17 with certain 

modification. 1mL  reaction mixture was prepared by mixing  phosphate buffer (pH 

7.2),  distilled water, red blood cell suspension (10%; diluted in PBS), EDTA,  nitro 

blue tetrazolium, riboflavin and varying concentrations of  complex solutions  

followed by bright light exposure for 30s and then incubated for 30 min at 50ºC. After 

incubation, the reaction mixture was centrifuged and absorbance of the supernatant 

liquid was measured at 562nm.  Quercetin was used as standard and the activity was 

measured using the relation [8]: 

Percentage of protection = × 100                    (8)                                         

where, As and Ab are the absorbances of sample and blank respectively. 

2.6. In-vitro haemolytic assay 

Haemolytic effects of complex were evaluated using mice blood according to 

the standardized method of Malagoli et al.18 and measures by the absorbance of 

liberated haemoglobin at 540 nm. Triton X-100 was used as standard. 

2.7. Cell cytotoxicity assay 

The cell cytotoxicity assay was studied according to the manufacturer’s 

instructions of EzcountTM MTT Cell Assay Kit (HiMedia). Under mild anesthesia 

spleen and peritoneal exudates macrophages were collected from Swiss albino mice. 

Splenocytes cell suspensions (2×106 cells/mL) and peritoneal macrophages were 

prepared in RPMI-1640 medium as per Saha et al.5 and measured against different 

concentrations of complex. 
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2.8. Statistical analysis 

All qualitative data are reported as the mean ± SD (standard deviation) of six 

measurements by one-way analysis of variance (ANOVA) with Dunnett’s test using  

KyPlot version 5.0 beta 15 (32 bit) for windows, where p<0.05 was considered as 

significant. The half maximal inhibitory concentration (IC50) values were calculated 

by the relation [9]: 

 𝑌 = × 100                                                        (9) 

where A1 = IC50, Y = response (Y = 100% when X = 0), X = inhibitory concentration. 

2.9. Catalytic activity study for Suzuki reaction in water 

Catalytic activity study was carried out only for the work described in Chapter 

VI. A mixture of aryl halide (1.0 mmol), aryl boronic acid (1.2 mmol), the complex (3 

mol%), K2CO3 (2.0 mmol) and water (3 mL) were continuously stirred at room 

temperature (25 °C). The progress of the reaction was monitored by TLC at 5 min 

intervals. After completion of reaction, the reaction mixture was diluted with 20 mL 

water and extracted by a mixture of hexane and ethyl acetate (1:1, v/v). The organic 

layer was dried with anhydrous Na2SO4 and solvents were evaporated. The crude 

products were purified using flash column chromatography (silica gel, 60–120 mesh) 

with n-hexane/ethyl acetate as the eluent to get the desired product. The products were 

analyzed with 1H NMR spectra. After the extraction of the products, the catalyst was 

reprecipitated by the addition of 10 mL of acetone to the aqueous layer containing the 

catalyst. The recovered catalyst was filtered, washed with acetone and dried in a 

vacuum and reused for Suzuki reaction. 

2.10. Antibacterial activity of the synthetic compounds using well diffusion 

method 

Antibacterial activity experiment was carried out only for the work described 

in Chapter V. 

2.10.1. Preparation of synthetic compounds for microbiological assay 

The test solution of a synthesized compound was prepared in DMSO at a 

concentration of 5, 7.5 and 10 mg/ml. 

2.10.2. Test Organisms 

Two pathogenic gram positive bacteria Staphylococcus aureus, Bacillus 

subtilis and two pathogenic gram negative bacteria Escherichia coli, Klebsiella 

pneumonia were used for assessing the antibacterial activities using well diffusion 
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method. All bacterial strains were cultivated in nutrient broth medium (NB) and 

incubated at 37 °C for 24 hr. This was used for the antibacterial activity in the well 

diffusion assay. 

2.10.3. Preparation of media 

The nutrient agar (NA) medium was obtained from Hi-media laboratory Pvt 

Ltd, Mumbai, India. NA (2.8 g) was suspended in 100 mL of distilled water, boiled 

and dissolved completely. It was sterilized by autoclaving at 15 lbs. pressure (121 ºC) 

for 15 min and poured into sterile Petri dish and allowed to set. Sterility check was 

done after the agar was solidified.19 

2.10.4. Preparation of culture media and inoculation method 

The pure cultures of each bacterium were prepared in Nutrient broth and 

incubating over night at 37 ºC. After incubation, all the required plates were 

inoculated by dipping a non-toxic sterile cotton swab into the microbial growth. 

Excess of inoculate was removed by pressing and rotating the swab firmly against the 

side of the tube, above the level of the liquid. The medium was inoculated by evenly 

streaking the swab over the entire surface of the plate in three directions. 

2.10.5. Agar well diffusion method 

The assay for antibacterial activities was conducted by agar well diffusion 

method.20 Sterile nutrient agar (NA) was poured into sterile Petri dishes, which was 

inoculated with the test organisms. Sterile cork borer was used to prepare well (9 mm) 

on each Petri plates. About 200 μl of synthetic compound (10mg/mL) was poured into 

each well (each microorganism inoculated plates) using sterile pipette and incubated 

at 37 ºC for 24h. After incubation all the tested plates were examined and the 

diameters of the inhibition zones were measured. All the experiments were carried out 

in triplicates. DMSO was used as a control. The zone of inhibitions is expressed as 

mean values with standard deviation of mean (SD). 
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CHAPTER III 

β-cyclodextrin based Schiff base Zn(II) complexes: Synthesis, Physicochemical 

Characterization and their role in alleviating oxidative stress related disorder* 

 

3.1. Introduction 

 Certain inorganic compounds play crucial roles in biological processes and 

many organic compounds used as medicine are activated by metal ions.1 Schiff bases, 

their derivatives and their metal complexes are often active as anticancer and 

antioxidative agents.2-4 Transition metal ions readily complexes with polydentate 

Schiff base ligands specially containing nitrogen, oxygen or sulphur donor atoms and 

they have great importance in biological systems.5,6 In biological oxygen carrier 

systems such complexes may act as model molecules.7 For example, Zishen et al.8 

have reported that Schiff base complexes derived from 4-hydroxysalicylaldehyde and 

amines showed strong anticancer activities against Ehrlich ascites carcinoma (EAC). 

However, poor aqueous solubility of such complexes often poses a problem for their 

applications in biochemical activities. Carbohydrates have high aqueous solubility and 

many antibiotics containing sugar or carbohydrate moieties readily interact with DNA 

molecules.9 

Although oxygen is crucial for the survival of living organism but most of the 

unused oxygen transforms into various reactive oxygen species (ROS), which 

generate oxidative stress in the biological systems. Free radicals or reactive oxygen 

species (ROS) (i.e, oxidant) are highly detrimental to the immune systems and often 

triggers carcinogenic activities through oxidative stress. It damages normal 

biochemical activities in the living organism,10 so to combat this foul species various 

antioxidants must be developed in the organism. During endogenous metabolic 

reaction aerobic cell produces ROS such as superoxide anion (O2
.-), hydrogen 

peroxide (H2O2), and hydroxyl radical (OH.). Also mitochondrial respiratory chain 

under hypoxic condition generates nitric oxide (NO) which in turn forms reactive 

nitrogen species (RNS).11Thus an optimum level ROS is essential for normal 

biological functions like cellular growth, gene expression and defence against 

infection.12 On the contrary, nitric oxide (NO) is formed from the arginine and aided 

by nitric oxide synthase (NOS). Peroxynitrate is a resultant of the reaction between 
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nitric oxide and superoxide, a potent and very active oxidant that can attack a wide 

array of biological functions. 

Therefore, herein this chapter two β-cyclodextrin based Schiff bases (3a and 

3b) have been synthesized and used to prepare water soluble Zn(II) complexes (4a 

and 4b), their potential effects in alleviating oxidative disorder or oxidative stress 

were studied through various biochemical methods in order to evaluate the free 

radical scavenging activities of the synthesized Zn(II) complexes (4a and 4b).  

3.2. Experimental section 

 3.2.1. Materials and methods 

All the chemicals were purchased from Sigma Aldrich, Germany and were 

used without further purification. Bi-distilled water was used in all the experiments. 

FTIR spectra were recorded on Perkin-Elmer Spectrum FTIR spectrometer (RX-1) 

using KBr pellets in the range 4000-400 cm-1 at ambient temperature  and UV-Visible 

spectra were recorded on a JascoV-530 double beam Spectrophotometer using quartz 

cell (1 cm) equipped with thermostated bath (maintained at 25±0.1 °C) using water 

and DMSO as solvent reference. 1H NMR and 13C NMR spectra were recorded at 

room temperature on a Bruker Advance-II 400 MHz spectrometer by using D2O and 

DMSO-d6 as solvents and chemical shifts (δ) were quoted in ppm with respect to 

TMS. Elemental microanalyses (C, H and N) were conducted by using Euro 

VECTOR EA 3000 analyzer. Zn-content was determined by AAS (Varian, 

SpectraAA 50B) by using standard Zn-solution from Sigma-Aldrich, Germany. The 

purity of the ligands and its Zn(II) complexes were confirmed by TLC. The mass 

spectra were recorded by using Waters ZQ-4000 instrument. All the experiments 

using animals were reviewed and approved by the Animal Ethical Committee of 

University of North Bengal (Permit No. 840/ac/04/CPCSEA, Committee for the 

Purpose of Control and Supervision on Experiments on Animals) and performed in 

accordance with the legislation for the protection of animals used for scientific 

purposes. Blood were collected from Swiss albino mice by puncturing the heart under 

proper anesthesia. Collected blood samples were used for erythrocyte membrane 

stabilizing and hemolytic activities. Brain was isolated from the same mouse for lipid 

peroxidation assay. The detailed description of the various analytical and 

spectroscopic methods and instruments has already been discussed in chapter II. 
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CDOTs, 1] 

p-toluenesulfonyl chloride (2.5 g, 1.5 equiv.) was added dropwise to a round 

bottom flask containing 

pyridine (500 mL) and stirred over night at room temperature. After 24 hours the 
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path of β-cyclodextrin based Schiff bases and their Zn(II) 

shown in scheme 3.1. 

Syntheses of compound 1, 2, 3 (3a and 3b) and 4 (4a & 4b).

.1. Synthesis of mono-6-deoxy-6-(p-tosylsulfonyl)-β-cyclodextrin 

toluenesulfonyl chloride (2.5 g, 1.5 equiv.) was added dropwise to a round 

bottom flask containing β-cyclodextrin (β-CD) (10.0 g, 8.8 mmol) dissolved in 

pyridine (500 mL) and stirred over night at room temperature. After 24 hours the 

omponents as observed by TLC (SiO2; butanol:ethanol:water = 

and the reaction was ceased by adding 10 mL water. Then the reaction 

mixture was concentrated to one fifth in volume and added acetone dropwise until the 

precipitation was over. The precipitate was filtered, washed with acetone and was 

dried under vacuum. The precipitate was dissolved in DMF and purified on a 

phase column (silica gel 60 silanized, 200 g in dry weight, 4.1 

40 % DMF (aq) as eluent. The fraction of 5-10 % contained β-CD while TsO

20 % and 20-40 % contained (TsO)2-β-CD.Then the fraction of 

% was concentrated and was poured into acetone to obtain white coloured pure 

The product was filtered, dried and stored in a vacuum desiccator. 

Color: white; Yield (45%); IR cm-1, KBr: 3391 (OH), 2926 (C

Assym), 1153 (SO2 Sym) cm-1; 1H NMR (400 MHz, DMSO

= 7.49 (m, 2H Ph), 7.12 (m, 2H Ph), 5.94–5.72 (m, 14H, OH2 and OH3 CD), 

4.76 (m, 7H, H1 CD), 4.58–4.43 (m, 6H, OH6 CD), 4.27 (m, 2H, H6

3.54 (m, 25H, H3, H5 and H6 CD), 3.47–3.14 (m, H2, H4 

overlap with water), 2.28 (s, 3H, Ph-CH3) ppm;13 13C NMR (DMSO-d6): 
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and 4 (4a & 4b). 

cyclodextrin [β-

toluenesulfonyl chloride (2.5 g, 1.5 equiv.) was added dropwise to a round 

CD) (10.0 g, 8.8 mmol) dissolved in 

pyridine (500 mL) and stirred over night at room temperature. After 24 hours the 

l:ethanol:water = 

mL water. Then the reaction 

mixture was concentrated to one fifth in volume and added acetone dropwise until the 

precipitation was over. The precipitate was filtered, washed with acetone and was 

purified on a 

phase column (silica gel 60 silanized, 200 g in dry weight, 4.1  30 cm), by 

CD while TsO-

CD.Then the fraction of 10-20 

ain white coloured pure 

The product was filtered, dried and stored in a vacuum desiccator.  

, KBr: 3391 (OH), 2926 (C–H), 1646 

NMR (400 MHz, DMSO-d6, 25 

5.72 (m, 14H, OH2 and OH3 CD), 

4.43 (m, 6H, OH6 CD), 4.27 (m, 2H, H6/ CD), 4.02 

3.14 (m, H2, H4 

):  = 146.52, 
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143.15, 127.91, 124.26 (aromatic), 101.84 (C1), 81.06 (C4), 73.03,72.06, 71.68 

(C3,C2,C5), 62.88 (C6/), 60.16 (C6),  23.18(1 (C9) ppm;14 Anal. Calcd. for 

C49H76O37S: C, 45.65; H, 5.94; O, 45.92. Found: C, 45.05; H, 5.29; O, 45.53.  

3.2.2.2. Synthesis of mono-6-deoxy-6-(toluene-3,4-diamino)-β-cyclodextrin (2) 

In a 50 mL round bottom flask 3,4-diaminotoluene (85.3mg, 0.7826 mmol) 

was dissolved in dry DMF (2.0 mL) and warmed to 50 °C. Dimethylaminopyridine 

(DMAP) (97.0 mg, 0,795 mmol) and KI (32.2 mg, 0.194 mmol) were added, and after 

5 min powdered β -CDOTs (1) (500 mg, 0.388 mmol) was added. The reaction was 

stirred for 36 h at 50 °C. The reaction was cooled to room temperature and the volatile 

materials were removed in vacuo to give a yellow mass. The crude product was 

dissolved in water and reprecipitated out by adding acetone to it. The precipitate was 

collected by filtration and after drying solid product was obtained.  

Color: Yellowish white; Yield (63%); IR, KBr cm-1: 1641, 1557, 1412 and 

1261 cm-1; UV: 255 nm, 216 nm; 1H NMR (400 MHz, D2O, 25 °C):  = 7.18 (m, 1H, 

Ph), 7.09 (m, 1H, Ph), 6.71 (m, 1H, Ph), 5.82–5.67 (m, 14H, OH2 and OH3 CD), 5.02 

(s, 1H, NH), 4.84-4.75 (m, 7H, H1 CD), 4.65 (s, 2H, NH2), 4.51–4.40 (m, 6H, OH6 

CD), 4.24 (m, 2H, H6/ CD), 4.08 (m, 1H, H5/ CD), 3.93–3.80 (m, 25H, H3, H5 and 

H6 CD), 3.62–3.51 (m, H2, H4 overlap with water), 2.67 (s, 3H, -CH3) ppm; 13C 

NMR (D2O):  = 134.21, 130.70, 116.81, 117.96, 113.35 (aromatic), 101.66 (C1), 

81.17 (C4), 73.07,72.91, 71.64 (C3,C2,C5), 61.12 (C6), 40.06 (C6/), 24.31(1 (Cf) 

ppm; Anal. Calcd for C49H77N2O34: C, 47.53; H, 6.27; N, 2.26; O, 43.94. Found: C, 

47.08; H, 6.19; N, 2.04; O, 43.35 

3.2.2.3. General procedure for synthesis of amino modified β-cyclodextrin 

based Schiff bases (3a & 3b) 

A mixture containing amino modified β-cyclodextrin (2) and aldehyde (a, b) in 

50 mL1:1 (v/v) aqueous ethanol was refluxed for 4 hours at 60 °C. After the 

completion of reaction, the water soluble solid mass was obtained by complete 

evaporation of the solvent in hot water bath. The product was recrystallized several 

times from aqueous ethanol to remove impurity and ultimately pure solid products 

were obtained.  

Physical and spectral data for 3a and 3b are as follows: 
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3.2.2.3.1. Mono-6-deoxy-6-(4-(5-chloro-2-hydroxybenzylidene amino) - 

3,4-diaminotolune)-β-cyclodextrin (3a)                                                                                               

Color: Yellowish white; Yield (66%); IR cm-1: 1636, 1337, 1263  ; 1H NMR 

(400 MHz, D2O, 25 °C):  = 10.12 (s, 1H, Phenolic -OH), 8.18 (s, 1H, CH=N), 6.58 – 

7.45 (m, aromatic protons), 5.87–5.69 (m, 14H, OH2 and OH3 CD), 5.28 (s, 1H, NH), 

4.91–4.83 (m, 7H, H1 CD), 4.58–4.43 (m, 6H, OH6 CD), 4.32 (m, 2H, H6/  CD), 4.10 

(m, 1H, H5/ CD), 3.94–3.80 (m, 25H, H3, H5 and H6 CD), 3.62–3.51 (m, H2, H4 

overlap with water), 2.18 (s, 3H, -CH3) ppm; 13C NMR (D2O):  = 160.08 (-C-OH), 

158.62 (-C=CN), 144.20, 136.44, 135.80, 132.92, 130.70,127.43, 122.07, 119.57, 

118.84, 117.19, 112.65 (aromatic), 101.66 (C1), 81.17 (C4), 73.17,72.93, 71.57 

(C3,C2,C5), 61.15 (C6), 44.69 (C6/), 24.16(Cf) ppm; UV: 256 nm, 282 nm; Anal. 

Calcd for C56H80N2O35Cl: C, 48.85; H, 5.86; N, 2.03; O, 40.66. Found: C, 48.68; H, 

5.29; N, 1.89; O, 40.24. m/z (ESI): calculated 1376.64, found 1377.32 [M+H]+. 

3.2.2.3.2. Mono-6-deoxy-6-(4-(5-nitro-2-hydroxybenzylidene amino) - 3,4-

diaminotolune)-β-cyclodextrin (3b)                                                                                               

Color: Pale yellow ; Yield (69%); IR cm-1, KBr: 1628, 1340, 1263; 1H NMR 

(400 MHz, D2O, 25 °C):  = 10.11 (s, 1H, Phenolic -OH), 8.12 (s, 1H, CH=N), 6.85 – 

7.69 (m, aromatic protons), 5.89–5.72 (m, 14H, OH2 and OH3 CD), 5.16 (s, 1H, NH), 

4.90–4.78 (m, 7H, H1CD), 4.38–4.55 (m, 6H, OH6 CD), 4.31 (m, 2H, H6/  CD), 4.12 

(m, 1H, H5/  CD), 3.93–3.80 (m, 25H, H3, H5 and H6 CD), 3.60–3.51 (m, H2, H4 

overlap with water), 2.18 (s, 3H, -CH3) ppm; 13C NMR (D2O):  = 164.53 (-C-OH), 

160.14 (-C=CN), 146.43, 140.56, 137.70, 135.41, 125.48, 124.80, 123.12, 119.33, 

118.83, 116.90, 114.56 (aromatic), 101.78 (C1), 81.04 (C4), 73.14, 72.84, 71.60 

(C3,C2,C5), 60.47 (C6), 46.51 (C6/), 23.95(Cf) ppm; UV: 250 nm, 284 nm; Anal. 

Calcd for C56H80N3O37: C, 48.48; H, 5.81; N, 3.03; O, 42.67. Found: C, 48.21; H, 

5.19; N, 2.81; O, 42.38. m/z (ESI): calculated 1387.23, found 1388.53 [M+H]+. 

3.2.2.4. General procedure for synthesis of Zn(II)-metal complexes of 

amino modified β-cyclodextrin based Schiff bases (4a & 4b) 

The amino modified β-cyclodextrin based Schiff bases 3a (275.3 mg ,0.2 

mmol) & 3b (277.4 mg, 0.2 mmol)   respectively were stirred with aqueous methanol 

for 10 min. Zinc acetate (43.9 mg, 0.2  mmol ) was added to the resulting solutions 

and the mixture were refluxed for 6 h. Then the reaction mixtures were concentrated 
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and on addition acetone the product was precipitate out. The products were purified 

from water-methanol (1:1v/v) several times. 

Physical and spectral data for 4a and 4b are as follows: 

3.2.2.4.1. Zn(II) complex of mono-6-deoxy-6-(4-(5-chloro-2-

hydroxybenzylideneamino)-3,4-diaminotolune)-β-cyclodextrin (4a) 

Color: Light yellow; Yield (75%); IR cm-1, KBr: 1570, 1330, 1244, 859, 775, 

525, 440; 1H NMR (400 MHz, D2O, 25 °C):  = 8.39 (s, 1H, CH=N), 6.45 – 7.32 (m, 

aromatic protons), 6.12–5.97 (m, 14H, OH2 and OH3 CD), 5.61 (s, 1H, NH), 4.93–

5.08 (m, 7H, H1 CD), 4.72–4.60 (m, 6H, OH6 CD), 4.45 (m, 2H, H6/  CD), 4.15 (m, 

1H, H5/  CD), 3.93–3.80 (m, 25H, H3, H5 and H6 CD), 3.61–3.51 (m, H2, H4 overlap 

with water), 1.86 (s, 3H, -CH3) ppm; 13C NMR (D2O):  = 169.84 (-CO of oAc-), 

157.98 (-C-OH), 155.13 (-C=CN), 143.36, 137.12, 135.56, 131.87, 130.17,127.52, 

122.12, 119.87, 118.61, 117.16, 112.31 (aromatic), 101.66 (C1), 81.17 (C4), 

73.17,72.93, 71.57 (C5,C2,C3), 61.15 (C6), 57.43 (C6/), 25.26(Cf), 23.21 (-CH3 of 

oAc-) ppm; UV: 282 nm, 261 nm, 366 nm; Anal. Calcd for C58H84N2O38 Cl Zn: C, 

45.88; H, 5.58; N, 1.84; O, 40.05; Zn, 4.31. Found: C, 45.58; H, 5.19; N, 1.49; O, 

39.85; Zn, 4.11. m/z (ESI): calculated 1518.12, found 1519.35 [M+H]+. 

3.2.2.4.2. Zn(II) complex of mono-6-deoxy-6-(4-(5-nitro-2-

hydroxybenzylideneamino)-3,4-diaminotolune)-β-cyclodextrin (4b) 

Color: Canary yellow; Yield (78%); IR cm-1, KBr: 1582, 1332, 1241, 862, 

762, 533, 437; 1H NMR (400 MHz, D2O, 25 °C):  = 8.35 (s, 1H, CH=N), 6.98 – 7.83 

(m, aromatic protons), 6.03–5.96 (m, 14H, OH2 and OH3 CD), 5.63 (s, 1H, NH), 

4.96–5.10 (m, 7H, H1 CD), 4.76–4.67 (m, 6H, OH6 CD), 4.49 (m, 2H, H6/ CD), 4.25 

(m, 1H, H5/  CD), 3.93–3.80 (m, 25H, H3, H5 and H6 CD), 3.61–3.51 (m, H2, H4 

overlap with water), 1.86 (s, 3H, -CH3) ppm;13C NMR (D2O):  = 173.16 (-CO of 

oAc-), 162.25 (-C-OH), 157.02 (-C=CN), 145.89, 140.92, 138.06, 136.87, 

127.49,125.22, 119.32, 119.87, 118.92, 116.09, 114.73 (aromatic), 101.62 (C1), 

81.19(C4), 73.12, 72.79, 71.62 (C3,C2,C5), 60.32 (C6), 57.66 (C6/), 24.01(Cf), 22.78 

(-CH3 of oAc-) ppm; UV: 284 nm, 257 nm, 397 nm; Anal. Calcd for C58H84N3O40Zn: 

C, 45.57; H, 5.53; N, 2.75; O, 41.86; Zn, 4.28. Found: C, 45.08; H, 5.19; N, 2.49; O, 

41.25; Zn, 4.06. m/z (ESI): calculated 1528.67, found 1528.96[M]+. 
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3.2.3. Antioxidant and free radical scavenging activity study 

The detailed description of the various experimental methods and instruments 

for performing the antioxidant and free radical scavenging activity study has been 

discussed in chapter II (sections 2.5, 2.6, 2.7 and 2.8). 

3.3. Results and discussion 

Mono-6-deoxy-6-(toluene-3,4-diamino)-β-cyclodextrin (2) was synthesized 

from mono-6-deoxy-6-(p-tosylsulfonyl)-β-cyclodextrin (β-CDOTs) (1). After 

synthesis of the amino modified β-cyclodextrin based Schiff bases (3a & 3b), it was 

allowed to react with zinc acetate in aqueous methanol to give amino modified β-

cyclodextrin based zinc complexes (4a & 4b) (Scheme 3.1). The structure of Zn(II) 

complexes were confirmed by various analytical and spectroscopic analyses, such as 

elemental analysis, FTIR, 1H NMR, 13C NMR,  UV-visible spectroscopy and ESI-MS. 

3.3.1. FTIR spectra 

The FTIR spectrum of compound 1 and 2 were shown in (Figure 3.1). The 

characteristic absorption peaks at 1646 (C=C), 1366 (SO2 Assym), 1153 (SO2 Sym) 

cm-1 in the IR spectrum of 6-OTs-β-CD (1)15 which corresponding to sulfonic acid 

group, have disappeared in the IR spectrum of compound 2. On the other hand, four 

characteristic absorption peaks of 1641, 1557, 1412 and 1261 cm-1 appears in the 

spectrum of compound 2. The absorption peaks of 1641 cm-1 was corresponded to N-

H stretching vibration of the group of 3,4-diaminotolune moiety. The absorption 

peaks of 1412 cm-1 was corresponded to -CH2- stretching vibration. The peaks at 1557 

and 1261 cm-1 were assigened to C=C stretching vibrations for the phenyl moiety of 

compound 2. The results showed that the p-toluenesulfonyl group had been 

substituted by 3,4-diaminotolune group. In the FTIR spectrum of 4a & 4b (shown in 

Figure 3.2), the azomethine peak was shifted to lower frequency than the ligands 3a & 

3b (shown in Figure 3.3) and appeared at 1570 and 1582 cm-1, respectively indicating 

that the N atom of the C=N group of the ligands coordinates with the Zn2+ ion. The 

involvement of deprotonated phenolic moiety in complexes, have been confirmed by 

the shift of  ν(C-O) stretching band [observed  at 1337, 1263 cm-1 and 1340,1263 cm-1 

in the free ligands (3a and 3b), respectively] to a lower frequency at 1330, 1244 cm-1 

and 1332, 1241 cm-1 in complexes (4a and 4b), respectively.16 The shift of ν(C-O) 

band to a lower frequency suggests the weakening of C-O bond and formation of 

stronger M-O bond. In the IR spectra of both complexes the bands that appeared at  



Fig  3.1. FTIR spectra of  Mono-6-deoxy

and Mono-6-deoxy-6-(toluene-3,4-diamino)

 

862-859 cm-1 and 790-760 cm-1 

of coordinated water molecule.17

attributed to ν(M-phenolic O) and the band observed at 525 and

attributed to ν(M-N) vibrations for complex

Fig 3.2. FTIR spectra of  Mono-

diaminotolune)-β-cyclodextrin (3a) and 

hydroxybenzylideneamino)-3,4-diaminotolune)
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deoxy-6-(p-tosylsulfonyl)-β-cyclodextrin [β-CDOTs

diamino)-β-cyclodextrin (2). 

 were assigned for the rocking and wagging vibration 
17-19The bands observed at 440 and 437 cm-1

phenolic O) and the band observed at 525 and 533cm-1

N) vibrations for complexes (4a and 4b), respectively.20 

 

-6-deoxy-6-(4-(5-chloro-2-hydroxybenzylideneamino)

) and Zn complex of Mono-6-deoxy-6-(4-(5-chloro

diaminotolune)-β-cyclodextrin (4a). 
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were assigned for the rocking and wagging vibration 
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hydroxybenzylideneamino)-3,4-

chloro-2-
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Fig 3.3. FTIR spectra of Mono-6-deoxy-6-(4-(5-nitro-2-hydroxybenzylideneamino)-3,4-

diaminotolune)-β-cyclodextrin (3b) and  Zn complex of Mono-6-deoxy-6-(4-(5-nitro-2-

hydroxybenzylideneamino)-3,4-diaminotolune)-β-cyclodextrin (4b). 

3.3.2. NMR spectra 
1H NMR spectra of the mono-tosyleted β-cyclodextrin (1), β-cyclodextrin 

based amine (2), Schiff bases (3a and 3b) and two Zn(II) complexes (4a and 4b) were 

recorded in D2O (shown in Figure 3.4 - 3.9). 1H NMR spectrum of compound 2 shows 

that the peaks at δ ≈ 5.02 ppm for –NH group, at δ 2.676 ppm for –CH3 group. Signals 

of the aromatic protons appeared as multiplets in the range of δ ≈6.7–7.2 ppm and –

NH2 group appeared as a singlet in 4.652 ppm.21 The signals of the H6 protons with 

an amino group (H6/ a. H6/ b) appear at 0.8 ppm lower field than those of H6 protons 

of other rings of β-cyclodextrin suggesting the formation of mono-6-deoxy-6-

(toluene-3,4-diamino)-β-cyclodextrin (2) . After the reaction of amine modified β-

cyclodextrin with aldehydes the resulting Schiff base ligands (3a and 3b) show the 

following signals: phenyl protons as multiplets at ≈ 6.8 to 7.9 ppm, -CH3 protons as 

singlet at ≈ 2.181-2.0 ppm, the peak at δ ≈ 10.0 ppm can be attributated to the 

phenolic proton present in the salicylaldehyde moiety. Disappear of the singlet of –

NH2 proton suggest formation of azomethine group, azomethine proton (C–CH=N–) 

peak appears at δ ≈ 8.2 ppm in both ligands. Both Zn(II) complexes show that the 

phenolic –OH group is involved in complexation resulting in the disappearance of the 

peak at 10.0 ppm. The azomethine proton signal in the spectra of the zinc complexes 

were shield downfield (near δ ≈ 8.40 ppm) compared to the free ligands, suggesting 

deshielding of the azomethine group due to the coordination with metal ion. The 



signals appearing at 5.30 ppm in the spectra of the ligands (due to the proton of 

group) broadens and appears at δ

the coordination of NH group with the metal io

The13C NMR spectra of 

DMSO-d6 and have been shown in 

compound 2 the signal for carbon (C6

ppm lower field than those of C6 carbon of other rings of 

confirms the formation of mono

(2).14 Both ligands (3a and 3b) showed signals for the 

and 160.14 ppm, respectively. Also these ligands showed 

group at signals at 160.08ppm and 164.53ppm, respectively. The 

both ligands (3a and 3b) and complexes (4a and 4b) showed peaks for aromatic 

carbons at usual range (110-145 ppm).  The 

groups in both ligands (3a and 3b)  get shifted upfield to 155.13ppm and 157.98ppm 

for complex 4a and 157.02ppm and 162.25p

confirms the coordination of Zn(II) ion with azomethine N atom and phenolic 

atom. 13C NMR signal of C6/ in both complexes (4a and 4b) were also shifted to low 

field (form around 45ppm to around 

Therefore 1H and 13C NMR spectra substantiated the coordination geometry of 

complexes. 

Fig 3.4. 1H NMR of Mono-6-deoxy-
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signals appearing at 5.30 ppm in the spectra of the ligands (due to the proton of 

δ ≈ 5.6ppm in the spectra of the complexes suggesting 

NH group with the metal ion.22 

NMR spectra of 1, 2, 3a, 3b, 4a and 4b were recorded in D2O and 

and have been shown in Figure 3.10 - 3.15. In 13C-NMR spectrum of 

compound 2 the signal for carbon (C6/) with an amino group appears at around 20 

ppm lower field than those of C6 carbon of other rings of β-cyclodextrin. This fact 

confirms the formation of mono-6-deoxy-6-(toluene-3,4-diamino)-β-cyclodextrin 

Both ligands (3a and 3b) showed signals for the –CH=N group at 158.62ppm 

and 160.14 ppm, respectively. Also these ligands showed 13C signals for –

group at signals at 160.08ppm and 164.53ppm, respectively. The 13C NMR spectra of 

) and complexes (4a and 4b) showed peaks for aromatic 

145 ppm).  The 13C NMR signals of –CH=N and –

groups in both ligands (3a and 3b)  get shifted upfield to 155.13ppm and 157.98ppm 

for complex 4a and 157.02ppm and 162.25ppm for complex 4b. This upfield shift 

confirms the coordination of Zn(II) ion with azomethine N atom and phenolic 

in both complexes (4a and 4b) were also shifted to low 

around 58ppm) suggesting coordination to Zn(II) ion

NMR spectra substantiated the coordination geometry of 

-6-(p-tosylsulfonyl)-β-cyclodextrin [β-CDOTs, 1].  
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5.6ppm in the spectra of the complexes suggesting 

O and 

NMR spectrum of 

) with an amino group appears at around 20 

cyclodextrin. This fact 

cyclodextrin 

CH=N group at 158.62ppm 

–C-OH 

NMR spectra of 

) and complexes (4a and 4b) showed peaks for aromatic 

–C-OH  

groups in both ligands (3a and 3b)  get shifted upfield to 155.13ppm and 157.98ppm 

pm for complex 4b. This upfield shift 

confirms the coordination of Zn(II) ion with azomethine N atom and phenolic –O 

in both complexes (4a and 4b) were also shifted to low 

rdination to Zn(II) ion.14 

NMR spectra substantiated the coordination geometry of 

 

 



Fig  3.5. 1H NMR of Mono-

Fig  3.6.1H NMR of Mono-

diaminotolune)-β-cyclodextrin (

Fig  3.7. 1H NMR of Mono-

diaminotolune)-β-cyclodextrin (
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-6-deoxy-6-(toluene-3,4-diamino)-β-cyclodextrin (2

-6-deoxy-6-(4-(5-chloro-2-hydroxybenzylideneamino)

cyclodextrin (3a). 

-6-deoxy-6-(4-(5-nitro-2-hydroxybenzylideneamino)

cyclodextrin (3b). 
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). 

 

hydroxybenzylideneamino)-3,4-

 

hydroxybenzylideneamino)-3,4-



Fig 3.8. 1H NMR of Zn complex of Mono

hydroxybenzylideneamino)-3,4-diaminotolune)

Fig 3.9. 1H NMR of Zn complex 

hydroxybenzylideneamino)-3,4-diaminotolune)

Fig 3.10. 13C NMR of Mono-6-deoxy
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NMR of Zn complex of Mono-6-deoxy-6-(4-(5-chloro

diaminotolune)-β-cyclodextrin (4a). 

NMR of Zn complex of Mono-6-deoxy-6-(4-(5-nitro

diaminotolune)-β-cyclodextrin (4b). 

deoxy-6-(p-tosylsulfonyl)-β-cyclodextrin (β-CDOTs) (1). 
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nitro-2-

 

).  



Fig 3.11. 13C NMR of Mono

Fig  3.12. 13C NMR of Mono

diaminotolune)-β-cyclodextrin (

Fig 3.13. 13C NMR of Mono

diaminotolune)-β-cyclodextrin (
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Mono-6-deoxy-6-(toluene-3,4-diamino)-β-cyclodextrin (

NMR of Mono-6-deoxy-6-(4-(5-chloro-2-hydroxybenzylideneamino)

cyclodextrin (3a). 

Mono-6-deoxy-6-(4-(5-nitro-2-hydroxybenzylideneamino)

cyclodextrin (3b). 
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cyclodextrin (2). 

 

hydroxybenzylideneamino)-3,4-

 

hydroxybenzylideneamino)-3,4-



 Fig 3.14. 13C NMR of Zn complex of Mono

hydroxybenzylideneamino)-3,4-diaminotolune)

 

Fig 3.15. 13C NMR of Zn 

hydroxybenzylideneamino)-3,4-diaminotolune)

 

3.3.3. UV-visible spectra

UV-VIS spectra of the β

3b) and two Zn (II) complexes (4a and 4b) were r

3.16 -3.18). The modified amine (2) shows two bands at 255 and 216 nm due to the 

nπ* and ππ* transitions. The electronic spectra of the Schiff base ligands (3a and 

3b) exhibit absorption bands at 256 nm & 250 nm, respec

around 280-285 nm which were due to the π
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NMR of Zn complex of Mono-6-deoxy-6-(4-(5-chloro

diaminotolune)-β-cyclodextrin (4a). 

NMR of Zn complex of Mono-6-deoxy-6-(4-(5-nitro

diaminotolune)-β-cyclodextrin (4b). 

visible spectra 

VIS spectra of the β-cyclodextrin based amine (2), Schiff bases (3a and 

3b) and two Zn (II) complexes (4a and 4b) were recorded in water (shown in Figure

18). The modified amine (2) shows two bands at 255 and 216 nm due to the 

transitions. The electronic spectra of the Schiff base ligands (3a and 

3b) exhibit absorption bands at 256 nm & 250 nm, respectively with shoulder at 

285 nm which were due to the ππ* transition.23 In addition to these 
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chloro-

 

nitro-2-

cyclodextrin based amine (2), Schiff bases (3a and 

Figures 

18). The modified amine (2) shows two bands at 255 and 216 nm due to the 

transitions. The electronic spectra of the Schiff base ligands (3a and 

tively with shoulder at 

In addition to these 



peaks, both compounds showed bands at 311

transition.24,25 In Zn(II) complexes 

nm to 261 nm (bathochromic) and from 250 nm to 257 nm (bathochromic) 

respectively, suggested the coordination of the metal ion (Zn

Disappearance of the peaks at 311

ligands suggested the coor

Fig 3.16. Absorption spectr

Fig 3.17. Absorption spectra of (a) 

hydroxybenzylideneamino)

Mono-6-deoxy-6-(4-(5-chloro

cyclodextrin (4a). 
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peaks, both compounds showed bands at 311-320 nm attributable to n

In Zn(II) complexes (4a and 4b) the above bands get shifted from 

nm to 261 nm (bathochromic) and from 250 nm to 257 nm (bathochromic) 

respectively, suggested the coordination of the metal ion (Zn2+) with ligands. 

Disappearance of the peaks at 311-322 nm in the complexes compared to that of 

ligands suggested the coordination of Zn with azomethine N-atom of the ligands. 

 

Absorption spectrum of Mono-6-deoxy-6-(toluene-3,4-diamino)-β-cyclodextrin (2)

 

Absorption spectra of (a) Mono-6-deoxy-6-(4

hydroxybenzylideneamino)-3,4-diaminotolune)-β-cyclodextrin (3a) and  (b) Zn complex of 

chloro-2-hydroxybenzylideneamino)-3,4-diaminotolune)
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320 nm attributable to nπ* 

(4a and 4b) the above bands get shifted from 256 

nm to 261 nm (bathochromic) and from 250 nm to 257 nm (bathochromic) 

) with ligands. 

322 nm in the complexes compared to that of 

atom of the ligands.  

 

cyclodextrin (2). 

 

(4-(5-chloro-2-

cyclodextrin (3a) and  (b) Zn complex of 

minotolune)-β-



Fig 3.18. Absorption spectra of (a) Synthesis of Mono

hydroxybenzylideneamino)-3,4-diaminotolune)

Mono-6-deoxy-6-(4-(5-nitro-2-hydroxybenzylideneamino)

(4b). 

 

The peaks appearing at 366 nm for 4a and at 397 nm for 4b can be ascribed to charge 

transfer transition and the electronic spectra of the complexes suggested tetrahedral 

geometry for the complexes. 

3.3.4. Stability constant and stochiometry of 

The stability constant for the complexes (4a 

visible spectrophotometric titration following mole

absorption spectra of the ligands (3a 

were recorded against concentrations of 

solutions stepwise added by 2.5 μL. During the spectrophotometric titration, complex 

formation was indicated by mainly gradual increase in the intensity of 256 and 250 

nm peaks for the ligands 3a and 3b,

The analysis of the spectrophotometric data (using Mole

with the absorbance values at λ = 256 nm & 

shown in the insets of (Figures 3.

complexes to be 1:1. Also using the (

literature method,26 the stability constants logK

25 °C, were found for the complexes 4a and 4b, respectively
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Absorption spectra of (a) Synthesis of Mono-6-deoxy-6-(4-(5-nitro

diaminotolune)-β-cyclodextrin (3b) and (b) Zn complex of 

hydroxybenzylideneamino)-3,4-diaminotolune)-β-cyclodextrin 

peaks appearing at 366 nm for 4a and at 397 nm for 4b can be ascribed to charge 

transfer transition and the electronic spectra of the complexes suggested tetrahedral 

3.4. Stability constant and stochiometry of the complexes 

e stability constant for the complexes (4a and 4b) were determined by UV

visible spectrophotometric titration following mole-ratio method. The changes in the 

absorption spectra of the ligands (3a and 3b respectively) (initially110-5 mol

were recorded against concentrations of Zinc acetate (110-3 mol∙L-1) in aqueous 

solutions stepwise added by 2.5 μL. During the spectrophotometric titration, complex 

formation was indicated by mainly gradual increase in the intensity of 256 and 250 

aks for the ligands 3a and 3b, respectively as shown in (Figures 3.19 and 

The analysis of the spectrophotometric data (using Mole-ratio plot) was performed 

= 256 nm & λ = 250 nm (for 3a & 3b, respectively) 

3.19 and 3.20), which proves the stoichiometry of the 

Also using the (cM.cL/A versus cM) data and following a 

the stability constants logKf= 6.30 ± 0.02 & logKf= 6.33 ± 0.02 at 

found for the complexes 4a and 4b, respectively. 
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nitro-2-

cyclodextrin (3b) and (b) Zn complex of 

cyclodextrin 

peaks appearing at 366 nm for 4a and at 397 nm for 4b can be ascribed to charge 

transfer transition and the electronic spectra of the complexes suggested tetrahedral 

4b) were determined by UV-

ratio method. The changes in the 

mol∙L-1) 

) in aqueous 

solutions stepwise added by 2.5 μL. During the spectrophotometric titration, complex 

formation was indicated by mainly gradual increase in the intensity of 256 and 250 

 3.20). 

ratio plot) was performed 

= 250 nm (for 3a & 3b, respectively) as 

20), which proves the stoichiometry of the 

ollowing a 

= 6.33 ± 0.02 at 



Fig 3.19. UV–Vis spectra of the ligand (
concentrations of Zn(II) ions. Inset: Absorbance plot for the ligand (
against cM:cL. 

Fig 3.20. UV–Vis spectra of the ligand (
concentrations of Zn(II) ions. Inset: Absorbance plot for the ligand (
against cM:cL. 

3.3.5. ESI-MS 

The ESI-MS spectra of the ligands (3a 

were recorded and shown in figure (

m/z peaks at 1377.32 and 1388.53, respectively, which corresponds to the [M + H]

In both Zn(II)-complexes (4a & 4b), the peak of at 1378.32 and 1388.53 were 

disappeared and a new peak appeared at 1519.35 & 1528.96 (m/z), respectively which 

represents molecular weight of complexes. Therefore these findings were in good 

agreement with the respective stru

other spectral analyses. 
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Vis spectra of the ligand (3a) (
15 Lmol101   ) in the presence of increasing 

concentrations of Zn(II) ions. Inset: Absorbance plot for the ligand (3a) with Zn(II) ion 

 

Vis spectra of the ligand (3b) (
15 Lmol101   ) in the presence of increasing 

concentrations of Zn(II) ions. Inset: Absorbance plot for the ligand (3b) with Zn(II) ion 

MS spectra of the ligands (3a and 3b) and complexes (4a 

were recorded and shown in figure (Figures 3.21-3.24). The ligands 3a and 3b showed 

m/z peaks at 1377.32 and 1388.53, respectively, which corresponds to the [M + H]

mplexes (4a & 4b), the peak of at 1378.32 and 1388.53 were 

disappeared and a new peak appeared at 1519.35 & 1528.96 (m/z), respectively which 

represents molecular weight of complexes. Therefore these findings were in good 

agreement with the respective structures as already revealed by the elemental and 

Chapter III 

) in the presence of increasing 
) with Zn(II) ion 

) in the presence of increasing 
) with Zn(II) ion 

3b) and complexes (4a and 4b) 

24). The ligands 3a and 3b showed 

m/z peaks at 1377.32 and 1388.53, respectively, which corresponds to the [M + H]+. 

mplexes (4a & 4b), the peak of at 1378.32 and 1388.53 were 

disappeared and a new peak appeared at 1519.35 & 1528.96 (m/z), respectively which 

represents molecular weight of complexes. Therefore these findings were in good 

ctures as already revealed by the elemental and 



Fig 3.21. ESI-MS spectrum of Mono

3,4-diaminotolune)-β-cyclodextrin (3a)

Fig 3.22. ESI-MS spectrum of Mono

3,4-diaminotolune)-β-cyclodextrin (3b)
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Mono-6-deoxy-6-(4-(5-chloro-2-hydroxybenzylideneamino)

cyclodextrin (3a). 

Mono-6-deoxy-6-(4-(5-nitro-2-hydroxybenzylideneamino)

cyclodextrin (3b). 
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hydroxybenzylideneamino)-

 

hydroxybenzylideneamino)-



Fig 3.23. ESI-MS spectrum

hydroxybenzylideneamino)

Fig 3.24. ESI-MS spectrum

hydroxybenzylideneamino)
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MS spectrum of Zn complex of Mono-6-deoxy-6-(4

hydroxybenzylideneamino)-3,4-diaminotolune)-β-cyclodextrin (4a). 

MS spectrum of Zn complex of Mono-6-deoxy-6

hydroxybenzylideneamino)-3,4-diaminotolune)-β-cyclodextrin (4b). 
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(4-(5-chloro-2-

 

6-(4-(5-nitro-2-
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3.3.6. Antioxidant activity 

There are several disorders directly or indirectly correlated to oxidative stress. 

Several external factors like, UV/X- rays, smoking, junk foods, mental stress, 

pollution, etc., can activate the chain reaction of ROS, these ROS can switch on many 

disorders and can activate the pathway of NF-kβ, responsible for triggering 

proinflammatory mediators. The mediators then cause the changes in Ca homeostasis 

and lead to hypertension. ROS can also affect many endocrine glands like pituitary 

and propagate several neuro-disorders like Alzheimer’s disease, Perkinson’s disease 

and so on. All the antioxidant activity measuring experiments were done with the both 

ligands (3a and 3b) and both complexes (4a and 4b) but ligands does not show 

appreciable results. So, here in this work only antioxidant activity of complexes (4a 

and 4b) has been discussed explicitly. 

 

Table 3.1. IC50 values of β-cyclodextrin based Schiff base Zn(II) complex (4a and 4b) and 

standard for different antioxidant and free radical scavenging assays. Data expressed as mean 

± S.D (n=6). α p<0.05; β p<0.01; γ p<0.001; NS-Non significant when compared with 

respective standard. 

Parameters           4a          4b Standard 

DPPH 1273.37±57.18γ 322.83±8.20β 203.20±1.97 

Hydroxyl Radical 116.68±0.67γ 133.01±4.73γ 597.15±11.9 

Hydrogen Peroxide 146.87±6.21β 283.67±4.81β 2185.22±187.45 

Nitric Oxide 857.71±139.92α 492.97±84.10α 61.17±0.41 

Superoxide Anion 309.68±8.04γ 249.53±34.30α 94.59±3.75 

Hypochlorous Acid 691.38±53.95β 262.60±2.37γ 130.07±5.16 

Total Antioxidant 

Activity 

409.99±107.17α 603.45±36.95β 116.46±5.91 

Lipid Peroxidation 539.31±23.73γ 513.20±3.55γ 11.16±0.26 

Iron chelation 343.09±64.96α 378.55±52.16β 1.49±0.02 

 

In the present antioxidant profile, complex 4b exhibited higher free radical scavenging 

activity than the complex 4a as per DPPH assay (Figure 3.25.(A)). The percent of 

inhibition in case of complex 4b was (39.29 ± 0.41 %), where as 4a showed (13.85 ± 

0.92 %) at the highest dose of 200 µg/mL concentration. This was evident from the 

discoloration of DPPH and low IC50 (Table 3.1) values in case of complex 4b (322.83 



± 8.20). DPPH is a free ra

become stable and reacts with reducing agent to form new bond, changing the color of 
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complex 4b (73.69 ± 1.97 % at 200 µg/ml) and 4a (65.99 ± 2.01 % at200 µg/mL) 

were found to fade the color of ferrozine-complex, indicating its iron chelating 

Figure 3.27.(B)). Both the complexes 4b (0.24 ± 0.01 %) 

and 4a (0.23 ± 0.01 %) exhibited higher reducing power activities (Figure 3.25.

(0.22 ± 0.01 %). The total antioxidant activity (Figure

) was significantly high in case of both the complex compared to the standard 

corbic acid. This result manifests crucial antioxidant scavenging activities by the 
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both Zn(II) complexes. Thus, the complex 4b might prove to be a key component in 

prevention of cancer in terms of oxidative stress and free radical generation.  

Erythrocyte Membrane Stabilizing Activity (EMSA) (Figure 3.28.(C)) is another 

crucial assay which evaluates the antioxidant potentiality against the superoxide 

radical mediated damage of the erythrocyte membrane. Both the complexes displayed 

excellent membrane stabilizing activity, complex 4b (16.60 ± 0.09 % at 200 µg/mL) 

and complex 4a (11.76 ± 0.65 % at 200 µg/mL), by the inhibition of superoxide 

radical. Thus, membrane stabilizing activity by the complex 4b might aid to improve 

the immune system.37 Hemolytic activity is one of the most crucial parameters of 

cytotoxicity. In the mentioned experiment complex 4b (40.25 ± 1.17 % at 200 µg/mL) 

and 4a (36.50 ± 0.54 % at 200 µg/mL) complex showed potential hemolytic activity 

(Figure 3.28.(B)). Besides, antioxidant capacity, both the complex were analyzed in 

vitro for immunomodulatory activity. MTT colorimetric assay was performed to 

determine the cytotoxicity of the synthesized complexes on mice spleenocytes (Figure 

3.28.(D)). Spleen contains a relatively homogeneous fraction of B and T lymphocyte 

and thus, immune-proliferation of spleen provides an understanding of the influence 

of the synthesized complex on B and T cell lymphocyte. The B and T cell secrete 

several types of cytokines like IFN-γ, TNF-α, IL-4, IL-6, and IL-12 which are very 

essential for maintaining our immunological functions. β-cyclodextrin derived Schiff 

base Zn(II) complexes (4a & 4b) were observed negligible cytotoxic effect on 

spleenocytes. It can be concluded from the MTT assay the synthesized complex is not 

harmful for biological function as far as the present investigation is concerned. Thus, 

the synthesized complexes have the ability to modulate innate immune functions and 

have promising effects in alleviating oxidative stress related disorder.  

3.4. Conclusion 

In summary, incorporation of β-cyclodextrin moiety in the ligands structures 

of the complexes induced greater aqueous solubility and thus greater acceptability of 

the complexes through bio-fluids. The complexes with sufficient solubility in aqueous 

phase has shown negligible cytotoxic effects but moderate to good effects as anti- 

oxidant and they can thus help in combating oxidative stress related disorder leading 

to carcinogenic pathways, as per the result obtained from different biochemical 

analyses. 
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CHAPTER IV 

DNA Cleavage activity of Cobalt(II) and Copper(II) complexes of a β-

cyclodextrin based Azo functionalized Schiff base* 

 

4.1. Introduction 

Of late, there has been an increasing fascination for the development of 

transition metal complexes of Schiff bases with diverse dentisities and structures, 

because such complexes may interact and cleave DNA and thus they may find 

potential applications in the field of pharmaceuticals for cancer therapy1-2 and in 

molecular biology, etc.3-4 Actually Schiff bases represent a class of compounds with a 

wide spectrum of catalytic and biological activities, viz., antimicrobial, antifungal, 

antiviral including insecticidal, antitumor and cytotoxic activities, etc.5-11 The 

biological activities associated with the Schiff bases are due to the presence of 

azomethine linkage in their structure.12 However, the stability of Schiff  bases is often 

poor, so introduction of an azo group into their structure may often improve stabilities 

of Schiff bases as well as their complexes through a highly delocalized conjugated 

system.13 Azo functionalized Schiff base ligands and their metal complexes may show 

interesting biological activities.14-17 For most anticancer and antiviral therapies, DNA 

is the primary target molecule.18 Over the past decades the interactions between the 

nucleic acid and transition metal complexes have been studied extensively.19,20 In 

general, the tumor cells can be destroyed by blocking the replication of the altered 

DNA. Transition metal Schiff base complexes often bind to DNA through the 

noncovalent ways like the groove, the intercalation and the electrostatic bindings.21 

That’s why physiologically important transition metal complexes have been 

synthesized and investigated for their biological activities over the years.22,23 For 

example, Cisplatin and its second generation compounds have been the most favorite 

metallodrugs for cancer treatment,  but their uses have been limited by resistance, 

toxicity and other side effects.24,25 Therefore, search for better alternative anti-

carcinogenic metallodrug is always fascinating and essential. In this regard copper-

based drugs are very attractive, because copper being an essential metal its complex 

exhibit less toxicity than those with nonessential ones. The interaction studies of 

many copper(II) complexes with DNA reveal that modification of the ligand’s 
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structure often lead to subtle or substantial changes in the binding mode, location, 

affinity and different cleavage mechanisms.26-28 Similarly, cobalt complexes have also 

achieved importance for their applicability in the various biological fields e.g., some 

Co(II) complexes such as hexamine cobalt was reported to induce DNA 

condensation.29 But Schiff base metal complexes are mostly insoluble in aqueous 

solution and aqueous solubility is a prerequisite for availability in bio-fluids (bio-

availability). It is reported that many antibiotics containing high aqueous soluble 

sugar or carbohydrate moieties readily interacts with DNA30 and so, incorporation of 

β-cyclodextrin moiety, therefore, in the ligand structures of the metal complexes 

should enhance their aqueous solubility thereby making the complexes fairly 

acceptable through bio-fluids. Anyway, relatively few water-soluble azo-

functionalized Schiff bases and their metal complexes have been reported and used as 

DNA cleaving agents.9 Defiantly, incorporation of both the azo and azomethine 

groups as well as β-CD moiety in the ligand’s structure and subsequently their 

presence in the metal complexes will augment the individual group properties in a 

single structure and enhance their bio-availability as well as their bio-activities. 

Therefore, in view of the above facts, herein this work synthesis, physic-chemical 

characterization, DNA cleavage activities of  the Cu(II) and Co(II) complexes  of a 

new β-cyclodextrin based azo functionalized schiff base ligand have been reported. 

4.2. Experimental section 

4.2.1. Materials and methods 

o-phenylenediamine, 2- hydroxy benzaldehyde were obtained from Sigma 

Aldrich, Germany (with purity > 99%) and were used without further purification. In 

all the experiments double di-ionized distilled water was used. Solvents such as 

acetone, dimethylformamide (DMF), dimethylaminopyridine (DMAP) and ethanol 

were procured from S. D. Fine chemicals, India while cupper acetate was procured 

from Thomas Baker, India and cobalt acetate was procured from Sigma Aldrich, 

Germany. Elemental microanalyses (C, H and N) were performed with a Euro 

VECTOR EA 3000 analyzer. IR spectra were recorded on Perkin-Elmer Spectrum 

FT-IR spectrometer (RX-1) in the range 4000-400 cm-1 at ambient temperature using 

KBr pellets and UV-Visible spectra were recorded on a Jasco V-530 double beam 

spectrophotometer (using  a quartz cell with path length of 1 cm) duly equipped with 

thermostated bath (maintained at 25±0.1 °C) using water and DMSO as solvent 

references. 1H NMR spectra were recorded on a Bruker Advance-II 400 MHz 
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spectrometer by using D2O and DMSO-d6 as solvents at ambient temperature and 

chemical shifts (δ) were quoted in ppm with respect to TMS. Metal-contents of the 

complexes were ascertained by AAS (Varian, SpectraAA 50B) by using standard 

metal-solution from Sigma-Aldrich, Germany. Specific conductances of the aqueous 

solutions of the synthesized complexes were recorded (at room temperature) using a 

Systronics (India) conductivity meter (TDS-308). Fluorescence emission experiments 

were performed by using Photon Technologies International (Quantamaster-40, USA) 

spectrophotometer at ambient temperature and the thermal denaturation studies of 

DNA was conducted with the same UV-Vis spectrophotometer as already mentioned. 

Ostwald viscometer was used for viscosity studies at ambient temperature under 

atmospheric pressure. Magnetic susceptibilities were measured with a Sherwood 

Scientific Ltd magnetic susceptibility balance (Magway MSB Mk1) at ambient 

temperature. The mass spectra of the ligand and the complexes were recorded with 

Waters ZQ-4000 instrument. The detailed descriptions of the various analytical and 

spectroscopic methods and instruments have been discussed in chapter II. 

4.2.2. Synthesis  

The synthetic path of the amino modified β-cyclodextrin supported azo Schiff base 

ligand and its Co(II) and Cu(II) complexes are shown in Scheme 4.1.  

4.2.2.1. Synthesis of mono-6-deoxy-6-(p-tosylsulfonyl)-β-cyclodextrin (β-
CDOTs) (1) 

Mono-6-deoxy-6-(p-tosylsulfonyl)-β-cyclodextrin (β-CDOTs) (1) was 

prepared by following the method described in Chapter III (3.2.2.1).31   

4.2.2.2. Synthesis of mono-6-deoxy-6-(1,2-diamino)-β-cyclodextrin (2) 

o-phenylenediamine (140.18 mg, 0.775 mmol) was dissolved in dry DMF (2.0 

mL) and warmed to 50 °C, followed by the addition of DMAP 

(dimethylaminopyridine) (97.0 mg, 0,795 mmol) and KI (32.2 mg, 0.194 mmol). 

After 5 minutes powdered β -CDOTs (1) (500 mg, 0.388 mmol) was added to the 

solution. The reaction mixture was stirred for 36 h at 50 °C and cooled to room 

temperature. Subsequent removal of the volatile materials in vacuo then yielded a 

chocolate brown mass. The crude product was dissolved in water and reprecipiteted 

by adding acetone to the aqueous solution. The light brown coloured precipitate was 

collected by filtration and dried in vacuum desiccators over anhydrous CaCl2.  

 



Scheme 4.1. Synthese
    

Color: Light Brown; Yield (68%); IR cm

219 nm, 274 nm; 1H NMR (400 MHz, D

1H, Ph), 7.49 (m, 1H, Ph), 7.25 (m, 1H, Ph), 5.91

4.99 (s, 1H, NH), 4.89-4.80 (m, 7H, H1 CD), 4.66 (s, 2H, NH

OH6 CD), 4.38 (m, 2H, H6’ CD), 4.17 (m, 1H, H5’ CD),

and H6 CD), 3.60–3.51 (m, H2, H4 overlap with water) ppm; 

C48H76N2O34: C, 47.05; H, 6.25; N, 2.28; O, 44.40. Found: C, 46.88; H, 6.08; N, 2.06; 

O, 43.97. m/z (ESI): calculated 1225.08, found 1226.09 [M+H]

4.2.2.3. Synthesis of Schiff 

To a warm ethanolic solution of 

solution of 2- hydroxy benzaldehyde (0.2 mol) was added dropwise with continuous 

stirring and the reaction mixture was refluxed for 2 h. When cooled to 

temperature, the reaction mixture yielded a yellow colored solid product. It was 
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Syntheses of compounds 1, 2, 3, 4, 5a and 5b. 

(68%); IR cm-1, KBr: 1641, 1565, 1409, 1251 cm-1

H NMR (400 MHz, D2O, 25 °C):  = 7.85 (m, 1H, Ph), 7.68 (m, 

1H, Ph), 7.49 (m, 1H, Ph), 7.25 (m, 1H, Ph), 5.91–5.85 (m, 14H, OH2 and OH3 CD), 

4.80 (m, 7H, H1 CD), 4.66 (s, 2H, NH2), 4.52–4.50 (m, 6H, 

OH6 CD), 4.38 (m, 2H, H6’ CD), 4.17 (m, 1H, H5’ CD), 3.83–3.72 (m, 25H, H3, H5 

3.51 (m, H2, H4 overlap with water) ppm; Anal. Calcd for 

: C, 47.05; H, 6.25; N, 2.28; O, 44.40. Found: C, 46.88; H, 6.08; N, 2.06; 

O, 43.97. m/z (ESI): calculated 1225.08, found 1226.09 [M+H]+. 

. Synthesis of Schiff base (3) 

To a warm ethanolic solution of o-phenylenediamine (0.1 mol), ethanolic 

hydroxy benzaldehyde (0.2 mol) was added dropwise with continuous 

stirring and the reaction mixture was refluxed for 2 h. When cooled to 

temperature, the reaction mixture yielded a yellow colored solid product. It was 
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1; UV: 

= 7.85 (m, 1H, Ph), 7.68 (m, 

5.85 (m, 14H, OH2 and OH3 CD), 

4.50 (m, 6H, 

3.72 (m, 25H, H3, H5 

Anal. Calcd for 

: C, 47.05; H, 6.25; N, 2.28; O, 44.40. Found: C, 46.88; H, 6.08; N, 2.06; 

phenylenediamine (0.1 mol), ethanolic 

hydroxy benzaldehyde (0.2 mol) was added dropwise with continuous 

stirring and the reaction mixture was refluxed for 2 h. When cooled to room 

temperature, the reaction mixture yielded a yellow colored solid product. It was 
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separated by filtration, washed with ethanol and diethyl ether and then dried in a 

vacuum desiccator. 

Color: Yellow; Yield (88%); IR cm-1, KBr: 3451, 1635, 1484, 1373, 1280; 1H 

NMR (400 MHz, DMSO-D6, 25 °C):  = 12.96 (s, 2H, Phenolic -OH), 8.94 (s, 1H, 

CH=N), 7.48 – 6.96 (m, aromatic protons) ppm; UV: 273 nm, 345 nm; Anal. Calcd 

for C20H16N2O2: C, 75.93; H, 5.09; N, 8.85; O, 10.11. Found: C, 75.18; H, 4.89; N, 

8.39; O, 9.94. m/z (ESI): calculated 316.35, found 317.51 [M+H]+. 

4.2.2.4. Synthesis of amino modified β-cyclodextrin based azo Schiff base 

ligand (4) 

A solution of the compound 2 (0.7358 mmol, 900.00 mg) was prepared by 

dissolving it in a dilute HCl solution (0.143mL of conc. HCl (1.671 mmol) plus 10 

mL of distilled water) and immediately cooled to 0 ℃. 0.6 mL of aqueous NaNO2 

(0.7358 mmol, 50.76 mg) solution was added to it dropwise keeping the temperature 

between 0-5 ℃. The diazonium chloride formed was coupled with the Schiff base 

precursor, (3, 0.3679 mmol, 116 mg) dissolved in 10 mL of 10% aqueous NaOH. The 

mixture was stirred for 1 h at 0 ℃ and then acidified with conc. HCl to obtain a light 

brown coloured matrix/mass. From which a light reddish brown product was obtained 

on removal of the volatile materials in vacuo. The crude product was dissolved in 

water and reprecipiteted out with acetone. The precipitate was collected by filtration 

and the solid product was kept in a vacuum desiccator for drying properly. 

Color: Light red ; Yield (66 %); IR cm-1, KBr: 1666, 1458, 1383, 1232; 1H 

NMR (400 MHz, D2O, 25 °C):  = 10.26 (s, 2H, Phenolic -OH), 8.09 (s, 1H, CH=N), 

7.66 – 6.94 (m, aromatic protons), 5.87–5.81 (m, 28H, OH2 and OH3 CD), 5.25 (s, 

1H, NH), 4.91–4.83 (m, 14H, H1 CD), 5.14–5.07 (m, 12H, OH6 CD), 4.31 (m, 4H, 

H6’ CD), 4.19 (m, 2H, H5’ CD), 3.88–3.71 (m, 30H, H3, H5 and H6 CD), 3.61–3.50 

(m, H2, H4 overlap with water) ppm; UV: 281 nm, 349 nm, 456 nm; Anal. Calcd for 

C116H164N8O70: C, 49.92; H, 5.92; N, 4.01; O, 40.13. Found: C, 49.38; H, 5.39; N, 

3.87; O, 40.01. m/z (ESI): calculated 2790.51, found 2791.63 [M+H]+. 

4.2.2.5. General procedure for synthesis of metal complexes of the amino 

modified β-cyclodextrin based azo Schiff base ligand (5a & 5b) 

  An aqueous solution of the metal acetates [0.0719 mmol of each acetate: 14.35 

mg, Cu(acac)2.H2O and 17.90 mg, Co(acac)2] was added drop-wise to a well stirred 

aqueous solution of the ligand (4) (0.0719 mmol, 200 mg) at room temperature. The 
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solution mixture was stirred and refluxed for 10-12 h at 60 °C. The solution was then 

concentrated in a rotary evaporator to a volume of   ̴15 mL, followed by the addition 

of acetone (̴ 100 mL). On standing overnight at room temperature the solution yielded 

a precipitate. The precipitate was filtered and washed with acetone, next it was dried 

under vacuum. All the prepared compounds are found to be air stable and fairly 

soluble in water. 

Physical and spectral data for 5a and 5b are as follows: 

4.2.2.5.1. Co(II) complex(5a) 

Color: Pink; Yield (72%); IR cm-1, KBr: 1630, 1453, 1343, 1210, 839, 770, 

531, 424; UV: 283 nm, 362 nm, 453nm, 541nm; Anal. Calcd for C116H166N8O72 Co: 

C, 48.31; H, 5.80; N, 3.88; O, 39.94; Co, 2.04. Found: C, 48.02; H, 5.31; N, 3.47; O, 

39.63; Co, 1.90. m/z (ESI): calculated 2883.45, found 2883.23 [M]+. 

4.2.2.5.2. Cu(II) complex(5b) 

Color: Light green; Yield (70%); IR cm-1, KBr: 1635, 1452, 1342, 1205, 863, 

798, 510, 445; UV: 286 nm, 369 nm, 451 nm, 523 nm; Anal. Calcd for C116H166N8O72 

Cu: C, 48.24; H, 5.79; N, 3.87; O, 39.88; Cu, 2.20. Found: C, 48.06; H, 5.21; N, 3.45; 

O, 39.16; Zn, 2.01. m/z (ESI): calculated 2888.07, found 2889.18 [M+H]+. 

4.2.3. DNA interaction study 

The detailed description of the various analytical and spectroscopic methods 

and instruments for DNA interaction study has been discussed in chapter II (sections 

2.3 and 2.4). 

4.3. Results and discussion 

Mono-6-deoxy-6-(1,2-diamino)-β-cyclodextrin (2) was prepared from mono-

6-deoxy-6-(p-tosylsulfonyl)-β-cyclodextrin [β-CDOTs, 1] in presence of  DMAP (acts 

as a base  as well as a catalyst) and KI (acts as protecting agent for one -NH2 group of 

1,2-diamine). After synthesis of the amino modified β-cyclodextrin, it was tagged 

through the azo linkage with a schiff base (3) prepared earlier through the 

condensation of salicaldehyde and o-phenylenediamine. This tagging results into the 

ligand (4). Ligand (4) on reaction with cobalt acetate and copper acetate in aqueous 

solutions yielded the corresponding metal complexes (5a and 5b) (Scheme 4.1). The 

structures of the complexes were confirmed by various analytical and spectroscopic 

analyses like elemental analysis (CHN), FTIR, 1H NMR, UV-visible and ESI-MS 

spectroscopies. The elemental analysis data of the ligand (4) and its Co(II) and Cu(II) 

complexes are showed in Table 4.1. 



 

Table 4.1. Elemental analysis of ligand 

Compounds 

Ligand (4) 

 

Co(II) complex (5a) 

 

Cu(II) complex (5b) 

 

Light green

 

4.3.1. FTIR spectra

The functional groups of the compounds 1, 2, 3, 4, 5a and 5b were assigned by 

infrared spectra. The FTIR spectr

and Figure 4.2).  

Fig 4.1. FTIR spectrum

CDOTs) (1). 
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Elemental analysis of ligand (4) and its complexes (5a and 5b)

Colour Elemental Analyses Found (calculated) %

C H N O 

Light Red 49.38 

(49.92) 

5.39 

(5.92) 

3.87 

(4.01) 

40.01

(40.13)

Pink 48.02 

(48.31) 

5.31 

(5.80) 

3.47 

(3.88) 

39.63

(39.94)

Light green 48.06 

(48.24) 

5.21 

(5.79) 

3.45 

(3.87) 

39.16

(39.88)

FTIR spectra 

The functional groups of the compounds 1, 2, 3, 4, 5a and 5b were assigned by 

infrared spectra. The FTIR spectra of compounds 1 and 2 were shown in 

FTIR spectrum of Mono-6-deoxy-6-(p-tosylsulfonyl)-β-cyclodextrin (β
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and 5b). 

Elemental Analyses Found (calculated) % 

Metal 

 

(40.13) 

 

 

(39.94) 

1.90 

(2.04) 

 

(39.88) 

2.01 

(2.20) 

The functional groups of the compounds 1, 2, 3, 4, 5a and 5b were assigned by 

1 and 2 were shown in (Figure 4.1 

 

cyclodextrin (β-



Fig 4.2. FTIR spectrum of mono
 

The characteristic absorption peaks at 1646 (C=C), 1366 (SO

sym) cm-1 in the IR spectrum of 6

disappeared in the IR spectrum of the compound (2). On the contrary, four 

characteristic absorption peaks at 1641, 1565, 140

spectrum of the compound (2). The absorption peak at1641 cm

stretching vibration of the NH/NH

peak at 1409 cm-1 was assigned to 

1251 cm-1 were assigened to C=C stretching vibrations for the phenyl moiety of the 

compound (2). These results confirmed that the p

substituted by o-phenylenediamine group. In IR spectra of the compoun

4.3), the band at 1635 cm−1 is due to the azomethine ν(C=N) suggesting the formation 

of the Schiff base. The absorption peaks at 3451 cm

assigned to phenolic –OH group and ν(C

suggest the presence of phenolic 

compound 4, 5a and 5b were shown in (Figure 4.4 

red bands of the synthesized ligand and the complexes are listed in Table 4.2. For the 

compound (4) the band at 1666 cm

This band is shifted towards lower frequencies (1630
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mono-6-deoxy-6-(1,2-diamino)-β-cyclodextrin (2)

peaks at 1646 (C=C), 1366 (SO2 assym), 1153 (SO

in the IR spectrum of 6-OTs-ß-CD (1)32 [due to sulfonic acid group] have 

disappeared in the IR spectrum of the compound (2). On the contrary, four 

characteristic absorption peaks at 1641, 1565, 1409 and 1251 cm-1 appeared in the 

spectrum of the compound (2). The absorption peak at1641 cm-1 was assigned to N

stretching vibration of the NH/NH2 groups of o-phynelinediammine. The absorption 

was assigned to -CH2- stretching vibrations. The peaks at 1565 and 

were assigened to C=C stretching vibrations for the phenyl moiety of the 

compound (2). These results confirmed that the p-toluenesulfonyl group had been 

phenylenediamine group. In IR spectra of the compound (3) (Figure

is due to the azomethine ν(C=N) suggesting the formation 

of the Schiff base. The absorption peaks at 3451 cm-1, 1373 cm−1 and 1280 cm-1

OH group and ν(C-O) stretching vibrations, thus these peaks 

suggest the presence of phenolic -OH group in compound (3). The FTIR spectrum of 

compound 4, 5a and 5b were shown in (Figure 4.4 - Figure 4.6). The important infra 

bands of the synthesized ligand and the complexes are listed in Table 4.2. For the 

compound (4) the band at 1666 cm-1 was due to azomethine stretching vibrations. 

This band is shifted towards lower frequencies (1630-1635cm-1) in the complexes (5a 
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cyclodextrin (2). 

assym), 1153 (SO2 

[due to sulfonic acid group] have 

disappeared in the IR spectrum of the compound (2). On the contrary, four 

appeared in the 

was assigned to N-H 

phynelinediammine. The absorption 

. The peaks at 1565 and 

were assigened to C=C stretching vibrations for the phenyl moiety of the 

toluenesulfonyl group had been 

Figure. 

is due to the azomethine ν(C=N) suggesting the formation 
1 were 

O) stretching vibrations, thus these peaks 

The FTIR spectrum of 

The important infra 

bands of the synthesized ligand and the complexes are listed in Table 4.2. For the 

was due to azomethine stretching vibrations. 

) in the complexes (5a  



Fig 4.

Fig 4.4. FTIR spectrum 
base ligand (4). 
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4.3. FTIR spectrum of the Schiff base (3). 

 

 of the amino modified β-cyclodextrin supported azo Schiff 
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cyclodextrin supported azo Schiff 



Fig 4.5. FTIR spectrum of Co(II) complexes of 

supported azo Schiff base ligand (5a)

Fig 4.6. FTIR spectrum of Cu(II) complex of 

supported azo Schiff base ligand (5b)
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Co(II) complexes of the amino modified β-cyclodextrin 

ligand (5a). 

 

Cu(II) complex of the amino modified β-cyclodextrin 

supported azo Schiff base ligand (5b). 
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cyclodextrin 
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and 5b) and this fact suggests the involvement of azomethine nitrogen atom (-C=N-) 

in complexation. The band for the diazo group in β-cyclodextrine based azo-linked 

Schiff base ligand (4) appeared at 1458 cm-1. In the IR spectra of the both complexes 

(5a and 5b), the frequency of this group did not show any appreciable shift, because 

of the non-participation of diazo N-atoms in the complex formation. In the IR spectra 

of both the complexes, the bands that appeared at 839-863 cm-1 and 770-798 cm-1 

were assigned for the rocking and wagging vibrations of water ligand, respectively.31 

The involvement of deprotonated phenolic moiety in complexes have been confirmed 

by the shift of  ν(C-O) stretching bands [observed  at 1383, 1232 cm-1] in the free 

ligands (4) to a lower frequency at 1343, 1210 cm-1 and 1342, 1205 cm-1 in complexes 

(5a and 5b), respectively.33 The shift of ν(C-O) bands to lower frequencies suggests 

the weakening of C-O bond and formation of stronger M-O bond. The bands observed 

at 424 and 445 cm-1 were attributed to ν(M-phenolic O)  and the band observed at  

531cm-1 and 510 cm-1 were attributed to ν(M-N) vibrations for the complexes (5a and 

5b), respectively.34  

 

Table 4.2. IR spectral data of the ligand (4) and the complexes (5a and 5b) in cm-1. 

Compounds ν(-C=N-) ν(-N=N-) ν(C-O) ν(H2O) ν(M-N) ν(M- O) 

Ligand (4) 1666 1458 1383, 
1232 
 

   

Co (II) complex (5a) 1630 1453 1343, 
1210 
 

839, 
770 

531 424 

Cu (II) complex (5b) 1635 1452 1342, 
1205 

863, 
798 

510 445 

 

4.3.2. NMR spectra 
1H NMR spectra of the mono-tosyleted β-cyclodextrin (1), β-cyclodextrin 

based amine (2), Schiff base (3) and β-cyclodextrin based azo linked Schiff base (4) 

are recorded in D2O and DMSO-d6 (shown in Figure 4.7- Figure 4.10).  



Fig 4.7. 1H NMR of Mono-6-deoxy
(1).  
 

Fig 4.8. 1H NMR of Mono
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deoxy-6-(p-tosylsulfonyl)-β-cyclodextrin (β-CDOTs) 

Mono-6-deoxy-6-(1,2-diamino)-β-cyclodextrin (2). 
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CDOTs) 

 

 



Fig 4.9.

Fig 4.10.1H NMR of the amino modified β

ligand(4). 
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Fig 4.9. 1H NMR of the Schiff base (3). 

amino modified β-cyclodextrin supported azo Schiff base 
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cyclodextrin supported azo Schiff base 
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1H NMR spectra of the mono-tosyleted β-cyclodextrin (1), β-cyclodextrin based 

amine (2), Schiff base (3) and β-cyclodextrin based azo linked Schiff base (4) are 

recorded in D2O and DMSO-d6 (shown in Figure. 4.7- 4.10). The 1H NMR spectra of 

the metal complexes could not be obtained, as they are paramagnetic in nature. 1H 

NMR spectrum of the compound (2) shows that the peak at δ ≈ 4.99 ppm for –NH 

group. Signals of the aromatic protons appeared as multiplets in the characteristic 

range of δ ≈7.8–7.2 ppm and –NH2 group appeared as a singlet in 4.66 ppm.35 The 

signals of the H6 protons with an amino group (H6’a. H6’b) appear at approximate 

0.11 ppm lower field than those of H6 protons of other rings of β-cyclodextrin 

suggesting the formation of  mono-6-deoxy-6-(toluene-3,4-diamino)-β-cyclodextrin 

(2). After the reaction of ortho-phenylenediamine and salicyldehyde, the resulting 

Schiff base (3) shows the following signals: phenyl protons as multiplets at ≈ 6.9 to 

7.4 ppm, the peak at δ ≈ 12.9 ppm for the phenolic protons present in the 

salicylaldehyde moieties and the peak at δ ≈ 8.9 ppm for the azomethine proton (–

CH=N–), its downfield shift was due to the effect of the o-hydroxyl group of the 

aromatic ring. After the coupling reaction between the compound (2) and (3), the 

phenolic proton present in the salicylaldehyde moieties experience some upfield sfhift 

(δ ≈ 10.2 ppm) and the corresponding azomethine proton (–CH=N–) peak appears at δ 

≈ 8.09 ppm for the compound (4) due to the conjugation with azo (-N=N) groups. 

 4.3.3. UV-visible spectra and Magnetic Moment 

The UV-VIS spectra of the β-cyclodextrin based amine (2), Schiff base (3), β-

cyclodextrin based azo linked Schiff base (4) and the complexes (5a and 5b) were 

recorded in water and DMSO (shown in Figures 4.11- 4.15). The modified amine (2) 

shows two bands at 219 and 274 nm due to the nπ* and ππ* transitions. The 

electronic spectrum of the Schiff base (3) exhibits the absorption bands at 273 nm due 

to the ππ* transition.36 In addition to these peaks it showed a band at 373 nm 

attributable to nπ* transition.37,38 All the peaks of the ligand and the complexes are 

summarized in Table 4.3. In the spectrum of the ligand (4), three peaks appear at 281 

nm, 349 nm and 456 nm and these peaks were attributed to π→π* transition of the 

aromatic rings, to nπ* transition of azomethine moiety and to nπ* transition of 

azo nitrogen (–N=N–), respectively.39,40 In both the metal complexes (5a and 5b), the 

first band of the ligand (4) was not significantly affected by coordination with metal 

ions and second band of the ligand (4) showed bathochromic shifts from 349 nm to  



Fig 4.11. Absorption spectrum

 

Fig 4.12.
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Absorption spectrum of Mono-6-deoxy-6-(1,2-diamino)-β-cyclodextrin (2)

12. Absorption spectrum of the Schiff base (3). 
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cyclodextrin (2). 

 



Fig 4.13. Absorption spectrum 
Schiff base ligand(4). 
 

Fig 4.14. Absorption spectrum
cyclodextrin supported azo Schiff base ligand (5a)
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 of the amino modified β-cyclodextrin supported azo 

Absorption spectrum of Co(II) complexes of the amino modified β
cyclodextrin supported azo Schiff base ligand (5a). 
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supported azo 

 

amino modified β-



Fig 4.15. Absorption spectrum
cyclodextrin supported azo Schiff base ligand (5b).
 

362 nm and 369 nm, respectively and thereby suggesting the coordination of the metal 

ions [Co(II) and Cu(II)] with 

Schiff  base ligand (4).The 

significantly in the corresponding metal complexes, suggesting that the diazo group 

did not participate in the complex formation. The peaks appearing at 541 nm for 5a 

and at 523 nm for 5b can be ascribed to ligand to

transitions. Therefore, these results confirmed that the β

Schiff base ligand coordinates to the metal ions through the oxygen atom of 

salicyledhyde and imine nitrogen.

Table  4.3. UV-visible spec

Compounds 
(aroma

Ligand (4) 281 nm

Co(II) complex (5a) 283 nm

Cu(II) complex (5b) 286 
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Absorption spectrum of Cu(II) complexes of the amino modified β
supported azo Schiff base ligand (5b). 

362 nm and 369 nm, respectively and thereby suggesting the coordination of the metal 

ions [Co(II) and Cu(II)] with imine nitrogen atom of  β-cyclodextrin based azo linked 

The –N=N– bands of the free ligands (456 nm) did not shift 

significantly in the corresponding metal complexes, suggesting that the diazo group 

did not participate in the complex formation. The peaks appearing at 541 nm for 5a 

and at 523 nm for 5b can be ascribed to ligand to metal charge transfer (LMCT) 

transitions. Therefore, these results confirmed that the β-cyclodextrin based azo linked 

Schiff base ligand coordinates to the metal ions through the oxygen atom of 

salicyledhyde and imine nitrogen. 

visible spectra data of the ligand (4) and its complexes (5a and 5b)

π→π* 
(aroma

tic 
rings) 

nπ*(azomethine 
moiety) 

nπ* (azo 
nitrogen –N=N

281 nm 349 nm 456 nm 

283 nm 362 nm 453 nm 

286 nm 369 nm 451 nm 
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amino modified β-

362 nm and 369 nm, respectively and thereby suggesting the coordination of the metal 

cyclodextrin based azo linked 

the free ligands (456 nm) did not shift 

significantly in the corresponding metal complexes, suggesting that the diazo group 

did not participate in the complex formation. The peaks appearing at 541 nm for 5a 

metal charge transfer (LMCT) 

cyclodextrin based azo linked 

Schiff base ligand coordinates to the metal ions through the oxygen atom of 

ligand (4) and its complexes (5a and 5b). 

N=N–) 
LMCT 

-- 

541 nm 

523 nm 
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The magnetic moment values (µeff) [1.67 B.M. for cobalt(II) complex (5a) and 

1.52 B.M. for copper(II) complex (5b)] at room temperature suggested that both the 

Co(II) and Cu(II) complexes (5a and 5b) were paramagnetic in nature and 

thusindicating low-spin distorted octahedral structure for the Co(II) complex (5a) and 

distorted octahedral structure for the Cu(II) complex (5b). 

4.3.4. ESI-MS 

The ESI-MS spectra of the compounds 2, 3, 4 and the complexes (5a and 5b) 

were recorded given in figure (Figures 4.16 - 4.20). The compound 2 and 3 show m/z 

peak at 1226.09 and 317.51 corresponds to [M + H]+. Also for the ligand m/z peak 

appeared at 2791.63 is assigned [M + H]+ mass fragments. In both Co(II) and Cu(II) 

complexes (5a and 5b) the new peak appeared at 2883.23 (for [M]+) and 2889.18 (for 

[M + H]+), respectively, thus their peaks can be attributed to the molecular weights of 

respective complexes. Therefore these results were in good agreement with the 

respective structures already suggested by the elemental and other spectral analyses. 

4.3.5. Molar Conductance 

The synthesized Co(II) and Co(II) complexes (5a and 5b) were dissolved in 

water  and their molar conductance (concentration range 10−3 mol dm−3) were 

determined  at room temperature. The molar conductances of 13.12 Ω-1 mol-1 cm2 and 

12.93 Ω-1 mol-1 cm2, respectively for the Co(II) and Cu(II) complexes, indicate that 

the metal complexes are  non-electrolytic in nature.41 

 



Fig 4.16. ESI-MS spectr
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MS spectrum of mono-6-deoxy-6-(1,2-diamino)-β-cyclodextrin (2)
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cyclodextrin (2). 



Fig 4.17. ESI-MS spectr
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MS spectrum of the Schiff base (3). 
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Fig 4.18. ESI-MS spectr
Schiff base ligand(4). 
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MS spectrum of the amino modified β-cyclodextrin supported azo 
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cyclodextrin supported azo 



Fig 4.19. ESI-MS spectrum of 
supported azo Schiff base ligand (5a).
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 Co(II) complex the amino modified β-cyclodextrin 
supported azo Schiff base ligand (5a). 
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cyclodextrin 



 Fig 4.20. ESI-MS spectr
supported azo Schiff base ligand (5b)
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MS spectrum of Cu(II) complex of the amino modified β
supported azo Schiff base ligand (5b). 
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β-cyclodextrin 



4.3.6. DNA binding study

4.3.6.1. Electronic absorption 

To study the binding mode of the metal complexes with DNA, electronic 

absorption spectroscopy serves as a most common tool. When a metal complex binds 

to DNA through intercalative mode (because of strong stacking interaction commence 

between an aromatic chromophore and DNA base pairs) results into hypochrom

shift and bathochromism.42 Absorption spectra of complexes (5a and 5b) in presence 

of DNA are shown in Figure 4.21 and 

Fig 4.21. Absorption spectra of Co
increasing amount of CT DNA (0 
 

The characteristic peak of the complex (

exhibited bathochromic shift (4 nm for complex 

π* band) and spectra show hypochromic shifts wi

in complex solutions indicate that they bind to CT

intrinsic binding constants (Kb) of two complexes 

Wolfe-Shimer equation and the corresponding value for the 
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DNA binding study 

. Electronic absorption titration 

To study the binding mode of the metal complexes with DNA, electronic 

absorption spectroscopy serves as a most common tool. When a metal complex binds 

to DNA through intercalative mode (because of strong stacking interaction commence 

romatic chromophore and DNA base pairs) results into hypochrom

Absorption spectra of complexes (5a and 5b) in presence 

4.21 and Figure 4.22, respectively.  

Absorption spectra of Co(II) complex (red line) in absence and presence of
increasing amount of CT DNA (0 -15 µM), Inset: plot for binding constant (Kb).

The characteristic peak of the complex (5a) and the complex (5b) (around  ̴360 nm) 

4 nm for complex 5a and 3 nm for complex 5b

hypochromic shifts with increasing concentration of DNA 

indicate that they bind to CT-DNA by intercalation mode.

) of two complexes with DNA were determined using 

Shimer equation and the corresponding value for the complexes (5a and 5b) 
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To study the binding mode of the metal complexes with DNA, electronic 

absorption spectroscopy serves as a most common tool. When a metal complex binds 

to DNA through intercalative mode (because of strong stacking interaction commence 

romatic chromophore and DNA base pairs) results into hypochromism 

Absorption spectra of complexes (5a and 5b) in presence 

 

complex (red line) in absence and presence of 
). 

360 nm) 

5b in n-

th increasing concentration of DNA 

DNA by intercalation mode.43 The 

with DNA were determined using 

(5a and 5b) 



were obtained as (1.97±

Interestingly, the binding strength of the complex

 Fig 4.22. Absorption spectra of Cu
increasing amount of CT DNA (0 
 

4.3.6.2. Ethidium Bromide (EB) competitive study with flu

emission spectroscopy 

The probe ethidium bromide (EB) shows intense fluorescence at about 580

600 nm in the presence of CT

adjacent DNA base pair. 

be quenched significantly by the addition of a second molecule (intercalate to DNA 

equally or stronger than EB)

synthesized complexes (5a and 5b) do not e

the presence of CT- DNA or EB when excited at 540 nm. So the changes occur in the 

emission spectra of EB-DNA solution on addition of the complexes are vital to test 

the EB displacement ability of the synthesized c

band intensities at 599 nm were observed to be quenched on increasing complex 

concentrations and thus  revealed that complexes depose DNA
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were obtained as (1.97±0.06) x 104 and (1.15±0.06)  x104 M-1, respectively. 

Interestingly, the binding strength of the complex 5a is greater than the complex 5b.

Absorption spectra of Cu(II) complex (red line) in absence and presence of
increasing amount of CT DNA (0 -15 µM), Inset: plot for binding constant (K

Ethidium Bromide (EB) competitive study with flu

The probe ethidium bromide (EB) shows intense fluorescence at about 580

600 nm in the presence of CT-DNA, because of tenable intercalation between the 

adjacent DNA base pair. The fluorescence emission band of EB-DNA conjugate can 

be quenched significantly by the addition of a second molecule (intercalate to DNA 

equally or stronger than EB)44 due to the displacement of the bound EB. The 

synthesized complexes (5a and 5b) do not exhibit any emission band in solution or in 

DNA or EB when excited at 540 nm. So the changes occur in the 

DNA solution on addition of the complexes are vital to test 

the EB displacement ability of the synthesized complexes. Fluorescence emission 

band intensities at 599 nm were observed to be quenched on increasing complex 

concentrations and thus  revealed that complexes depose DNA- bound EB and itself 
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, respectively. 

5a is greater than the complex 5b. 

 

(II) complex (red line) in absence and presence of 
15 µM), Inset: plot for binding constant (Kb). 

Ethidium Bromide (EB) competitive study with fluorescence 

The probe ethidium bromide (EB) shows intense fluorescence at about 580-

DNA, because of tenable intercalation between the 

DNA conjugate can 

be quenched significantly by the addition of a second molecule (intercalate to DNA 

due to the displacement of the bound EB. The 

xhibit any emission band in solution or in 

DNA or EB when excited at 540 nm. So the changes occur in the 

DNA solution on addition of the complexes are vital to test 

omplexes. Fluorescence emission 

band intensities at 599 nm were observed to be quenched on increasing complex 

bound EB and itself 



bind to DNA (Figure 4.23 and Figure

quenching curve of EB-bound CT

classical Stern –Volmer equation.

Cu(II) (5b) complex are 3.28x10

affinities of the complexes with CT

significantly suggest that the complexes competes with EB as far as intercalative 

mode of binding with DNA is concerned and they definitely bind to CT

intercalation mode.43 

Fig 4.23. Emission spectra of EB bound to the DNA in absence and presence of 
increasing amount of Co(II) complex (0
(Ksv). 
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Figure 4.24). There figures show that the fluorescence 

bound CT-DNA by complexes is in good agreement with the 

Volmer equation. The Ksv values of the Co(II) (5a) complex and the 

Cu(II) (5b) complex are 3.28x104 and 4.17x104, respectively, indicating the binding 

affinities of the complexes with CT-DNA are in the order of 5a > 5b. There results 

significantly suggest that the complexes competes with EB as far as intercalative 

mode of binding with DNA is concerned and they definitely bind to CT-DNA throug

Emission spectra of EB bound to the DNA in absence and presence of 
increasing amount of Co(II) complex (0–30 µM), Inset: plot for quenching constant 
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that the fluorescence 

DNA by complexes is in good agreement with the 

values of the Co(II) (5a) complex and the 

the binding 

DNA are in the order of 5a > 5b. There results 

significantly suggest that the complexes competes with EB as far as intercalative 

DNA through 

 

Emission spectra of EB bound to the DNA in absence and presence of 
30 µM), Inset: plot for quenching constant 



Fig 4.24. Emission spectra of EB bound to the DNA in absence and presence of 
increasing amount of Cu(II) complex (0
(Ksv). 

 

4.3.6.3. Thermal denaturation study

For establishing the degree of intercalation, the DNA melting 

useful technique.45 The melting temperature (T

intercalation of the complexes into DNA base pairs

of CT-DNA solution both in absence and in presence of the metal complexes (5a and 

5b) were showed in Figure

CT-DNA solution was 78 

value increases dramatically to 84.0

augments in presence of Co (II) (5a) and Cu (II) (5b) complexes ΔT

3.0oC respectively indicates intercalati

binding affinities of the complexes with CT
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Emission spectra of EB bound to the DNA in absence and presence of 
increasing amount of Cu(II) complex (0–30 µM), Inset: plot for quenching constant 

.3. Thermal denaturation study 

For establishing the degree of intercalation, the DNA melting expe

The melting temperature (Tm) of DNA generally augment with the 

complexes into DNA base pairs. 43 Thermal denaturization profile 

DNA solution both in absence and in presence of the metal complexes (5a and 

Figure 4.25 and Figure 4.26. The melting temperature (T

DNA solution was 78 °C. But in presence of the Co (II) and Cu(II) complexes, T

value increases dramatically to 84.00C and 81.00C respectively and the corresponding 

augments in presence of Co (II) (5a) and Cu (II) (5b) complexes ΔTm

C respectively indicates intercalative binding of the complexes.46 

binding affinities of the complexes with CT-DNA are in the order of 5a > 5b.
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Emission spectra of EB bound to the DNA in absence and presence of 
30 µM), Inset: plot for quenching constant 

experiment is a 

ment with the 

Thermal denaturization profile 

DNA solution both in absence and in presence of the metal complexes (5a and 

The melting temperature (Tm) for 

Cu(II) complexes, Tm 

C respectively and the corresponding 

m= 6.0oC and 

 However the 

DNA are in the order of 5a > 5b. 



Fig 4.25. Plot of absorbance vs.
(red line) and CT DNA + Co(II) complex (blue line).
 

Fig 4.26. Plot of absorbance vs.
(red line) and CT DNA + Cu(II) complex (olive line).
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vs. temperature (°C) for the melting of CT DNA alone 
CT DNA + Co(II) complex (blue line). 

 

vs. temperature (°C) for the melting of CT DNA alone 
CT DNA + Cu(II) complex (olive line). 
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CT DNA alone 

CT DNA alone 
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4.3.6.4. Viscosity measurement 

A classical intercalative mode of binding causes significant increase in 

viscosity of the DNA solution due to enhanced separation of the DNA base pairs at 

intercalation sites to accommodate host compounds and it results an increase in 

overall length of DNA causing an enhancement of the viscosity of the DNA 

solution.46 But in contrast, complexes that bind with DNA via non-classic 

intercalations (like external groove-binding or electrostatic interaction) under the 

same conditions, results in a kink or bends in the DNA helix. This kink or bends in 

DNA helix causes slight shortening of the effective length of DNA helix with less 

pronounced or no change in viscosity. The relative viscosity of DNA increases in 

presence of Ethidium bromide (a well known DNA intercalator) due to lengthening of 

DNA helix.  

Upon increasing the concentration of each complex (5a and 5b) in the CT-

DNA solution individually, the relative viscosity of DNA solution increase steadily 

almost similar to the nature as in case of Ethidium Bromide (shown in Figure 4.27). In 

the case of the ligand (4) solution such viscosity changes are inconsistent. Therefore 

enhancement in viscosity in case of the complex solutions suggests that the 

synthesized complexes bind to DNA via intercalation mode. 

 

Fig 4.27. Effect of increasing amounts of (a) EB (b) Co(II) complex (c) Cu(II) 

complex on the relative viscosity of CT-DNA. 
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4.3.7. DNA cleavage study 

The electrophoresis study clearly showed that both the Co(II) and Cu(II) 

complexes have acted on DNA as there was noticeable difference in bands of the 

complexes with respect to the band of the control DNA (Figure 4.28). The 

synthesized complexes are highly potent to transform the supercoiled form (SC) of 

DNA (Form I) into nicked circular (NC) form (Form II). The experiment is regulated 

by hydroxyl radical (HO•) originated from oxidant H2O2. This hydroxyl radical attacks 

DNA and results into strand scission. The surfacing of smears in the gel photograph 

supports radical cleavage.47 This mechanism for oxidative cleavage was earlier 

suggested by Sigman.48 As the synthesized complexes were established to cleave 

DNA quite significantly, so it can be inferred that these complexes will most probably 

inhibit the growth of pathogens.49 However, the Co(II) complex shows more smears 

than the Cu(II) complex. 

 

Fig 4.28. Changes in the agarose gel electrophoretic pattern of pBR322 plasmid DNA 

induced by H2O2 for Co(II) and Cu(II) complex. Lane (1): DNA control, Lane (2): 

DNA + H2O2, Lane (3): DNA+ Co(II) complex + H2O2, (4): DNA+ Cu(II) complex + 

H2O2. 
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4.4. Conclusion  

In summary, both the synthesized Co(II) and Cu(II) complexes were 

paramagnetic in nature. The Co(II) complex possesses low-spin distorted octahedral 

structure and the Cu(II) complex acquires distorted octahedral structure. Both the 

synthesized complexes are fairly soluble in aqueous phase and highly potent to cleave 

DNA. It was found that the both complexes bind with CT-DNA through intercalative 

mode and the Co(II) complex showed better cleavage activity than the Cu(II) 

complex. Thus the present study revealed that the incorporation of β-CD, azomethine 

and diazogroup in the same ligand system not only increased the bio-availability of 

the complexes (through increased aqueous solubility) but also make them good DNA 

interaction.  
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CHAPTER V 

Synthesis, physico-chemical characterization and antibacterial activities of newly 

synthesized amino functionalized thio-modified β-cyclodextrin based ligand and 

its Fe(III) complex 

5.1. Introduction 

Transition metal complexes with polydentate ligands have played a essential 

role in chemistry.1,2 The most common coordinating atoms in polydentate ligands are 

generally donor hetero atoms, such as nitrogen, phosphine, oxygen, and sulfur.3,4 Of 

late, research on metal complexes with  nitrogen and sulphur containing ligands have 

been attracted the chemistry worldwide, because nitrogen and sulphur can have 

crucial roles in many metallic bio-molecules. Sulfur and nitrogen containing ligands 

and their transition metal complexes also act as corrosion inhibitors5, 6 and can be 

used as extreme pressure lubricant additives.7 Many of the S, N containing chelating 

ligands and their metal complexes also possess biological activities such as 

antifungal,8 antibacterial9 and anti humentery10-16 activities, etc. However, poor 

aqueous solubility of such complexes often restricts their applications regarding their 

biochemical activities. The solubility of such complexes can be enhanced by tagging 

of β-cyclodextrin moiety17-19 in the lignd structure and thereby in the complex 

structure. Therefore in this work synthesis, physico-chemical characterization and 

antibacterial activities of a new water soluble S, N containing ligand and its Fe(III) 

complex has been reported.  

5.2. Experimental section 

5.2.1. Materials and methods 

All the chemicals were obtained from Sigma Aldrich, Germany and were used 

without further purification. In all experiments bi-distilled water was used. Elemental 

microanalyses (C, H and N) were performed by using Euro VECTOR EA 3000 

analyzer. IR spectra were recorded on Perkin-Elmer Spectrum FTIR spectrometer 

(RX-1) in the range 4000-400 cm-1 at ambient temperature using KBr pellets and UV-

Visible spectra were recorded on a JascoV-530 double beam Spectrophotometer using  

a quartz cell with path length 1 cm equipped with thermostated bath (maintained at 

25±0.1 °C) using water and DMSO as solvent reference. 1H NMR spectra were 

recorded on a Bruker Advance-II 400 MHz spectrometer by using D2O and DMSO-d6 

as solvents at room temperature and chemical shifts (δ) were quoted in ppm with 
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respect to TMS. The ESI-MS of the ligand and complex were measured by the Waters 

ZQ-40000 instruments. Metal content was determined by AAS (Varian, SpectraAA 

50B) by using standard metal-solution from Sigma-Aldrich, Germany. Magnetic 

susceptibility was measured with a Sherwood Scientific Ltd magnetic susceptibility 

balance (Magway MSB Mk1) at room temperature. Specific conductance of the 

synthesized complex was measured in water (at room temperature) using a Systronics 

(India) conductivity metre (TDS-308). Antibacterial activities (in vitro) of the 

synthesized ligand and the complex were studied by disc diffusion method against 

four bacteria, viz., gram positive (Staphylococcus aureus, Bacillus subtilis) and gram 

negative (Escherichia coli, Klebsiella pneumoniae) bacteria. 

5.2.2. Synthesis 

The synthesis pathway of a thio functionalized β-cyclodextrin based ligand 

and its Fe(III) complex are shown in Scheme 5.1. 

 

Scheme 5.1. Syntheses of compounds 1, 2, 3 and 4. 
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5.2.2.1. Synthesis of mono-6-deoxy-6-(p-tosylsulfonyl)-β-cyclodextrin [β-

CDOTs, 1] 

The method of preparation of Mono-6-deoxy-6-(p-tosylsulfonyl)-β-

cyclodextrin [β-CDOTs, 1] was described in chapter III (3.2.2.1).18   

5.2.2.2. Synthesis of mono-6-deoxy-6-mercapto-β-cyclodextrin (2)15 

2 g of powdered β -CDOTs (1) and 2 g of thiourea were dissolved in a 100 mL 

80% aqueous methanol and refluxed for 2 days at 60 °C. After refluxing the solution 

was evaporated in vacuo. 30 mL methanol was added to the residue and stirred for 1 

hour. The residue was filtered and dissolved in  ̴34 mL of 10% NaOH and left it for 5 

hours at 50-60 °C. The pH of the solution was maintained to 2 by adding 10% HCl and 

2.5 mL trichloroethylene (CHCl3) and was stirred overnight. The obtained precipitate 

was filtered and washed with water several times. The trichloroethylene (CHCl3) was 

removed in vacuo and repeated recrystalization from water results the compound 2.  

Color: White; Yield (56%); IR, KBr cm-1: 2562, 1650, 1365-1200 cm-1; 1H 

NMR (400 MHz, DMSO-D6, 25 °C): 5.95-5.86 (m, 14H, OH2 and OH3 CD), 4.92-

4.85(m, 7H, H1 CD), 4.59-4.51 (m, 6H, OH6 CD), 4.35 (m, 2H, H6/ CD), 3.98 (m, 

1H, H5/ CD), 3.71-3.61 (m, 25H, H3, H5 and H6 CD), 3.43-3.34 (m, H2, H4 overlap 

with water), 2.14 (s,1H,SH), ppm;18,20 Anal. Calcd for C42H70O34S: C, 43.82; H, 6.12; 

O, 47.25; S, 2.78. Found: C, 43.28; H, 5.87; O, 46.86; S, 2.27. m/z (ESI): calculated 

1151.02 found 1152.24 [M+H]+. 

5.2.2.3. Synthesis of mono-6-deoxy-(o-aminobenzylthio)-β-cyclodextrin (3) 

A mixture of mono-6-deoxy-6-mercapto-β-cyclodextrin (2) (344.7 mg) and o-

chloroaniline (38.25 mg) was dissolved with 70 mL of aqueous Na2CO3 (pH 10) 

containing 20 mL ethanol and stirred under nitrogen for 2 days at room temperature. 

The pH of the solution was adjusted to 3 by adding 1N HCl and concentrated it in 

vacuo to  ̴ 40 mL. The solution was stirred for 1 day after adding 5 mL 

trichloroethylene. The precipitate formed was collected with trichloroethylene using a 

separating funnel. After evaporation of the trichloroethylene in vacuo the solid 

product was obtained and purified by repeated recrystalization. 

Color: White; Yield (78%); IR cm-1: 1612, 1262, 753 cm-1; 1H NMR (400 

MHz, D2O, 25 °C):  = 7.53 (m,1H, Ph), 7.28 (m, 1H, Ph), 7.12 (m, 1H, Ph), 6.91 (m, 

1H, Ph), 5.93-5.89 (m, 14H, OH2 and OH3 CD), 4.71-4.64 (m, 7H, H1 CD), 4.45-

4.38 (m, 6H, OH6 CD), 4.25 (s, 2H, NH2), 4.11 (m, 2H, H6/ CD), 3.89 (m, 1H, H5/ 
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CD), 3.78-3.64 (m, 25H, H3, H5 and H6 CD), 3.54-3.41 (m, H2, H4).;UV: 206 nm, 

312 nm; Anal. Calcd for C48H75NO34S: C, 46.41; H, 6.08; N, 1.12; O, 43.79; S, 2.58. 

Found: C, 46.03; H, 5.19; N, 0.97; O, 43.24. m/z (ESI): calculated 1242.13, found 

1242.63 [M]+.  

5.2.2.4. Synthesis of Fe (III)-complex of mono-6-deoxy-(o-

aminobenzylthio)-β-cyclodextrin (4) 

A aqueous solution of 0.1 mmol (27.03 mg) FeCl3.6H2O was added drop wise 

to a stirred aqueous solution of 2 mmol (248 mg) of ligand (3) at room temperature 

and refluxed for 10-12 h at 60 °C. The solution was then concentrated upto the 

volume of 15 mL.  The precipitate was obtained by addition of acetone (100 mL) was 

filtered. The obtained solid was dried under vacuum. The prepared compound is air 

stable and water soluble. 

Color: Purple; Yield (80%); IR cm-1, KBr: 840, 735, 525, 466; UV: 232 nm, 

370 nm, 524 nm; Anal. Calcd for C84H142N2O70S2Cl3 Fe: C, 39.94; H, 5.66; N, 1.10; 

O, 44.31; S, 2.53, Fe, 2.21. Found: C, 39.42; H, 5.11; N, 0.94; O, 44.07; S, 2.06; Fe, 

1.93. m/z (ESI): calculated 2525.80, found 2525.54 [M]+.  

5.2.3. Antibacterial activity of the synthetic compounds  

The method of performing antibacterial activity following well diffusion 

method with the complexes has been described in chapter II (section 2.10). 

5.3. Results and discussion 

Mono-6-deoxy-6-mercapto-β-cyclodextrin (2) was synthesized from mono-6-

deoxy-6-(p-tosylsulfonyl)-β-cyclodextrin [β-CDOTs, 1]. After synthesis of the 

marcapto modified β-cyclodextrin (2), it is allowed to react with o-chloroaniline 

which produce mono-6-deoxy-(o-aminobenzylthio)-β-cyclodextrin (3), then, it was 

allowed to react with FeCl3.6H2O in aqueous  methanol to give amino functionalized 

marcapto modified β-cyclodextrin based Ferric complex (4) (Scheme 5.1). The 

structure of Fe(III) complex was confirmed by various analytical and spectroscopic 

method, such as elemental analysis, FTIR, 1H NMR, UV-visible spectroscopy, ESI-

MS and molar conductance measurement. 

5.3.1. FTIR spectra 

The FTIR spectrum of compounds 1 and 2 are shown in (Figure 5.1 and Figure 5.2). 

The characteristic absorption peaks at 1646 (C=C), 1366 (SO2 assym), 1153 (SO2 

sym) cm-1 in the IR spectrum of 6-OTs-β-CD (1)23 corresponding to sulfonic acid 

group, have disappeared in the IR spectrum of compound 2. On the other hand, a 



characteristic absorption peak

2562 cm-1 corresponds 

cyclodextrin has been thiolated.

cm-1 appears due to antisymmetric glycosidic (C

polysaccaride.24 The band at 1650 cm

polysaccharide. 

Fig 5.1. FTIR spectrum of 
CDOTs, 1]. 

Fig 5.2. FTIR spectr
 

In the FTIR spectrum of 3 (

appeared at 1612 (N-H bending), 1262 (C

and the absorption peak at 2562 cm

that the hydrogen atom of 
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absorption peak of 2562 cm-1 appears in the spectrum of 2. The 

 to SH stretching vibrational bands suggesting that 

cyclodextrin has been thiolated.20 Again characteristic absorption band 

ntisymmetric glycosidic (C–O–C) and C-O vibration

The band at 1650 cm-1 can be attributed to C-C stretching of 

um of Mono-6-deoxy-6-(p-tosylsulfonyl)-β-cyclodextrin 

 

FTIR spectrum of mono-6-deoxy-6-mercapto-β-cyclodextrin (2).

In the FTIR spectrum of 3 (Figure 5.3), the new three characteristic absorption peaks 

H bending), 1262 (C-N stretching) and 753 (N-H wagging) cm

absorption peak at 2562 cm-1 in compound 2 disappeared. The results showed 

hydrogen atom of thiol group has been substituted by the aniline group.
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ctrum of 2. The band at 

to SH stretching vibrational bands suggesting that β-

 at 1200-1055 

O vibrations in 

C stretching of 

 

cyclodextrin [β-

 

cyclodextrin (2). 

3), the new three characteristic absorption peaks 

H wagging) cm-1 

disappeared. The results showed 

aniline group. 



Fig 5.3. FTIR spectrum of mono
 

In the IR spectra of 4 (Figure 5.

were assigned for the rocking and wagging vibration of coordinated water molecule.

The band observed at 466 cm-1 

525 cm-1 was attributed to ν(M-N) vibrations for

Fig 5.4. FTIR spectrum of Fe(III) 
cyclodextrin (4). 
 

5.3.2. NMR spectra 
1H NMR spectra of the mono

mercapto-β-cyclodextrin (2), and mono

(3) were recorded in D2O and DMSO

of the metal complex could not be obtained, as it is paramagnetic. 

of the compound 2 shows that the peak at δ

of the H6 protons with a thiol group (H6’a. H6’b) appear at 0.74 ppm lower field than 
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mono-6-deoxy-(o-aminobenzylthio)-β-cyclodextrin (3).

5.4), the bands that appeared at 840 cm-1 and 735cm

were assigned for the rocking and wagging vibration of coordinated water molecule.

 was attributed to ν(M-S)  and the band observed at  

N) vibrations for the complex 4.25 

Fe(III) complex of mono-6-deoxy-(o-aminobenzylthio)

H NMR spectra of the mono-tosyleted β-cyclodextrin (1), mono-6-deoxy

cyclodextrin (2), and mono-6-deoxy-(o-aminobenzylthio)-β-cyclodextrin 

O and DMSO-D6 (Figures 5.5 - 5.7). The 1H NMR spectrum

of the metal complex could not be obtained, as it is paramagnetic. 1H NMR spectrum 

compound 2 shows that the peak at δ ≈ 2.14 ppm for –SH group.20 The signals 

thiol group (H6’a. H6’b) appear at 0.74 ppm lower field than 
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cyclodextrin (3). 

and 735cm-1 

were assigned for the rocking and wagging vibration of coordinated water molecule.18 

S)  and the band observed at  

 

aminobenzylthio)-β-

deoxy-6-

cyclodextrin 

H NMR spectrum 

H NMR spectrum 

The signals 

thiol group (H6’a. H6’b) appear at 0.74 ppm lower field than 



those of H6 protons of other rings of 

mono-6-deoxy-6-mercapto

NMR of the compound (2) get disappeared in the 

(3) and signals of the aromatic protons appeared as multiplets in the range of 

7.53 ppm and –NH2 group appeared as a singlet in 4.25 ppm which supports the fact 

of replacement of the thiol proton with aromatic amine in 

 

Fig 5.5. 1H NMR of Mono
 

Fig 5.6. 1H NMR of mono
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se of H6 protons of other rings of β-cyclodextrin suggesting the formation of 

mercapto-β-cyclodextrin (2).18 The peak of –SH proton in the 

compound (2) get disappeared in the 1H NMR spectrum of the

(3) and signals of the aromatic protons appeared as multiplets in the range of 

group appeared as a singlet in 4.25 ppm which supports the fact 

thiol proton with aromatic amine in the compound 3

NMR of Mono-6-deoxy-6-(p-tosylsulfonyl)-β-cyclodextrin [β-CDOTs, 

NMR of mono-6-deoxy-6-mercapto-β-cyclodextrin (2).
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cyclodextrin suggesting the formation of 

SH proton in the 1H 

the compound 

(3) and signals of the aromatic protons appeared as multiplets in the range of δ ≈6.91-

group appeared as a singlet in 4.25 ppm which supports the fact 

compound 3.18  

 

CDOTs, 1]. 

 

cyclodextrin (2). 



Fig 5.7. 1H NMR of mono-6

5.3.3. UV-visible spectra

UV-VIS spectra of the mono

and Fe (III) complex of mono-6

recorded in water (Figures 5.8 and

Fig 5.8. Absorption spectrum of mono

(3). 
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6-deoxy-(o-aminobenzylthio)-β-cyclodextrin (3).
 

visible spectra and magnetic moment studies 

VIS spectra of the mono-6-deoxy-(o-aminobenzylthio)-β-cyclodextrin (3)

6-deoxy-(o-aminobenzylthio)-β-cyclodextrin (4)

and 5.9). 

 

of mono-6-deoxy-(o-aminobenzylthio)-β-cyclodextrin 
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cyclodextrin (3). 

cyclodextrin (3) 

cyclodextrin (4) were 

cyclodextrin 
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Fig 5.9. Absorption spectrum of Fe(III) complex of mono-6-deoxy-(o-aminobenzylthio)-β-
cyclodextrin (4). 
 
The compound 3 shows two bands at 312 and 206 nm due to the nπ* and ππ* 

transitions. In Fe(III) complex (4) the band gets shifted from 206 nm to 232 nm 

(bathochromic) and thus suggested the coordination of the metal ion (Fe3+) with 

ligand. Disappearance of the peaks at 312 nm in the complexe compared to that of 

ligand suggested the coordination of Fe with N-atom of the ligands. The peaks 

appearing at 370 nm for the complex (4) can be ascribed to MLCT/LMCT transition.  

However, in several spin equilibrium systems, the high spin (S = 5/2) form has been 

characterized by transition at 555-500 nm and the low-spin (S = 1/2) form by 

transition at 714-625 nm.26 From the spectral study of the Fe(III) complex it can be 

seen that the complex exhibit one band at 524 nm which can be assigned to 6A1g  
4T1g transition characteristic of  octahedral structure.26 So, the Fe-complex has high 

spin octahedral geometry. 

From the magnetic moment calculation of the synthesized Fe(III) complex it 

was found that the complex was paramagnetic. The magnetic moment value (µeff) is 

5.88 B.M. at room temperature. This value indicates high-spin octahedral structure for 

the Fe(III) complex. 

 

 



5.3.4. ESI-MS 

The ESI-MS spectra of the compound 2, 3 and 4 were recorded and shown 

figure (Figures 5.10 - 5.12). The compound 2 and 3 shows m/z peak at 1152.24 and 

1242.63 corresponds to [M + H]

new peak appeared at 2525.54 [M]

Therefore these results were in good agreement with the respective structures as 

already revealed by the elemental and other spectral analyses.

Fig 5.10. ESI-MS spectrum 
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MS spectra of the compound 2, 3 and 4 were recorded and shown 

). The compound 2 and 3 shows m/z peak at 1152.24 and 

1242.63 corresponds to [M + H]+ and [M]+, respectively. In Fe(III) complex (4) the 

new peak appeared at 2525.54 [M]+ which represents molecular weight of complex

these results were in good agreement with the respective structures as 

already revealed by the elemental and other spectral analyses. 

 of mono-6-deoxy-6-mercapto-β-cyclodextrin (2).
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MS spectra of the compound 2, 3 and 4 were recorded and shown in 

). The compound 2 and 3 shows m/z peak at 1152.24 and 

(4) the 

ts molecular weight of complex. 

these results were in good agreement with the respective structures as 

 

cyclodextrin (2). 



Fig 5.11. ESI-MS spectrum

(3). 
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MS spectrum of mono-6-deoxy-(o-aminobenzylthio)-β
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β-cyclodextrin 



Fig 5.12. ESI-MS spectrum

aminobenzylthio)-β-cyclodextrin (4).
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um of Fe(III) complex of mono-6-deoxy

cyclodextrin (4). 
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deoxy-(o-



5.3.5. Molar conductance

The synthesized Fe(III) complex was dissolved in water  and molar 

conductance of 10−3 mol dm

The conductance value of the

1:3 electrolytic behaviour.

5.3.6. Antibacterial 

The synthetic compounds were tested against gram 

Bacillus subtilis) and gram negative (

bacteria. As the ligand and its Fe(III) complex are having biologically active donor 

sites (N and S) it was very much expected that they would 

selected bacteria under trial. But

not show any significant antimicrobial activities against the selected gram positive 

and gram negative bacteria as per as their respective zones of 

(shown in Figure 5.13). Hence, on the basis of 

evident that although the synthesized compounds are very much air and moisture 

insensitive and highly soluble in water they are not having any pote

the bacterial efflux systems and enhancing the antibiotic activity. 

Fig 5.13. Antibacterial activity of 
complex (4) (denoted as 2 in above pictures) against gram positive (
Bacillus subtilis) and gram negative (
 

5.4. Conclusion  

In summary, a water soluble octahedral Fe(III) complexes of thio modified 

cyclodextrin based amino ligand

cyclodextrin (4) have been synthesized. FTIR spectr

confirmed that the ligand coordinate

of the β-cyclodextrin moiety and amino groups

molecules and two H2O occupied the fifth and sixth coordination site. 

study suggested that it was a 1:2 metal
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olar conductance 

The synthesized Fe(III) complex was dissolved in water  and molar 

mol dm−3 complex solutions was measured at room temperature

The conductance value of the Fe(III) complex (4) was 412 Ω-1 cm2mol-1

1:3 electrolytic behaviour.27 

bacterial activity 

The synthetic compounds were tested against gram positive (Staphylococcus aureus

) and gram negative (Escherichia coli, Klebsiella pneumoniae

bacteria. As the ligand and its Fe(III) complex are having biologically active donor 

sites (N and S) it was very much expected that they would be active against the 

selected bacteria under trial. But the synthesized ligand and its Fe(III) complex did 

not show any significant antimicrobial activities against the selected gram positive 

and gram negative bacteria as per as their respective zones of inhibition are concerned 

13). Hence, on the basis of the results obtained it is very much 

evident that although the synthesized compounds are very much air and moisture 

insensitive and highly soluble in water they are not having any potentiality to inhibit 

the bacterial efflux systems and enhancing the antibiotic activity.  

ctivity of ligand (3) (denoted as 1 in above pictures) and Fe(III) 
as 2 in above pictures) against gram positive (Staphylococcus aureus

) and gram negative (Escherichia coli, Klebsiella pneumoniae) bacteria

In summary, a water soluble octahedral Fe(III) complexes of thio modified 

cyclodextrin based amino ligand, viz., mono-6-deoxy-(o-aminobenzylthio)

have been synthesized. FTIR spectrum of the Fe(III) complexes 

confirmed that the ligand coordinates the metal ion via the sulfur and nitrogen atoms 

cyclodextrin moiety and amino groups, respectively of the two ligand 

O occupied the fifth and sixth coordination site. 

study suggested that it was a 1:2 metal-ligand complex.  The synthesized compounds 
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The synthesized Fe(III) complex was dissolved in water  and molar 

as measured at room temperature. 
1 indicating its 

Staphylococcus aureus, 

Escherichia coli, Klebsiella pneumoniae) 

bacteria. As the ligand and its Fe(III) complex are having biologically active donor 

be active against the 

its Fe(III) complex did 

not show any significant antimicrobial activities against the selected gram positive 

inhibition are concerned 

results obtained it is very much 

evident that although the synthesized compounds are very much air and moisture 

ntiality to inhibit 

 

in above pictures) and Fe(III) 
Staphylococcus aureus, 

) bacteria. 

In summary, a water soluble octahedral Fe(III) complexes of thio modified β-

aminobenzylthio)-β-

of the Fe(III) complexes 

the sulfur and nitrogen atoms 

ely of the two ligand 

O occupied the fifth and sixth coordination site.  The ESI-MS 

ligand complex.  The synthesized compounds 
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do not show any potentiality to inhibit the bacterial efflux systems and enhancing the 

antibiotic activity 
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CHAPTER VI 

A Pd(II) complex of β-cyclodextrin-based polydentate ligand: an efficient 

catalyst for Suzuki reaction in aqueous media* 

6.1. Introduction 

After the pioneering work of Reek and Breit on molecular self-assembly,1, 2 

the concept of supramolecular interaction has drawn much attention due to their high 

promising applicability in designing new ligands and their complexes. They prepared 

a library of self-assembled bidentate ligands by the way of supramolecular assembly 

and studied their catalytic performances in numerous catalytic reactions.3, 4 It is well 

known that sugars have high water solubility and ability to recognize cell membrane 

for membrane transports; also such molecules when present in many antibiotics can 

interact with DNA. For all these reasons sugars and carbohydrates have gained much 

importance in clinical uses.5 Likewise β-cyclodextrin or its derivatives and their 

complexes have found vast applications,6,7 because of their aqueous solubility, bio-

compatible nature with hydrophilic outer surface and lipophilic cavity as well as 

truncated cone or torus shape. By exploiting the reaction capabilities of -OH groups of 

β-cyclodextrin and formation of inclusion complexes many bidentate ligands can also 

be designed, e.g., Patrigeon et al.8 has developed supramolecular bidentate ligands 

and catalytically active Pt-complex in aqueous media.  This is because hydrophobic 

species may easily be encapsulated inside the hydrophobic β-cyclodextrin cavity 

through the formation of supramolecular inclusion complexes subject to the size, 

substituents and orientation as well as mode of interactions of the hydrophobic species 

with the cavity. 

It is well known that palladium is a versatile metal for homogeneous and 

heterogeneous catalyses.9,10 Recently, Dindulkar et al. has developed a Pd-complex 

with supramolecular ligand and studied its catalytic activity in Mizoroki–Heck cross-

coupling reactions in aqueous medium.11 Pd(II) complexes were found to cleave 

proteins selectively12 and some Pd(II)  complexes were reported to have anti-

bacterial,13 anti-proliferative,14 anti-trypanosomal,15 anti-cancer and anti-tumor 

activities.16,17 PdL4 or PdL2Cl2 type coordination compounds were used in many 

catalytic processes, particularly for asymmetric catalysis18 and C-C cross coupling 

reactions.19 However, palladium catalysed reactions have some major drawbacks such 

as  the use of toxic solvents, long reaction time and high temperature, etc.20-22 From 
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green chemistry parspective, water stands a naturally occurring low cost, non-toxic, 

non-flammable green solvent and potential replacement of most organic solvents.19 

Using water as a solvent with hydrophilic metal containing  catalyst results in easy 

separation and recycling of the catalyst. Generally most of the Pd(II) complexes  have 

low aqueous solubility that limits their catalytic efficiency in aqueous phase. 

Recently, Ibrahim et al. synthesized Pd(II) complexes which showed catalytic 

activities in the alkoxycarbonylation of various alkynes in aqueous medium.23 Anitha 

et al. synthesized Pd(II) 9,10-phenanthrenequinone N-

substitutedthiosemicarbazone/semicarbazone complexes and their catalytic efficiency 

was examined against N-arylation of imidazole.24 Yang synthesized four heteroleptic 

Pd(II) complexes containing both N-heterocyclic carbenes and 1H-benzotriazole and 

their catalytic performance was investigated for Mizoroki–Heck and Sonogashira 

reactions. The results shows high catalytic activities for coupling of aryl bromides 

with alkenes and alkynes.25 So, keeping their aspects of Pd(II) complexes in mind, 

herein this work we have reported the synthesis and physico-chemical 

characterization of a air stable water soluble Pd(II)-complex of a supramolecular N, 

N/, O-tridentate ligand (synthesized by spontaneous assembly of choline bromide and 

2,6-diaminopyridine by exploitation of the hydrophobic character of β-cyclodextrin 

cavity) and its catalytic efficacy in Suzuki reaction in aqueous media. The complex 

works well in the cross-coupling reactions of different aryl halides and arylboronic 

acids; it was easily recovered and reused several times. As compared to some 

palladium catalyzed recations in aqueous media26,27 the complex  works effectivelly 

for water insoluble arylhalides for Suzuki reaction, bereft of any phase transfer 

catalyst and organic solvents. 

6.2. Experimental section 

6.2.1. Materials and methods 

All the chemicals were purchased from Sigma-Aldrich, Germany and BDH 

Chemicals Ltd., England and were used as received. Doubly distilled deionized water 

was used in all the experiments. Elemental micro-analyses (C, H and N) were 

conducted with a Euro VECTOR EA 3000 analyzer. Pd-content was determined by 

AAS (Varian, SpectraAA 50B) using standard Pd-solution from Sigma-Aldrich, 

Germany. FTIR spectra were recorded in KBr pellets with a Perkin-Elmer Spectrum 

FTIR spectrometer (RX-1) working in the range 4000-400 cm-1 at ambient 

temperature. UV-Visible spectra were recorded in a quartz cell (1 cm) on a Jasco (V-
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530) double beam spectrophotometer equipped with a thermostated bath (maintained 

at 25±0.1 °C) using water as the reference solvent.  During the spectrophotometric 

titration, the stepwise addition of metal ion solution (1  10-3 mol ∙ L-1) to 2 mL of a 

ligand solution (1  10-5 mol ∙ L-1) were done using a 2.5 μL pre-calibrated 

micropipette. The absorbance (A) of the solution was measured after each addition of 

the metal ion solution to the ligand solution. 1H NMR spectra were recorded at 

ambient temperature on a Bruker Advance-II 400 MHz spectrometer by using   D2O 

as solvents and chemical shifts (δ) were quoted in ppm with respect to TMS. The 

surface morphology was studied using a Field Emission Scanning Electron 

Microscopy (FESEM, INSPECT F50, FEI, Netherlands). The purity of the ligand and 

Pd(II) complex were monitored by using TLC. The detailed descriptions of the 

various analytical and spectroscopic methods and instruments have been discussed in 

chapter II. 

6.2.2. Synthesis  

The synthesis path of β-cyclodextrin-based polydentate ligand and its Pd(II) 

complex  are shown in Scheme 6.1. 

 

Scheme 6.1. Syntheses of compounds 1, 3 and 4. 

 

6.2.2.1. Synthesis of the ionic liquid [ChCD, 1] 

An aqueous solution of NaOH (0.2116 g, 5.29 mmol) was added dropwise in a 

round bottom flask containing an aqueous suspension of β-cyclodextrin (6.0 g, 5.29 

mmol) in doubly distilled deionized water (50 mL) with continuous stirring for 6-10 

min. The suspension became gradually homogeneous and it turned slightly yellowish 

in colour when the addition was completed. Then a freshly prepared aqueous solution 

of Choline bromide (0.6 g) was added to it and heated with constant stirring at 80 °C 
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for 8h. After the reaction has ceased, the solvent was removed by distillation. The 

obtained wine coloured oily product was washed successively with isopropanol and 

diethylether to remove NaBr. After drying it overnight an orange coloured solid was 

obtained and was recrystalised to get the pure product from the aqueous solution. 

Yield: 50% 

Anal. Calcd. for C47H83NO36: C, 45.59; H, 6.70; N, 1.13; O, 46.56. Found: C, 

45.25; H, 6.59; N, 1.05; O, 46.02. 1H NMR (400MHz, D2O): δ 4.983 (s, 7 H, H(1)), 

4.742 (m, 7 H, OH(6)), 3.880 (m, 7H, H(3)), 3.857-3.796 (m, 21 H, H(6) and H(5)), 

3.569 (m, 7H, H(2)), 3.515 (m, 7H, H(4)),  3.548 (s, 1H, -OH of choline), 3.495 (t, 

2H, -CH2OH of choline), 3.118 (t, 2H, (CH3)3N
+-CH2- of choline), 1.829 (s, 9H, -

N+(CH3)3 of choline). IR (ν/cm-1): 3393(b), 2930(s), 1647(m), 1397(b) , 1214(w), 

1159(s), 746(s). 

6.2.2.2. Synthesis of the Supramolecular Complex 1⊂2 (3) 

A 50 mL round bottom flask containing a mixture of ionic liquid (1) (1 g, 

0.782 mmol) and 2,6-diaminopyridine (2) (85.3 mg, 0.7826 mmol) in water was 

heated at 50 °C for ~ 6 hour. From the reaction mixture, a reddish brown precipitate 

was separated by filtration. The precipitate was washed with ethanol several times to 

remove excess of the amine. Then it was dried and kept in a vacuum desiccator at 

room temperature. Yield: 66% 

Anal. Calcd for C52H90N4O36: C, 46.30; H, 6.68; N, 4.16; O, 42.79. Found: C, 

45.93; H, 6.53; N, 3.92; O, 42.24. 1H NMR (400MHz, D2O): δ 4.997 (s, 7H, H(1)), 

4.780 (m, 7H, OH(6)), 3.781(m, 7H, H(3)), 3.857 (m, 7H, H(5)), 3.801 (m, 14 H, 

H(6)), 3.54 (m, 7H, H(2)), 3.503 (m, 7H, H(4)),  3.532 (s, 1H, -OH of choline), 3.486 

(t, 2H, -CH2OH of choline),  3.123 (t, 2H, (CH3)3N
+-CH2- of choline), 1.840 (s, 9H, -

N+(CH3)3 of choline), 7.305-7.285 (d, 1H, Ha,), 5.995-5.975 (dd, 2H, Hb). IR (ν/cm-1): 

3368(b), 2930(s), 1624(s), 1416(m), 1370(s), 1333(w), 1205(w), 781(s), 750(s). 

6.2.2.3. Synthesis of [κ3-N, N/, O-Pd(1⊂2)H2O]OAc (4) 

Palladium acetate (30.0 mg, 0.01317 mmol) was added to the 1 equivalent 

aqueous ethanolic solution of ligand 1⊂2 (3) (150 mg, 0.01317 mmol) and heated at 

60 °C for ~ 3h in a round bottom flask. As the reaction proceeds, the color of the 

solution changed from reddish brown to chocolate brown. After the completion of 

reaction, acetone (50 mL) was added to the solution and chocolate colored product 

was separated by filtration. The product was recrystalised several times from aqueous 
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solution and ultimately chocolate colored small crystalline solid was obtained. Yield: 

69%. 

Anal. Calcd for C54H95N4O40Pd: C, 41.94; H, 6.15; N, 3.62; O, 41.42; Pd, 

6.90. Found: C, 40.35; H, 5.79; N, 3.49; O, 40.85; Pd, 6.24. 1H NMR (400MHz, 

D2O): δ 4.910-4.902 (m, 7H, H(1)), 4.761 (m, 7H, OH(6)), 3.784 (m, 7H, H(3)), 3.715 

(m, 7H, H(5)), 3.762 (m, 14 H, H(6)), 3.497 (m, 7H, H(2)), 3.477 (m, 7H, H(4)), 

2.558 (t, 2H, -CH2O- of choline), 2.061 (t, 2H, (CH3)3N
+-CH2- of choline), 1.011-

0.996 (d, 9H, -N+(CH3)3 of choline), 4.552 (broadsinglet, 2H, -NH2),[7.305-

7.285(d,1H,Ha,), 5.995-5.975(dd ,2H,Hb)] lower intensity. IR (ν/cm-1): 3314(bs), 

2917(s), 1170(w). 1002(w), 939(s), 527.5(s), 419.5(s). 

6.2.3. Catalytic Activity 

The detailed procedure for Suzuki reaction in water using aryl halide (1.0 

mmol), aryl boronic acid (1.2 mmol), the complex (4) (3 mol%), K2CO3 (2.0 mmol) 

and water (3 mL) has been given in Chapter II (2.2.8.1). The separation and 

purification of products and the recovery procedure of the catalyst were also described 

in chapter II (section 2.9). The products were analyzed with 1H NMR spectra (shown 

in Figures 6.10 - 6.16). 

6.2.3.1. Recovery of catalyst 

After the extraction of the products, the catalyst was reprecipitated by the 

addition of 10 mL of acetone to the aqueous layer containing the catalyst. The 

recovered catalyst was filtered, washed with acetone and dried in a vacuum and 

reused for Suzuki reaction. 

6.3. Results and discussion 

Scheme 6.1 depicts the synthesis of a new β-cyclodextrin based polydentate 

ligand and its Pd(II) complex through supramolecular assemblies. The first step of the 

synthetic route involves the synthesis of the ionic liquid ChCD (1) by the reaction of 

β-cyclodextrin with Choline bromide in basic medium. On addition of 1equiv of 

NaOH, the –OH group at 2-position of β-cyclodextrin readily deprotonates.28 and 

reacts with equimolar amount of choline ion to afford the ionic liquid ChCD (1) and 

NaBr.29 Next 2,6-diaminopyridine (2) was reacted with ChCD (1) to form the 

inclusion complex 1⊂2 (3), which can act as a N, N/, O- tridentate ligand. The 

supramolecular ligand 1⊂2 (3) was then reacted with Pd(OAc)2 in water-ethanol 

mixture to give a Pd2+complex [κ3-N, N/, O-Pd(1⊂2)H2O]OAc (4). These compounds 
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(1, 3 and 4) were characterized by various physico-chemical and spectroscopic 

methods like elemental analysis, FESEM, UV-Visible, FTIR, 1H NMR spectroscopy. 

6.3.1. FTIR spectra 

FTIR spectra of β-cyclodextrin and the compounds (1, 3 and 4) were recorded 

in KBr pellet in the region 4000 to 400 cm-1 at ambient temperature. FTIR spectra of 

β-cyclodextrin, ChCD (1) and the compound 1⊂2 (3) are shown in Figure 6.1. In the 

FTIR spectrum of ChCD (1) peaks appearing in the region of 1200-1050 and 769-695 

cm-1 were assigned to the C-O stretching vibrations and out plane bending vibration 

of O-H of primary alcohol group in choline moiety, respectively. The broad peak at 

around 1420-1330 cm-1 was assigned to the coupling of the band due to in-plane 

bending vibration of –OH with the band for C-H wagging vibrations. The C-N 

stretching band of quaternary amine of Choline moiety appeared at 1214 cm-1.30 The 

broad absorption band appearing at 3400-3200 cm-1 can be assigned to -OH stretching 

vibrations of β-cyclodextrin and suggests the presence of strong intermolecular 

hydrogen bond interactions between these -OH groups of β-CD.31,32 However, this 

band appeared to be more broader for compound (1) as compared to that for β-

cyclodextrin (Fig 6.1); this fact can tentatively be ascribed to the interaction between 

the quarternary N-atom of the Choline moiety and the deprotonated –OH or O--group 

at the position 2 of β-CD.33 The peaks appearing at around 1342-1200 and 781 cm-1 

for compound (3) can be assigned to the C-N stretching and the N-H waging 

vibrations of aromatic amine moiety present in the structure of the compound (3). 

This fact simply corroborates with the inclusion of 2, 6-diaminopyridine (2) in the β-

cyclodextrin cavity of ChCD (1) with concomitant breaking of hydrogen bonds inside 

the cavity of β-cyclodextrin moiety and thus the broad peak appearing in the region of 

3400-3200 cm-1 becomes less broader than that for ChCD (1). Also the peak 

appearing at 750, 1205, 1370 and 1416 cm-1 can tentatively be assigned for choline 

moiety present in the compound 1⊂2 (3). FTIR spectrum of the Pd(II) complex (4) is 

illustrated in Figure 6.2. Two new peaks appearing at 527.5 and 419.5 cm-1 can 

presumably be assigned to Pd-N and Pd-O stretching vibrations, respectively.34 The 

stretching vibration of C-O bond of choline moiety got shifted from 1205 to 1180 cm-

1 suggesting the formation of Pd-O bond. These stretching vibrations proved of the 

involvement of the deprotoneted O-atom of choline moiety and the N-atoms of 2,6-

diaminopyridine moiety in the coordination with the Pd2+ ion in the complex (4). Two 

peaks appearing at 939 cm-1 and 1002 cm-1 are most probably due to the stretching 



and rocking vibrations of water molecule that coordinates with Pd(II) ion in the 

complex (4).34 

Fig 6.1. FTIR spectra of: A, 

Fig 6.2. FTIR spectr
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g vibrations of water molecule that coordinates with Pd(II) ion in the 

FTIR spectra of: A, β-cyclodextrin (β-CD); B, ChCD (1); C, 
 

FTIR spectrum of [κ3-N, N/, O-Pd(1⊂2)H2O]OAc (4).
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g vibrations of water molecule that coordinates with Pd(II) ion in the 

 

; C, 1⊂2 (3). 

 

O]OAc (4). 
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6.3.2. NMR spectra 
1H NMR spectra of the ionic liquid ChCD (1), the ligand 1⊂2 (3) and the 

complex (4) are given in Figures 6.3 - 6.5 and the chemical shifts observed for (H1-

H6) are listed in Table 6.1. 

 

Table 6.1. 1H Chemical shifts (in ppm) of: β-cyclodextrin (β-CD), ChCD (1), 2,6-

diaminopyridine , 1⊂2 (3), [κ3-N, N/, O-Pd(1⊂2)H2O]OAc (4). 

H β-CD 39 ChCD(1) 1⊂2 (3) Pd(II) complex (4) 

1 

2 

3 

5.154 

3.700 

3.920 

4.983 

3.569 

3.880 

4.997 

3.540 

3.781 

4.910,  4.902 

3.497 

3.784 

4 3.600 3.515 3.503 3.477 

5 3.825 3.796 3.789 3.715 

6 3.900 3.857 3.801 3.762 

OH     

2 

3 

6 

5.750 

5.650 

4.500 

 

 

4.742 

 

 

4.780 

 

 

4.761 

 

The peak for -OH proton at position 2 of β-cyclodextrin disappeared for the 

compound (1) but the peak for -OH proton at position 6 of β-cyclodextrin shifted 

slightly to downfield (δ = 4.742); this suggests that the deprotonation occurs at 

position 2 of β-cyclodextrin. While the peak for H2 shifted to downfield by δ = 

0.131, the peak for H3 shifted slightly to downfield by δ = 0.04 ppm. These shifts in 

δ-values suggest that quaternary N-atom of Choline moiety remain close to the 

deprotonated –OH or O--group at C2 of β-CD. 1H-peaks for (CH3)3N
+-CH2 and CH3-

groups attached to N-atom of choline moiety (that generally appear at 3.53 and 3.20 

ppm35) were shifted to 3.118 and 1.829 ppm, respectively for the compound (1), 

probably due to electrostatic interactions between quaternary N-atom of choline 

moiety and O--group of β-cyclodextrin.36 The peak at 3.515 and 3.495 ppm arises for -

OH and -CH2OH group of choline moiety respectively. It is well known that H3 and 

H5 are located inside the hydrophobic cavity of β-cyclodextrin and H1, H2 and H6 



remain outside of the β-cyclodextrin 

to inclusion. 1H NMR of the compound (3) showed that the peak for H3 shifted by an 

amount δ = 0.099 ppm and that for H5 shifted by an amount 

6.1); those shifts suggest that inclusion of pyridine ring of the amine affects H3 more 

than H5, i.e., inclusion of 2,6

of β-cyclodextrin cavity in ChCD (1)

ring in the β-cyclodextrin

and 5.995-5.997 ppm, respectively are most probably due to H

diaminopyridine moiety (

diaminopyridine that appears at around 

peaks of β-cyclodextrin 

obvious that the intensity of the doublet peaks of amine at 

5.995-5.997 ppm decrease but the appearance of a broad singlet peak at 4.552 ppm 

suggests coordination of Pd

diaminopyridine moiety. The peak at 3.486 and 3.123 ppm for 

(CH3)3N
+-CH2 of choline moiety shifted downfield with 

ppm. Also the peak for CH

downfield and splited into a doublet with 

and splittings indicate that 

ion in the complex (4). 

Fig 6.
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cyclodextrin cavity. So the H5 and H3 are mostly affected due 

NMR of the compound (3) showed that the peak for H3 shifted by an 

= 0.099 ppm and that for H5 shifted by an amount δ = 0.007 ppm (Table

1); those shifts suggest that inclusion of pyridine ring of the amine affects H3 more 

ion of 2,6-diaminopyridine (2) occurs through the secondary rim 

cavity in ChCD (1)30,37,38 and suggests partial inclusion of pyridine 

cyclodextrin cavity.39 The appearance of two doublets at δ ≈ 7.305

5.997 ppm, respectively are most probably due to Ha and Hb protons of 2,6

diaminopyridine moiety (Figure 6.4). The peak for –NH2 group of 2,6

diaminopyridine that appears at around δ ≈ 5.32 ppm has eventually merged with the 

 moiety.40 In 1H NMR spectrum of the complex (4), it is 

obvious that the intensity of the doublet peaks of amine at δ ≈ 7.305-7.285 ppm and 

5.997 ppm decrease but the appearance of a broad singlet peak at 4.552 ppm 

suggests coordination of Pd2+ ion with the N-atoms of two NH2 groups of 2,6

diaminopyridine moiety. The peak at 3.486 and 3.123 ppm for -

of choline moiety shifted downfield with δ values 2.558 and 2.061 

ppm. Also the peak for CH3-groups attached to the N-atom of choline moiety shifted 

downfield and splited into a doublet with δ values 1.011 and 0.996 ppm; these shifts 

indicate that –OH or O--group of choline moiety coordinates with Pd

Fig 6.3. 1H NMR (400MHz, D2O) of ChCD (1). 
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cavity. So the H5 and H3 are mostly affected due 

NMR of the compound (3) showed that the peak for H3 shifted by an 

= 0.007 ppm (Table 

1); those shifts suggest that inclusion of pyridine ring of the amine affects H3 more 

diaminopyridine (2) occurs through the secondary rim 

and suggests partial inclusion of pyridine 

≈ 7.305-7.285  

protons of 2,6-

group of 2,6-

≈ 5.32 ppm has eventually merged with the 

NMR spectrum of the complex (4), it is 

7.285 ppm and 

5.997 ppm decrease but the appearance of a broad singlet peak at 4.552 ppm 

groups of 2,6-

-CH2OH and 

values 2.558 and 2.061 

atom of choline moiety shifted 

values 1.011 and 0.996 ppm; these shifts 

group of choline moiety coordinates with Pd2+ 

  



Fig 6.4. 1H NMR (400MHz, D

                     Fig 6.5. 1H NMR (400MHz, D

6.3.3. UV-visible spectra

UV-visible spectra of β-CD, 2,6

and its Pd(II) complex (4) in wa

ChCD (1) shows almost no absorption in 

However, the absorption intensity for the inclusion complex (3) is more than that for 

2,6-diaminopyridine. The UV-Visible spectra of ligand (3) showed two characteristic 

Chapter VI

142 

 

NMR (400MHz, D2O) of 1⊂2 (3). 

 

NMR (400MHz, D2O) of [κ3-N, N/, O-Pd(1⊂2)H2O]OAc (4).

visible spectra 

CD, 2,6-diaminopyridine, ChCD (1), ligand 1⊂

in water were illustrated in Figure 6.6. It is evident that 

ChCD (1) shows almost no absorption in UV-Visible range like β-cyclodextrin.

However, the absorption intensity for the inclusion complex (3) is more than that for 

Visible spectra of ligand (3) showed two characteristic 
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O]OAc (4). 

⊂2 (3) 

It is evident that 

cyclodextrin.32,41 

However, the absorption intensity for the inclusion complex (3) is more than that for 

Visible spectra of ligand (3) showed two characteristic  



 Fig 6.6. Absorption spectra of: (a), β
diaminopyridine; (d), 1⊂2 (3)  and (e),  [
 

bands at around 238 nm (π→π*) and 303 nm (n→π*) like those obtained for 2,6

diaminopyridine system.42

peaks at 240, 328.5 and 398 nm. While 

to intraligand π→π* transitions, the peak at 398 nm is probably due to a combination 

ligand to metal charge transfer 

metal ion (d8 system).34,43,

nm suggests the coordination of Pd

ligand (3). Interestingly the peaks at 238 nm of the ligand (3) remain almost same in 

the complex (4) suggesting no interaction between the N

the ligand (3) with the Pd

6.3.4. Apparent formation constant and stoichiometry

The apparent formation constant for the inclusion complex (3) was determined 

by UV-visible spectrophotometric titration of a solution of 2,6

10-3 mol ∙ L-1) with several solutions [(0

absorbance of the solutions were measured at 238 nm against a reagent blank, 

solutions with identical reagent concentration but without 2,6
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Absorption spectra of: (a), β-cyclodextrin (β-CD); (b), ChCD (1); (c), 2,6
2 (3)  and (e),  [κ3-N, N/, O-Pd(1⊂2)H2O]OAc (4)

bands at around 238 nm (π→π*) and 303 nm (n→π*) like those obtained for 2,6
42 The absorption spectrum of Pd(II) complex (4)

peaks at 240, 328.5 and 398 nm. While the absorption peak at 240 nm can be assigned 

to intraligand π→π* transitions, the peak at 398 nm is probably due to a combination 

ligand to metal charge transfer stand in support of a square planar geometry for the 
34,43,44 Again bathochromic shift for the peak from 303 to 328.5 

nm suggests the coordination of Pd2+ ion with the N-atom of –NH2 groups in the 

Interestingly the peaks at 238 nm of the ligand (3) remain almost same in 

the complex (4) suggesting no interaction between the N-atom of the pyridine ring of 

the ligand (3) with the Pd2+ ion.42,45 

4. Apparent formation constant and stoichiometry 

apparent formation constant for the inclusion complex (3) was determined 

visible spectrophotometric titration of a solution of 2,6-diaminopyridine (9 

) with several solutions [(0-6) 10-5 mol ∙ L-1] of ChCD (1). The 

absorbance of the solutions were measured at 238 nm against a reagent blank, 

solutions with identical reagent concentration but without 2,6-diaminopyridine. 
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CD); (b), ChCD (1); (c), 2,6-
O]OAc (4). 

bands at around 238 nm (π→π*) and 303 nm (n→π*) like those obtained for 2,6-

absorption spectrum of Pd(II) complex (4) shows three 

the absorption peak at 240 nm can be assigned 

to intraligand π→π* transitions, the peak at 398 nm is probably due to a combination 

stand in support of a square planar geometry for the 

Again bathochromic shift for the peak from 303 to 328.5 

groups in the 

Interestingly the peaks at 238 nm of the ligand (3) remain almost same in 

atom of the pyridine ring of 

apparent formation constant for the inclusion complex (3) was determined 

diaminopyridine (9  

] of ChCD (1). The 

absorbance of the solutions were measured at 238 nm against a reagent blank, i.e., 

diaminopyridine.  



Fig 6.7. Absorption spectra of 2,6
ChCD: (a), 0 M; (b), 3 × 10−5 M; (c), 4 × 10
Inset: Plot for 1/A against 1/[ChCD] for the formation of 1
 

The absorption spectra of inclusion complex (3) at different concentrations of ChCD 

(1) have been depicted in Figure 

the concentration of ChCD (1) in the solution increases upon the formation of the 

inclusion complex (3).  The stoichiometry and apparent formation constant of the 

complex (3) were determined from Hildebrand

[

1
0GKA 



where A is the absorbance for the amine at each ChCD (1) concentration; [

[ChCD] and ε are the initial concentration of amine, apparent formation constant, the 

concentration of ChCD (1) and the molar absorptivity, respectively. Thus a linear 

regression (R2 = 0.953)29,39,28] of 1/

ratio (the amine:ChCD =1:1) and the apparent

0.036)  10-4 mol ∙ L-1] for the inclusion complex (3). 

The stoichiometry of the complex (4) has been also determined by 

spectrophometric titration (mole

spectrum of the ligand (3) (initially 1
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Absorption spectra of 2,6-diaminopyridine with various concentration of 
M; (c), 4 × 10−5 M; (d), 5 × 10−5 M and (e), 6 × 10

against 1/[ChCD] for the formation of 1⊂2 (3). 

The absorption spectra of inclusion complex (3) at different concentrations of ChCD 

 6.7.  It shows that the intensity gradually increases as 

the concentration of ChCD (1) in the solution increases upon the formation of the 

inclusion complex (3).  The stoichiometry and apparent formation constant of the 

plex (3) were determined from Hildebrand-Benesi equation:32, 41 

][

1

]ChCD][

1
0G


 

is the absorbance for the amine at each ChCD (1) concentration; [G

are the initial concentration of amine, apparent formation constant, the 

concentration of ChCD (1) and the molar absorptivity, respectively. Thus a linear 

of 1/A versus 1/ [ChCD] data gives the stoichiometric 

amine:ChCD =1:1) and the apparent formation constant [(1.554 

] for the inclusion complex (3).  

The stoichiometry of the complex (4) has been also determined by 

spectrophometric titration (mole-ratio method). The changes in the abso

spectrum of the ligand (3) (initially 1 10-5 mol ∙ L-1) against concentrations of  
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concentration of 
M and (e), 6 × 10−5 M. 

The absorption spectra of inclusion complex (3) at different concentrations of ChCD 

It shows that the intensity gradually increases as 

the concentration of ChCD (1) in the solution increases upon the formation of the 

inclusion complex (3).  The stoichiometry and apparent formation constant of the 

G0], K, 

are the initial concentration of amine, apparent formation constant, the 

concentration of ChCD (1) and the molar absorptivity, respectively. Thus a linear 

1/ [ChCD] data gives the stoichiometric 

constant [(1.554  

The stoichiometry of the complex (4) has been also determined by 

ratio method). The changes in the absorption 

 



Fig 6.8. UV–Vis spectra of the ligand 1
increasing concentrations of Pd(II) ions. Inset: Absorbance plot for the 
with Pd(II) ion against cM:
 

Pd(OAc)2 (1  10-3 mol 

spectrophometric titration, complex formation was indicated by a gradual increase in 

the intensity of 238 and 303 nm peaks as shown in 

data was analyzed with the absorbance

(inset), which suggests the stoichiometry to be 1:1.

cM) data and following a literature method,

was found to be logKf= 6.39 ± 0.02 at 25 °C.

6.3.5. Scanning electron microscopy

The FESEM images of ChCD (1), 

are shown in Figure 6.9. The surface morphology of ChCD (1) 

suggesting it to be amorphous in nature but that of the inclusion complex or the ligand 

(3) is comparatively more regular and crystalline in nature than that of ChCD (1). 

Interestingly the surface of the complex (4) is clearly regular

crystalline in nature. 
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Vis spectra of the ligand 1⸦2 (3) (1  10-5 mol ∙ L-1) in the presence of 
increasing concentrations of Pd(II) ions. Inset: Absorbance plot for the ligand 1

M:cL. 

mol ∙ L-1) added by 2.5 μL repeatedly. During the 

spectrophometric titration, complex formation was indicated by a gradual increase in 

the intensity of 238 and 303 nm peaks as shown in Figure 6.8. The spectrophotometric 

data was analyzed with the absorbance values at λ = 238 nm as shown in 

(inset), which suggests the stoichiometry to be 1:1.46 Also using the (c

) data and following a literature method,43 the stability constant of the complex (4) 

= 6.39 ± 0.02 at 25 °C. 

.5. Scanning electron microscopy 

The FESEM images of ChCD (1), ligand 1⸦2 (3) and its Pd(II) complex (4)

. The surface morphology of ChCD (1) seems to be irregular 

suggesting it to be amorphous in nature but that of the inclusion complex or the ligand 

(3) is comparatively more regular and crystalline in nature than that of ChCD (1). 

Interestingly the surface of the complex (4) is clearly regular and seems to be 
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) in the presence of 
ligand 1⸦2 (3) 

) added by 2.5 μL repeatedly. During the 

spectrophometric titration, complex formation was indicated by a gradual increase in 

The spectrophotometric 

= 238 nm as shown in Figure 6.8 

cMcL/A versus 

the stability constant of the complex (4) 

and its Pd(II) complex (4) 

seems to be irregular 

suggesting it to be amorphous in nature but that of the inclusion complex or the ligand 

(3) is comparatively more regular and crystalline in nature than that of ChCD (1). 

and seems to be 



Fig 6.9. SEM images of: (a), ChCD (1); (b), 1
(4). 
 

6.3.6. Suzuki reaction catalysis

It is well known that Suzuki reaction depends on the type of base used and 

amount of the catalyst. So the reaction conditions were optimized by performing 

model reaction between iodobenzene (5a) and phenylboronic acid (6a’). Different 

experimental reaction conditions and results are summarized in Table 

K2CO3 as base and 3 mol% of the complex (4) results in the optimum conversion at 

room temperature with good to excellent yield of biphenyl (7aa’) (Table 

However, the product yields 

concentration upto 5 mol%. Using 1 mol% of the catalyst also gave the good yield but 

it is not possible to recycle the catalyst after two cycles under these conditions. So, for 

Suzuki reaction the optimum loading for the catalyst was 3 mol%.

the catalyst (4) in the Suzuki reaction in aqueous phase was investigated by using 

different arylhalide and arylboronic acids as substrates (Scheme 6.2) and the results 

are shown in Table 6.3.  

5a Ar = C6H5, X = I                     5g Ar = C
5b Ar = 4-NO2C6H4, X = I          5h Ar = 4
5c Ar = 4-CH3C6H4, X = I           5i Ar = 4
5d Ar = C6H5, X = Cl                  5j Ar = 4
5e Ar = 4-NO2C6H4, X = Cl        5k Ar = 2
5f Ar = 4-CH3C6H4, X = Cl         5l Ar = 2,6
            

Scheme 6.2. Suzuki reactions catalysed by 
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SEM images of: (a), ChCD (1); (b), 1⸦2 (3) and (c), [κ3-N, N/, O-Pd(1⸦2)H2O]OAc 

6. Suzuki reaction catalysis 

It is well known that Suzuki reaction depends on the type of base used and 

amount of the catalyst. So the reaction conditions were optimized by performing 

model reaction between iodobenzene (5a) and phenylboronic acid (6a’). Different 

conditions and results are summarized in Table 6.2. Using 

as base and 3 mol% of the complex (4) results in the optimum conversion at 

room temperature with good to excellent yield of biphenyl (7aa’) (Table 6.2, entry 6). 

However, the product yields did not increase further by raising the catalyst 

concentration upto 5 mol%. Using 1 mol% of the catalyst also gave the good yield but 

it is not possible to recycle the catalyst after two cycles under these conditions. So, for 

ading for the catalyst was 3 mol%. The effictiveness 

the catalyst (4) in the Suzuki reaction in aqueous phase was investigated by using 

different arylhalide and arylboronic acids as substrates (Scheme 6.2) and the results 

 
Ar = C6H5, X = Br                           6a’ R=H 
Ar = 4-NO2C6H4, X = Br                 6b’ R= 3,4,5-(OCH3)3 
Ar = 4-CH3C6H4, X = Br 
Ar = 4-OCH3C6H4, X = I 
Ar = 2- CH3C6H4, X = Br 
Ar = 2,6-(CH3)3C6H3, X = Br 

Suzuki reactions catalysed by the complex (4) in aqueous medium. 

 
Chapter VI 

 

O]OAc 

It is well known that Suzuki reaction depends on the type of base used and 

amount of the catalyst. So the reaction conditions were optimized by performing 

model reaction between iodobenzene (5a) and phenylboronic acid (6a’). Different 

2. Using 

as base and 3 mol% of the complex (4) results in the optimum conversion at 

2, entry 6). 

did not increase further by raising the catalyst 

concentration upto 5 mol%. Using 1 mol% of the catalyst also gave the good yield but 

it is not possible to recycle the catalyst after two cycles under these conditions. So, for 

The effictiveness 

the catalyst (4) in the Suzuki reaction in aqueous phase was investigated by using 

different arylhalide and arylboronic acids as substrates (Scheme 6.2) and the results 
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Table 6.2. Optimization of the reaction condition for Suzuki reaction catalyzed by 

complex (4)a 

Entry 4 (mole%) Base Yield (%)b 

1 

2 

3 

4 

5 

6 

7 

0.1 

0.1 

0.1 

0.5 

1 

3 

5 

Et3N 

NaOH 

K2CO3 

K2CO3 

K2CO3 

K2CO3 

K2CO3 

68 

63 

79 

84 

84 

85 

86 
                                           aReaction conditions: 5a (1.00 mmol), 6a (1.2 mmol), 
                             4 (x mole%), base (2.00 mmol),deionized water (3 mL),  
                             35 min, room temparature. bIsolated yield. 
 

Actually, it has been found that, for the chloro (5f) and bromo benzene (5g) the 

reaction takes longer time to complete and gave lesser yield than that for iodobenzene 

(5a) under same set of reaction conditions. Similar approach has also been applied for 

some substituted aryl halides containing electron-withdrawing or electon-donating 

groups, e.g., 4-nitro, 4-methyl, 4-methoxy (Table 6.3, entries 4-9, 13). Reactions of 

different substituted iodobenzenes (5a-c, 5j-l) and arylboronic acids gave the good to 

excellent yields of corresponding coupled products (72-87%). The products are 

confirmed by 1H NMR spectra (some of them are shown in Figure 6.10 - 6.16). This 

catalyst is also effective for cross-coupling reactions with sterically hindered aryl 

bromides (Table 6.3, entries 14, 15) but requires longer time and gives lower yields 

than other substrates studied. Using substituted boronic acid we also found good 

yields for the cross-coupling products (Table 6.3, entries 10, 11, 12). Therefore based 

on the above facts, this catalyst was observed to a work effectivelly for water 

insoluble arylhalides in Suzuki reacton as far as reaction time (lesser) and optimum 

load are concerned, when compared to other palladium catalyzed recations in aquous 

media.39,40  
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Table 6.3. Suzuki reaction between aryl halides (5) and arylboronic acids (6) 

catalyzed by complex (4) in watera 

Sl. no. X Ar R Product Time (min) Yieldb(%) 
1 

2 

3 

Cl 

Br 

I 

C6H5 

C6H5 

C6H5 

H 7aa’ 

7aa’ 

7aa’ 

55 

50 

35 

71 

75 

84 

H 

H 

4 I 4 CH3C6H4 H 7ca’ 30 72 

5 I 4-NO2C6H4 H 7ba’ 40 87 

6 

7 

8 

9 

Br 

Br 

Cl 

Cl 

4 CH3C6H4 

4-NO2C6H4 

4 CH3C6H4 

4-NO2C6H4 

H 7ca’ 

7ba’ 

7ca’ 

7ba’ 

50 

55 

55 

60 

69 

76 

65 

73 

H 

H 

H 

10 Cl C6H5 3,4,5-(OCH3)3 7ab’ 50 72 

11 Br C6H5 3,4,5-(OCH3)3 7ab’ 40 74 

12 I C6H5 3,4,5-(OCH3)3 7ab’ 35 77 

13 I 4-OCH3C6H4 H 7ja’ 40 86 

14 Br 2-CH3C6H4 H 7ka’ 70 66 

15 Br 2,6-(CH3)2C6H3 H 7la’ 150 58 
aReaction conditions: arylhalide (1.00 mmol), arylboronic acid (1.2 mmol),  4 (3 mole%),    

K2CO3 (2.00 mmol), deionized water (3 mL), room temperature. bIsolated yield. 
 

Various coupling products were easily separated from the aqueous phase (containing 

the catalyst) by solvent extraction with hexane and ethyl acetate. Addition of acetone 

to the aqueous phase helps in the precipitation of the catalyst (4) from the aqueous 

phase. The catalyst was found to have sufficient catalytic activities (Table 6.4) even 

after 4 cycles although leaching of the catalyst during its extraction from the aqueous 

phase decreases its catalytic activities. 

 

Table 6.4. Reusability of the complex (4) for the Suzuki reaction. 

Run 1 2 3 4 

%Yielda  

of 7aa’ 

90 87 84 81 

aIsolated yield. 



Figure 6.10:  1H NMR (400MHz, 
7.48 – 7.44 (m, 2H), 7.37 

Figure 6.11. 1H NMR (400MHz, 
2H), 7.77-7.78 (dt, 2H), 7.62 
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(400MHz, CDCl3) of biphenyl (7aa’): δ 7.65 – 7.60 (m, 2H), 
7.44 (m, 2H), 7.37 – 7.32 (m, 1H). 

(400MHz, CDCl3) of 4-nitrobiphenyl (7ba’): δ 8.28
7.78 (dt, 2H), 7.62 – 7.64 (m, 2H), 7.49 – 7.45 (m,3H). 
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7.60 (m, 2H), 

 

nitrobiphenyl (7ba’): δ 8.28-8.31 (dt, 



 
 

Figure 6.12.  1H NMR (400MHz, 
(m, 2H), 7.54 – 7.52 (m, 2H), 7.50 
2H), 2.45 (s, 3H). 
 
 

 
Figure 6.13.  1H NMR (400MHz, 
7.65 – 7.55 (m, 2H), 7.51 – 7.45 (m, 2H), 7.27 
6H), 3.82 (s, 3H). 
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(400MHz, CDCl3) of 4-methylbiphenyl (7ca’): δ 7.63–
7.52 (m, 2H), 7.50 – 7.44 (m, 2H), 7.38 – 7.34 (m, 1H), 7.27-7.29 (d, 

 

(400MHz, CDCl3) of 3,4,5-Trimethoxy-1,1'-biphenyl (7ab
7.45 (m, 2H), 7.27 – 7.32 (m, 1H), 6.72 (s, 2H), 3.87 (s, 
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– 7.60 

7.29 (d, 

 

biphenyl (7ab′): δ 
7.32 (m, 1H), 6.72 (s, 2H), 3.87 (s, 
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Figure 6.14.  1H NMR (400MHz, CDCl3) of 4-methoxybiphenyl (7ja’): δ 7.92 – 7.83 
(m, 4H), 7.65 – 7.47 (m, 2H), 7.37 –7.29 (m, 1H), 6.84-6.79 (dt, 2H), 3.73 (s, 3H). 
 
 

 
 
Figure 6.15.  1H NMR (400MHz, CDCl3) of 2-methylbiphenyl (7ka’): δ 7.49 – 7.41 
(m, 2H), 7.38 – 7.34 (m, 2H), 7.27 –7.21 (m, 1H), 7.12-7.05 (m, 3H), 2.65 (s, 3H). 
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Figure 6.16. 1H NMR (400MHz, CDCl3) of 2,3-dimethylbiphenyl (7ka’):δ 7.62 – 
7.58 (m, 2H), 7.49 – 7.39 (m, 2H), 7.29 –7.25 (m, 1H), 6.90-6.78 (m, 3H), 2.65 (s, 
6H). 
 

6.4. Conclusion 

In summary, a new Pd(II)-complex [κ3-N, N/, O-Pd(1⸦2)H2O]OAc (4) was 

synthesized  from the ligand, 1⸦2 (3) with partially encapsulated 2,6-diaminopyridine 

in the hydrophobic β-cyclodextrin cavity in ChCD (1). Due to the partial inclusion, 

the –NH2 groups of 2,6-diaminopyridine  can act as coordination sites in the ligand 

(3). The compounds including the complex (4) were characterized by various 

spectroscopic and physicochemical methods and the data suggests the complex (4) to 

have square planner geometry. The presence of β-cyclodextrin moiety in the Pd-

complex makes it highly water soluble. Therefore, the catalytic activity of the Pd-

complex for Suzuki reaction in aqueous media has been explored. The complex 

showed high catalytic activities and affords good to excellent yields for the coupled 

products in respective reactions with various substrates. As compared to some 

palladium catalyzed recations in aqueous media,39,40 this catalyst works effectivelly 

for water insoluble arylhalides in Suzuki reacton in terms of lesser recation time, 

lower temparature (ambient temparature) and optimum load bereft of any phase 

transfer catalyst and organic solvents. Also it’s easy recyclability and easy recovery 

from aqueous phase makes the catalyst environmentally benign, sustainable and cost-

effective.  
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CHAPTER VII 

Concluding Remarks 

In this present research dissertation the synthesis of some β-cyclodextin based 

ligands and their transition metal complexes by using conventional method have been 

described. Chapter I constitute the introduction of the thesis. Chapter II deals with 

experimental section. Chapter III to Chapter VI describe the synthesis, and 

physicochemical characterization of the transition metal complexes of β-cyclodextin 

based ligands and their potential applications in various field. 

Chapter I contains the general overview of transition metal complexes of 

functionalized β-cyclodextin and of some possible applications has been described in 

literature. It also includes the background and thinking process behind the synthesis of 

β-cyclodextin based metal complexes using conventional method and their application 

in different field. 

Chapter II deals with the experimental sections giving the reagents and 

solvents used to synthesize various β-cyclodextin based ligand and their transition 

metal complexes. The details of instruments used in different spectroscopic and 

analytical techniques were described briefly in this chapter. 

In chapter III the synthesis, characterization and the antioxidant and free 

radical scavenging capacities of the two zinc(II) complexes of β-cyclodextrin based 

Schiff bases, viz., mono-6-deoxy-6-(4-(5-chloro-2-hydroxybenzylideneamino)-3,4-

diaminotolune)-β-cyclodextrin (4a) and mono-6-deoxy-6-(4-(5-nitro-2-

hydroxybenzylideneamino)-3,4-diaminotolune)-β-cyclodextrin (4b)  were discussed. 

It was found that the amino modified β-cyclodextin based Schiff bases acted as a 

tridentate ligand and formed tetrahedral 1:1 (M:L) complexes with Zn2+. The Schiff 

base and its complexes were water soluble. The synthesized compounds were 

subjected to study immune cell cytotoxic properties, antioxidant and free radicals 

scavenging activities. The observations revealed that the synthesized complexes have 

cell cytotoxicity, antioxidant and free radicals scavenging activities.  The Zn(II) 

complex of mono-6-deoxy-6-(4-(5-nitro-2-hydroxybenzylideneamino)-3,4-

diaminotolune)-β-cyclodextrin ligand shows better result than the Zn(II) complex of 

mono-6-deoxy-6-(4-(5-chloro-2-hydroxybenzylideneamino)-3,4-diaminotolune)-β-

cyclodextrin ligand. 
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 In chapter IV the synthesis and physic-chemical charecterization of newly 

synthesized Co(II) and Cu(II) complexes of a β-cyclodextrin based Azo 

functionalized Schiff base ligand were reported. The complexes are soluble in water. 

It was found that the β-cyclodextin based azo containing Schiff base ligand acts as 

tetradentate ligand. But both the Co(II) and Cu(II) complexes acquire distorted 

octahedral geometry by coordinate with two water molecules. The complexes were 

formed in 1:1 (M:L) ratio as confirmed by the various analytical and spectral data 

analyses. Both the complexes were highly potent to cleave DNA. The DNA cleavage 

efficacy of the metal complexes was also studied by agarose gel electrophoresis using 

pBR DNA. These studies revealed that both the metal complexes followed 

intercalative mode of binding to CT-DNA and also effectively cleaved the supercoiled 

pBR DNA. The Co(II) complex, however, more efficiently cleaved CT-DNA than the 

Cu(II)complex as much as the experimental results are concerned.  

In chapter V the synthesis, characterization and biological activity of S, N 

containing S-modified β-cyclodextin based ligand and its Fe(III) complex were 

described. It was found that the bidentate ligand coordinates to the metal ions through 

the S-atom and N-atoms. The complexes were formed in 1:1 (M:L) ratio .The  

spectroscopic data suggesting Fe-complex has high spin octahedral geometry. The 

synthesized ligand and Fe (III) complex do not showed  any reasonable antibacterial 

activities against viz., gram positive (Staphylococcus aureus, Bacillus subtilis) and 

gram negative (Escherichia coli, Klebsiella pneumoniae) bacteria although both are 

having biologically active donor sites (N and S).  

In chapter VI the synthesis and physico chemical cherecterization of a new 

Pd(II)-complex [κ3-N, N/, O-Pd(1⊂2)H2O]OAc (4)  of β-cyclodextin based 

polydentate ligand was reported. The ligand was prepared by two steps. At first the 

ionic liquid ChCD was synthesized from β-cyclodextrin and Choline bromide (ChBr). 

Then Supramolecular ligand (3) was prepared by the partially encapsulation of  2,6-

diaminopyridine in the hydrophobic β-cyclodextin cavity in ChCD (1).Due to the 

partial inclusion, the –NH2 groups of 2,6-diaminopyridine  can act as coordination 

sites in the ligand (3). The stoichiometry of the inclusion complex 1⊂2 (3) was found 

to be 1:1 based on UV-Visible spectrophotometric study. Pd2+-complex [κ3-N, N/, O-

Pd(1⊂2)H2O]OAc (4) was then synthesized from the supramolecular ligand (3) 

with1:1 stoichiometry and various spectroscopic and physicochemical methods and 
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the data suggests the complex (4) to have square planner geometry. The presence of 

β-cyclodextin moiety in the Pd-complex makes it highly water soluble. The Pd-

complex showed high catalytic activity for Suzuki reaction in aqueous media in terms 

of lesser recation time, lower temparature (ambient temparature) and optimum load 

bereft of any phase transfer catalyst and organic solvents. The catalysts are easy 

recoverable. The catalyst was found to have sufficient catalytic activities after 4 

cycles. 

Anyway, the most of the synthesized β-cyclodextin based polydantate ligands 

and their transition metal complexes were air and moisture stable, water soluble and 

biologically/ catalytically active. There are so many scopes to designing different 

types of polydentate ligands by modifying and fictionalizing the hydoroxyl group of 

β-cyclodextin and turn them for specific applications. The major concerns regarding 

their synthesis are poor yield, multistep process, complicated purification process and 

difficult to separate single crystal due to their bulky size. However, the incorporation 

of β-cyclodextin moiety in ligand molecules makes the ligands and their transition 

metal complexes water soluble. This fascinating aspect makes them often suitable 

materials for various homogeneous catalyses in aqueous phase, biological system and 

in variety of pharmaceutical applications. Their application processes are environment 

benign, cost effective and they are more available in bio fluids as they are water 

soluble. Therefore, further investigation on their easy way of preparation, purification, 

good yield and potential applications in different catalytic reactions/biological system 

especially in aqueous phase is required. The preparations of single crystal of β-

cyclodextin based transition metal complexes are rare but not impossible. So, some 

works regarding these issues are underway in our laboratory. 
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APPENDIX I 

List of Publications 

 A Pd(II) complex of a β -cyclodextrin-based polydentate ligand: An efficient 

catalyst for the Suzuki reaction in aqueous media, Ananya Das, Dipu Kumar 

Mishra, Biswajit Sinha, J. Coord. Chem., 2017, 70, 3035-3047. 

 Effects of β-cyclodextrin-based Schiff-base Zn(II) complexes: Synthesis, 

physicochemical characterization and their role in alleviating oxidative stress 

related disorder, Ananya Das, Somit Dutta, Biswajit Sinha, J. Coord. 

Chem., 2018, 71, 3731-3747. 

 DNA Binding and DNA Cleavage activities of newly synthesized Co(II) and 

Cu(II) complexes of a β-cyclodextrin based Azo functionalized Schiff base, 

Ananya Das, Dipu Kumar Mishra, Pritika Gurung,  Vikas Kumar Dakua, 

Biswajit Sinha, Aust. J. Chem., 2021, doi: 10.1071/CH20314. 

 Synthesis, physico-chemical characterization and antibacterial activities of 

newly synthesized amino functionalized thio-modified β-cyclodextrin based 

ligand and its Fe(III) complex, Ananya Das, Pritika Gurung, Anmol Chettri, 

Uttam Kumar Singha, Vikas kumar Dakua, Biswajit Sinha (Communicated). 

 Synthesis, characterization and antibacterial studies of Mn(II) and Co(II) 

complexes of an ionic liquid tagged Schiff base, Sanjoy Saha, Ananya Das, 

Kaushik Acharjee, Biswajit Sinha, J. Serb. Chem. Soc., 2016, 81, 1-11. 

 Solution thermodynamics and taste behaviour of nicotinic acid in aqueous 

sodium gluconate solutions: A volumetric and rheological perspective, Author 

links open overlay panel, Dipu Kumar Mishra, Ananya Das, Amarjit Kamath, 

Biswajit Sinha, J. Mol. Liq., 2017, 230, 662-666. 

 DNA Binding, amelioration of oxidative stress and molecular docking study 

of Zn(II) metal complex of a new Schiff base ligand, Dipu Kumar Mishra 

Uttam Kumar Singha,  Ananya Das,  Somit Dutta, Pallab Kar, Arnab Kumar 

Chakraborty, Arnab Sen, Biswajit Sinha, J. Coord. Chem., 2018, 71 (14), 1-

24. 
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APPENDIX II 

Seminar, Symposium & Conventions Attended 
 
 Frontiers in Chemistry 2015, organized by 

Department of Chemistry, University of North Bengal, Darjeeling, India on 
February 17th-18th 2015. (Presented a Poster) 

 22nd West Bengal State Science & Technology Congress- 2015, organized 
by Department of Science and Technology, Govt. of West Bengal, West 
Bengal state council of Science and Technology and  University of 
North Bengal, Darjeeling, India on February 28th- March 1st  2015.  

 One day seminar on “Recent Trends on Chemistry and Biology 
Interface”, organized by The Chemical Research Society of India NBU Local 
Chapter in collaboration with Department of Chemistry, University of North 
Bengal, August 28th , 2015. 

 Science Academies’ Lecture Workshop on “Recent Developments on the 
Theoretical and experimental aspects of advanced materials”, organized by 
Department of Chemistry, University of North Bengal, September 18th -19th, 
2015. 

 Frontiers in Chemistry 2016, organized by 
Department of Chemistry, University of North Bengal, Darjeeling, India on 
March  7th-8th, 2016.  

 19th CRSI National Symposium in Chemistry, organized by 
Department of Chemistry, University of North Bengal, Darjeeling, India held 
from July 14th-16th, 2016. (Presented a Poster). 

 Frontiers in Chemistry 2017, organized by 
Department of Chemistry, University of North Bengal, Darjeeling, India on 
February 20th -21st, 2017. 

 National Seminar on “Frontiers in Chemistry 2017-18”, organized by 
Department of Chemistry, University of North Bengal, Darjeeling, India on 
September 14th, 2017. (Presented a Poster). 

 Science Academics Lecture Workshop on “Frontiers in Chemical and 
Material Sciences: Theory and Practice”, organized by 
Department of Chemistry, University of North Bengal, Darjeeling, India held 
from February 8th-10th, 2018. 

 International Seminar on “Frontiers in Chemistry-2018”, organized by 
Department of Chemistry, University of North Bengal, Darjeeling, India  & 
CRSI North Bengal Local Chapter on August  27th, 2018. (Presented a 
Poster). 

 National Seminar on “Frontiers in Chemistry-2019”, organized by 
Department of Chemistry, University of North Bengal, Darjeeling, India  & 
CRSI North Bengal Local Chapter on May 22nd, 2019. 

===***=== 
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ABSTRACT
Molecular assembly has become a promising strategy for designing 
new polydentate ligands. But very often such ligands and their 
complexes are sparingly soluble in aqueous phase due to their intrinsic 
hydrophobic character. Pd(II) complexes are good homogeneous 
catalysts but their poor solubility in aqueous phase may limit their 
catalytic efficacy in the universal green solvent water. However, 
solubility related challenges especially in aqueous phase can be 
mitigated through the formation of inclusion complexes by exploiting 
the hydrophobic nature of the β-cyclodextrin (β-CD) cavity. Hence, 
an ionic liquid ChCD (1) was synthesized from β-CD and Choline 
bromide (ChBr). Next a supramolecular N, N′, O-tridentate ligand 
1⊂2 (3) was synthesized by the inclusion of 2,6-diaminopyridine (2) 
in the hydrophobic β-CD cavity of the ionic liquid ChCD (1) and was 
well characterized by elemental analysis, UV-visible, FTIR, 1H NMR 
spectroscopy, etc. The stoichiometry of the inclusion complex 1⊂2 (3) 
was found to be 1:1 based on UV-visible spectrophotometric study. A 
new air stable, highly water soluble Pd2+-complex [κ3-N, N′, O-Pd(1⊂2)
H2O]OAc (4) was then synthesized from the supramolecular ligand (3) 
with 1:1 stoichiometry and used as a catalyst for Suzuki cross-coupling 
reactions in water at ambient temperature with good to excellent 
yields. The catalyst can be removed and recycled. Additionally, the use 
of non-toxic solvent water makes the methodology green, sustainable, 
and economically viable.
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1. Introduction

After the pioneering work of Reek and Breit on molecular self-assembly [1, 2], the concept 
of supramolecular interaction has drawn much attention due to applicability in designing 
new ligands and complexes. They prepared a library of self-assembled bidentate ligands by 
supramolecular assembly and studied their catalytic performances in numerous catalytic 
reactions [3, 4]. Sugars have high water solubility and ability to recognize cell membrane for 
membrane transport; also such molecules when present in many antibiotics can interact 
with DNA. For all these reasons sugars and carbohydrates have gained importance in clinical 
uses [5]. Likewise, β-CD or its derivatives and their complexes have found vast applications 
[6, 7] because of their aqueous solubility, bio-compatibility with hydrophilic outer surface, 
and lipophilic cavity as well as truncated cone or torus shape. By exploiting the capabilities 
of –OH groups of β-CD and formation of inclusion complexes many bidentate ligands can 
also be designed, e.g. Patrigeon et al. [8] developed supramolecular bidentate ligands and 
catalytically active Pt-complex in aqueous media. This is because hydrophobic species may 
easily be encapsulated inside the hydrophobic β-CD cavity through formation of supramo-
lecular inclusion complexes subject to the size, substituents, and orientation as well as mode 
of interactions of the hydrophobic species with the cavity.

Palladium is a versatile metal for homogeneous and heterogeneous catalyzes [9, 10]. 
Recently, Dindulkar et al. developed a Pd-complex with a supramolecular ligand and studied 
its catalytic activity in Mizoroki–Heck cross-coupling reactions in aqueous medium [11]. 
Pd(II) complexes were found to cleave proteins selectively [12] and some Pd(II) complexes 
were reported to have anti-bacterial [13], anti-proliferative [14], anti-trypanosomal [15], 
anti-cancer, and anti-tumor activities [16, 17]. PdL4 or PdL2Cl2 coordination compounds were 
used in many catalytic processes, particularly for asymmetric catalysis [18] and C–C cross 
coupling reactions [19]. However, palladium catalyzed reactions have drawbacks such as 
the use of toxic solvents, long reaction time, high temperature. [20–22]. From green chemistry 
perspective, water is a naturally occurring low-cost, non-toxic, non-flammable green solvent, 
and potential replacement of most organic solvents [19]. Using water as a solvent with 
hydrophilic metal containing catalysts results in easy separation and recycling of the catalyst. 
Most Pd(II) complexes have low aqueous solubility that limits their catalytic efficiency in 
aqueous phase. Recently, Ibrahim et al. synthesized Pd(II) complexes which showed catalytic 
activities in the alkoxycarbonylation of various alkynes in aqueous medium [23]. Anitha  
et al. synthesized Pd(II) 9,10-phenanthrenequinone N-substituted-thiosemicarbazone/sem-
icarbazone complexes and their catalytic efficiency was examined against N-arylation of 
imidazole [24]. Yang synthesized four heteroleptic Pd(II) complexes containing both 
N-heterocyclic carbenes and 1H-benzotriazole and their catalytic performance was investi-
gated for Mizoroki–Heck and Sonogashira reactions. The results show high catalytic activities 
for coupling of aryl bromides with alkenes and alkynes [25]. Herein, we report the synthesis 
and physicochemical characterization of an air stable, water soluble Pd(II)-complex of a 
supramolecular N, N′, O-tridentate ligand (synthesized by spontaneous assembly of choline 
bromide and 2,6-diaminopyridine by exploitation of the hydrophobic character of the β-CD 
cavity) and its catalytic efficacy in Suzuki reaction in aqueous media. The complex works 
well in cross-coupling reactions of different aryl halides and arylboronic acids; it was easily 
recovered and reused several times. As compared to some palladium catalyzed reactions in 
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aqueous media [26, 27], the complex works effectively for water insoluble arylhalides for 
Suzuki reactions, bereft of any phase-transfer catalyst, and organic solvents.

2. Results and discussion

Scheme 1 depicts the synthesis of a new β-CD-based polydentate ligand and its Pd(II) com-
plex through supramolecular assemblies. The first step of the synthetic route involves syn-
thesis of the ionic liquid ChCD (1) by the reaction of β-CD with Choline bromide in basic 
medium. On addition of 1 equiv of NaOH, the –OH group at position 2 of β-CD readily 
deprotonates [28] and reacts with equimolar amount of choline ion to afford the ionic liquid 
ChCD and NaBr [29]. Next 2,6-diaminopyridine (2) was reacted with 1 to form the inclusion 
complex 1⊂2 (3), which can be a N, N′, O-tridentate ligand. The supramolecular ligand 1⊂2 
(3) was then reacted with Pd(OAc)2 in a water–ethanol mixture to give a Pd2+ complex [κ3-N, 
N′, O-Pd(1⊂2)H2O]OAc (4). 1, 3, and 4 were characterized by elemental analysis, FESEM, 
UV-visible, FTIR, and 1H NMR spectroscopy.

2.1. FTIR spectra

FTIR spectra of β-CD and 1, 3, and 4 were recorded in KBr pellets from 4000 to 400 cm−1 at 
ambient temperature. FTIR spectra of β-CD, ChCD, and 1⊂2 (3) are shown in Figure S1 
(Electronic Supplementary Information). The FTIR spectrum of 1 peaks at 1200–1050 and 
769–695 cm−1 was assigned to the C-O stretches and out-of-plane bending vibration of O-H 
of the primary alcohol in choline, respectively. The broad peak at 1420–1330 cm−1 was 
assigned to the coupling of the in-plane bending vibration of –OH with the band for C-H 
wagging vibrations. The C-N stretch of the quaternary amine of Choline is at 1214 cm−1 [30]. 
The broad absorption at 3400–3200 cm−1 can be assigned to –OH stretching vibrations of 
β-CD and suggests the presence of strong intermolecular hydrogen bond interactions 
between –OH groups of β-CD [31, 32]. This band appears to be broader for 1 than for β-CD 
(Figure S1); this can be ascribed to the interaction between the quarternary N of Choline 
and the deprotonated –OH or O--group at the position 2 of β-CD [33]. The peaks at 1342–1200 
and 781 cm−1 for 3 can be assigned to the C–N stretch and N-H wag of aromatic amine 
present in the structure of 3. This corroborates with the inclusion of 2,6-diaminopyridine in 
the β-CD cavity of 1 with concomitant breaking of hydrogen bonds inside the cavity of β-CD 
moiety and thus the broad peak at 3400–3200 cm−1 becomes less broad than for 1. Peaks 

Scheme 1. synthesis of 1, 3, and 4.
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at 750, 1205, 1370, and 1416 cm−1 can be assigned for Choline moiety present in 3. FTIR 
spectrum of 4 is illustrated in Figure S2 (Electronic Supplementary Information). Two new 
peaks at 527.5 and 419.5 cm−1 can presumably be assigned to Pd–N and Pd–O stretches, 
respectively [34]. The stretching vibration of C–O of Choline shifted from 1205 to 1180 cm−1, 
suggesting formation of a Pd-O. These stretching vibrations proved involvement of the 
deprotonated O of Choline and the nitrogens of 2,6-diaminopyridine in coordination with 
Pd2+ in 4. Two peaks at 939 and 1002 cm−1 are probably due to stretching and rocking vibra-
tions of water that coordinates with Pd(II) in 4 [34].

2.2. NMR spectra
1H NMR spectra of the ionic liquid 1, 1⊂2, and 4 are given in Figures S3-S5 (Electronic 
Supplementary Information) and chemical shifts observed for H1-H6 are listed in Table 1. 
The peak for –OH proton at position 2 of β-CD disappeared for 1 but the peak for –OH at 
position 6 of β-CD shifted slightly downfield (δ = 4.742); this suggests that deprotonation 
occurs at position 2 of β-CD. While the peak for H2 shifted downfield by Δδ = 0.131, the peak 
for H3 shifted slightly downfield by Δδ = 0.04 ppm. These shifts in δ-values suggest that 
quaternary nitrogen of Choline remains close to deprotonated –OH or O−-group at C2 of 
β-CD. 1H-peaks for (CH3)3 N+–CH2 and CH3-groups attached to N of Choline (generally at 3.53 
and 3.20 ppm [35]) were shifted to 3.118 and 1.829 ppm, respectively, for 1, probably due 
to electrostatic interactions between quaternary N of Choline and O- of β-CD [36]. The peaks 
at 3.515 and 3.495 ppm arise for –OH and –CH2OH group of choline, respectively. H3 and 
H5 are located inside the hydrophobic cavity of β-CD and H1, H2, and H6 remain outside of 
the β-CD cavity. So H5 and H3 are mostly affected due to inclusion. 1H-NMR of 3 showed 
that the peak for H3 shifted by Δδ = 0.099 ppm and that for H5 shifted by Δδ = 0.007 ppm 
(Table 1); those shifts suggest that inclusion of pyridine of the amine affects H3 more than 
H5, i.e. inclusion of 2,6-diaminopyridine occurs through the secondary rim of the β-CD cavity 
in 1 [30, 37, 38] and suggests partial inclusion of the pyridine ring in the β-CD cavity [39]. 
The appearance of two doublets at δ ≈ 7.305–7.285 and 5.995–5.997 ppm, respectively, is 
probably due to Ha and Hb protons of 2,6-diaminopyridine (Figure S4). The peak for –NH2 of 
2,6-diaminopyridine that appears at δ ≈ 5.32 ppm has eventually merged with the peaks of 
β-CD [40]. In 1H-NMR spectra of 4, it is obvious that the intensity of doublets of amine at 
δ ≈ 7.305–7.285 ppm and 5.995–5.997 ppm decreases but the appearance of a broad singlet 
peak at 4.552 ppm suggests coordination of Pd2+ with the nitrogens of two NH2 groups of 
2,6-diaminopyridine. The peaks at 3.486 and 3.123 ppm for -CH2OH and (CH3)3 N+-CH2 of 

Table 1. 1h-Chemical shifts (in ppm) of β-cyclodextrin (β-Cd), 1, 2, 3, and 4.

H β-CD [39] ChCD (1) 1⊂2 (3) Pd(II) complex (4)
1 5.154 4.983 4.997 4.910, 4.902
2 3.700 3.569 3.540 3.497
3 3.920 3.880 3.781 3.784
4 3.600 3.515 3.503 3.477
5 3.825 3.796 3.789 3.715
6 3.900 3.857 3.801 3.762

oh

2 5.750
3 5.650
6 4.500 4.742 4.780 4.761
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Choline shifted downfield with δ values 2.558 and 2.061 ppm. Also, the CH3-groups attached 
to N of Choline shifted downfield and split into a doublet with δ values 1.011 and 0.996 ppm; 
these shifts and splittings indicate that –OH or O- of Choline coordinates with Pd2+ in 4.

2.3. UV-visible spectra

UV-visible spectra of β-CD, 2,6-diaminopyridine, ChCD (1), ligand 1⊂2 (3), and 4 in water are 
shown in Figure 1. ChCD shows almost no absorption in the UV-visible range like β-CD [32, 
41]. However, the absorption intensity for 3 is more than that for 2,6-diaminopyridine. The 
UV-visible spectra of 3 showed bands at 238 nm (π → π*) and 303 nm (n → π*) like those 
obtained for 2,6-diaminopyridine [42]. The absorption spectrum of 4 shows peaks at 240, 
328.5, and 398 nm. The absorption at 240 nm can be assigned to intraligand π → π* transi-
tions and the peak at 398 nm is probably due to a combination ligand to metal charge 
transfer in support of square planar geometry [34, 43, 44]. Again bathochromic shift for the 
peak from 303 to 328.5 nm suggests coordination of Pd2+ with the N of –NH2 in 3. The peaks 
at 238 nm of 3 remain almost the same in 4, suggesting no interaction between the pyridine 
of 3 with Pd2+ [42, 45].

2.4. Apparent formation constant and stoichiometry

The apparent formation constant for 3 was determined by UV-visible spectrophotometric 
titration of a solution of 2,6-diaminopyridine (9 × 10−3 mol∙L−1) with solutions [(0–6) 
 × 10−5 mol L−1] of ChCD. The absorbances of the solutions were measured at 238 nm against 
a reagent blank, i.e. solutions with identical reagent concentration but without 2,6-diami-
nopyridine. The absorption spectra of 3 at different concentrations of 1 are depicted in 

Figure 1. absorption spectra of (a), β-cyclodextrin (β-Cd), (b) ChCd (1), (c) 2,6-diaminopyridine, (d) 1⊂2 
(3), and (e) [κ3-N, N′, O-Pd(1⊂2)h2o]oac (4).
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Figure 2. The intensity gradually increases as the concentration of 1 in solution increases 
upon the formation of 3. The stoichiometry and apparent formation constant of 3 were 
determined from the Hildebrand–Benesi equation [32, 41]:

where A is the absorbance for the amine at each ChCD concentration; [G0], K, [ChCD], and ε 
are the initial concentration of amine, apparent formation constant, the concentration of 1, 
and the molar absorptivity, respectively. Thus, a linear regression (R2 = 0.953) [28, 29, 39] of 
1/A versus 1/[ChCD] data gives the stoichiometric ratio (the amine:ChCD = 1:1) and the 
apparent formation constant [(1.554 ± 0.036) × 10−4 mol∙L−1] for 3.

The stoichiometry of 4 has also been determined by spectrophometric titration (mole– 
ratio method). Changes in the absorption spectrum of 3 (initially 1 × 10−5 mol L−1) against 
concentrations of Pd(OAc)2 (1 × 10−3 mol L−1) added by 2.5 μL repeatedly. During the spec-
trophotometric titration, complex formation was indicated by a gradual increase in the 
intensity of 238 and 303 nm peaks as shown in Figure 3. The spectrophotometric data were 
analyzed with absorbance values at λ = 238 nm as shown in Figure 3 (inset), which suggest 
the stoichiometry to be 1:1 [46]. Also using the (cMcL/A versus cM) data and following a liter-
ature method [43], the stability constant of 4 was logKf = 6.39 ± 0.02 at 25 °C.

1

A
=

1

�K [G
0
][ChCD]

+
1

�[G
0
]

Figure 2.  absorption spectra of 2,6-diaminopyridine with various concentrations of 1: (a) 0  m, (b) 
3 × 10−5 m, (c) 4 × 10−5 m, (d) 5 × 10−5 m, and (e) 6 × 10−5 m. inset: reciprocal plot for 1/A against 1/
[ChCd] for formation of 3.
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2.5. Scanning electron microscopy

The FESEM images of 1, 3, and 4 are shown in Figure 4. The surface morphology of 1 seems 
to be irregular, suggesting it to be amorphous but that of the inclusion complex 3 is com-
paratively more regular and crystalline. The surface of 4 is clearly regular and seems to be 
crystalline.

2.6. Suzuki reaction catalysis

The Suzuki reaction depends on the type of base used and amount of catalyst. The reaction 
conditions were optimized by a model reaction between iodobenzene and phenylboronic 

Figure 3. uV–Vis spectra of 3 (1 × 10−5 mol l−1) in the presence of increasing concentrations of Pd(ii) ions. 
inset: absorbance plot for 3 with Pd(ii) against cm:cl.

Figure 4. sem images of (a) 1, (b) 3, and (c) 4.
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acid. Different experimental reaction conditions and results are summarized in Table 2. Using 
K2CO3 as base and 3 mol% of 4 results in optimum conversion at room temperature with 
good to excellent yield of biphenyl (Table 2, entry 6). However, the product yields did not 
increase further by raising the catalyst concentration to 5 mol%. Using 1 mol% of the catalyst 
also gave good yield but it is not possible to recycle the catalyst after two cycles under these 
conditions. For the Suzuki reaction, the optimum loading for the catalyst was 3 mol%.

The effectiveness of 4 in the Suzuki reaction in aqueous phase was investigated using 
different arylhalide and arylboronic acids as substrates (Scheme 2) and the results are shown 
in Table 3. For the chloro and bromobenzene, the reaction takes longer to complete and 
gave lesser yield than for iodobenzene under the same reaction conditions. Similar approach 
has also been applied for substituted aryl halides containing electron-withdrawing or elec-
tron-donating groups, e.g. 4-nitro, 4-methyl, 4-methoxy (Table 3, entries 4–9, 13). Reactions 
of different substituted iodobenzenes and arylboronic acids gave good to excellent yields 

Table 2. optimization of the reaction conditions for the suzuki reaction catalyzed by 4.a

areaction conditions: 5a (1.00 mmol), 6a (1.2 mmol), 4 (× mole%), base (2.00 mmol), deionized water (3 ml), 35 min, room 
temperature.

bisolated yield.

 

Entry 4 (mole%) Base Yield (%)b

1 0.1 et3n 68
2 0.1 naoh 63
3 0.1 K2Co3 79
4 0.5 K2Co3 84
5 1 K2Co3 84
6 3 K2Co3 85
7 5 K2Co3 86

Scheme 2. suzuki reactions catalyzed by 4 in aqueous medium.
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of corresponding coupled products (72–87%). This catalyst is also effective for cross-coupling 
reactions with sterically hindered aryl bromides (Table 3, entries 14 and 15) but requires 
longer time and gives lower yields than other substrates studied. Using substituted boronic 
acid we also found good yields for cross-coupling products (Table 3, entries 10–12). This 
catalyst was effective for water insoluble arylhalides in the Suzuki reaction as far as reaction 
time (lesser) and optimum load are concerned, when compared to other palladium catalyzed 
reactions in aqueous media [39, 40].

Various coupling products were easily separated from the aqueous phase (containing 
the catalyst) by solvent extraction with hexane and ethyl acetate. Addition of acetone to the 
aqueous phase helps in precipitation of 4 from the aqueous phase. The catalyst has sufficient 
catalytic activities (Table 4) even after 4 cycles, although leaching of the catalyst during its 
extraction from the aqueous phase decreases its catalytic activities.

3. Conclusion

A new Pd(II)-complex, [κ3-N, N′, O-Pd(1⊂2)H2O]OAc (4), was synthesized from the ligand, 1⊂2 
(3), with partially encapsulated 2,6-diaminopyridine in the hydrophobic β-CD cavity in ChCD. 
Due to the partial inclusion, the –NH2 groups of 2,6-diaminopyridine can act as coordination 
sites in 3. The compounds including 4 were characterized by various spectroscopic and 
physicochemical methods and the data suggest 4 to have square planar geometry. The β-CD 
in the Pd-complex makes it highly water soluble. We, therefore, explored the catalytic activ-
ities of Pd-complex for the Suzuki reaction in aqueous media. The complex showed high 
catalytic activities and affords good to excellent yields for the coupled products in respective 
reactions with various substrates. As compared to some palladium catalyzed reactions in 

Table 3. suzuki reaction between aryl halides and arylboronic acids catalyzed by 4 in water.a

areaction conditions: arylhalide (1.00 mmol), arylboronic acid (1.2 mmol), 4 (3 mole%), K2Co3 (2.00 mmol), deionized water 
(3 ml), room temperature.

bisolated yield.

Sl. no. X Ar R Product Time (min) Yieldb (%)
1 Cl C6h5 h 7aa′ 55 71
2 Br C6h5 h 7aa′ 50 75
3 i C6h5 h 7aa′ 35 84
4 i 4 Ch3C6h4 h 7ca′ 30 72
5 i 4-no2C6h4 h 7ba′ 40 87
6 Br 4 Ch3C6h4 h 7ca′ 50 69
7 Br 4-no2C6h4 h 7ba′ 55 76
8 Cl 4 Ch3C6h4 h 7ca′ 55 65
9 Cl 4-no2C6h4 h 7ba′ 60 73
10 Cl C6h5 3,4,5-(oCh3)3 7ab′ 50 72
11 Br C6h5 3,4,5-(oCh3)3 7ab′ 40 74
12 i C6h5 3,4,5-(oCh3)3 7ab′ 35 77
13 i 4-oCh3C6h4 h 7ja′ 40 86
14 Br 2-Ch3C6h4 h 7ka′ 70 66
15 Br 2,6-(Ch3)2C6h3 h 7la′ 150 58

Table 4. reusability of 4 for the suzuki reaction.

[a] isolated yield.

Run 1 2 3 4
%yield [a] of 7aa′ 90 87 84 81
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aqueous media [39, 40], this catalyst works effectively for water insoluble arylhalides in the 
Suzuki reaction in terms of less reaction time, lower temperature (ambient temperature), 
and optimum load without phase-transfer catalyst and organic solvents. Also its easy recy-
clability and easy recovery from aqueous phase make the catalyst environmentally benign, 
sustainable, and cost-effective.

4. Experimental

4.1. Materials and methods

All chemicals were purchased from Sigma-Aldrich, Germany, and BDH Chemicals Ltd., 
England and were used as received. Doubly distilled deionized water was used in all the 
experiments. Elemental microanalyses (C, H and N) were conducted with a Euro VECTOR EA 
3000 analyzer. Pd-content was determined by AAS (Varian, SpectraAA 50B) using standard 
Pd-solution from Sigma-Aldrich, Germany. FTIR spectra were recorded in KBr pellets with a 
Perkin-Elmer Spectrum FTIR spectrometer (RX-1) from 4000–400 cm−1 at ambient temper-
ature. UV-visible spectra were recorded in a quartz cell (1 cm) on a Jasco (V-530) double 
beam spectrophotometer equipped with a thermostated bath (maintained at 25 ± 0.1 °C) 
using water as the reference solvent. During spectrophotometric titration, the stepwise 
additions of metal ion solution (1 × 10-3 mol∙L−1) to 2 mL of ligand solutions (1 × 10−5 mol∙L−1) 
were done using a 2.5 μL pre-calibrated micropipette. The absorbance (A) of the solution 
was measured after each addition of the metal ion solution to the ligand solution. 1H NMR 
spectra were recorded at ambient temperature on a Bruker Avance-II 400 MHz spectrometer 
using D2O as solvent and chemical shifts (δ) are quoted in ppm with respect to TMS. The 
surface morphology was studied using a Field Emission Scanning Electron Microscope 
(FESEM, INSPECT F50, FEI, The Netherlands).

4.2. Synthesis of the ionic liquid ChCD (1)

An aqueous solution of NaOH (0.2116 g, 5.29 mmol) was added dropwise in a round bottom 
flask containing an aqueous suspension of β-CD (6.0 g, 5.29 mmol) in doubly distilled deion-
ized water (50 mL) with continuous stirring for 6–10 min. The suspension became gradually 
homogeneous and turned slightly yellow when the addition was completed. Then a freshly 
prepared aqueous solution of Choline bromide (0.6 g) was added and heated with constant 
stirring at 80 °C for 8 h. After the reaction ceased, the solvent was removed by distillation. 
The obtained wine colored oily product was washed successively with isopropanol and 
diethylether to remove NaBr. After drying overnight an orange solid was obtained and was 
recrystallized to get the pure product from aqueous solution. Yield: 50%.

Anal. Calcd for C47H83NO36: C, 45.59; H, 6.70; N, 1.13; O, 46.56. Found: C, 45.25; H, 6.59; N, 
1.05; O, 46.02. 1H NMR (400 MHz, D2O): δ 4.983 (s, 7 H, H(1)), 4.742 (m, 7 H, OH(6)), 3.880 (m, 
7H, H(3)), 3.857–3.796 (m, 21 H, H(6) and H(5)), 3.569 (m, 7H, H(2)), 3.515 (m, 7H, H(4)), 3.548 
(s, 1H, –OH of choline), 3.495 (t, 2H, -CH2OH of choline), 3.118 (t, 2H, (CH3)3 N+-CH2- of cho-
line), 1.829 (s, 9H, -N+(CH3)3 of choline). IR (ν/cm−1): 3393(b), 2930(s), 1647(m), 1397(b), 
1214(w), 1159(s), 746(s).
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4.3. Synthesis of the supramolecular complex 1⊂2 (3)

A 50 mL round bottom flask containing a mixture of ionic liquid (1) (1 g, 0.782 mmol) and 
2,6-diaminopyridine (2) (85.3 mg, 0.7826 mmol) in water was heated at 50 °C for ~6 h. From 
the reaction mixture, a reddish brown precipitate was separated by filtration. The precipitate 
was washed with ethanol several times to remove excess amine. Then it was dried and kept 
in a vacuum desiccator at room temperature. Yield: 66%.

Anal. Calcd for C52H90N4O36: C, 46.30; H, 6.68; N, 4.16; O, 42.79. Found: C, 45.93; H, 6.53; N, 
3.92; O, 42.24. 1H NMR (400 MHz, D2O): δ 4.997 (s, 7H, H(1)), 4.780 (m, 7H, OH(6)), 3.781(m, 
7H, H(3)), 3.857 (m, 7H, H(5)), 3.801 (m, 14 H, H(6)), 3.54 (m, 7H, H(2)), 3.503 (m, 7H, H(4)), 
3.532 (s, 1H, –OH of choline), 3.486 (t, 2H, -CH2OH of choline), 3.123 (t, 2H, (CH3)3 N+-CH2- of 
choline), 1.840 (s, 9H, -N+(CH3)3 of choline), 7.305–7.285 (d, 1H, Ha), 5.995–5.975 (dd, 2H, Hb). 
IR (ν/cm−1): 3368(b), 2930(s), 1624(s), 1416(m), 1370(s), 1333(w), 1205(w), 781(s), 750(s).

4.4. Synthesis of [κ3-N, N′, O-Pd(1⊂2)H2O]OAc (4)

Palladium acetate (30.0 mg, 0.01317 mmol) was added to 1 equivalent aqueous ethanolic 
solution of ligand 1⊂2 (3) (150 mg, 0.01317 mmol) and heated at 60 °C for ~3 h in a round 
bottom flask. As the reaction proceeds, the color of the solution changed from reddish brown 
to chocolate brown. After completion of reaction, acetone (50 mL) was added to the solution 
and a chocolate colored product was separated by filtration. The product was recrystallized 
several times from aqueous solution and ultimately chocolate colored small crystalline solid 
was obtained. Yield: 69%.

Anal. Calcd for C54H95N4O40Pd: C, 41.94; H, 6.15; N, 3.62; O, 41.42; Pd, 6.90. Found: C, 40.35; 
H, 5.79; N, 3.49; O, 40.85; Pd, 6.24. 1H NMR (400 MHz, D2O): δ 4.910–4.902 (m, 7H, H(1)), 4.761 
(m, 7H, OH(6)), 3.784 (m, 7H, H(3)), 3.715 (m, 7H, H(5)), 3.762 (m, 14 H, H(6)), 3.497 (m, 7H, 
H(2)), 3.477 (m, 7H, H(4)), 2.558 (t, 2H, -CH2O- of choline), 2.061 (t, 2H, (CH3)3 N+-CH2- of 
choline), 1.011–0.996 (d, 9H, -N+(CH3)3 of choline), 4.552 (broad singlet, 2H, -NH2), 
[7.305–7.285(d,1H,Ha), 5.995–5.975(dd,2H,Hb)] lower intensity. IR (ν/cm−1): 3314(bs), 2917(s), 
1170(w), 1002(w), 939(s), 527.5(s), 419.5(s).

4.5. General procedure for Suzuki reaction in water

A mixture of aryl halide (1.0 mmol), aryl boronic acid (1.2 mmol), 4 (3 mol%), K2CO3 (2.0 mmol), 
and water (3 mL) were continuously stirred at room temperature (25 °C). The progress of the 
reaction was monitored by TLC at 5 min intervals. After completion of reaction, the reaction 
mixture was diluted with 20 mL water and extracted by a mixture of hexane and ethyl acetate 
(1:1, v/v). The organic layer was dried with anhydrous Na2SO4 and solvents were evaporated. 
The crude products were purified using flash column chromatography (silica gel, 60–120 
mesh) with n-hexane/ethyl acetate as the eluent to get the desired product. The products 
were analyzed with 1H NMR spectra as shown in Figures S6-S12 (ESI).

4.6. Recovery of catalyst

After extraction of the products, the catalyst was reprecipitated by addition of 10 mL of 
acetone to the aqueous layer containing the catalyst. The recovered catalyst was filtered, 
washed with acetone, dried in vacuum, and reused for the Suzuki reaction.
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Effects of b-cyclodextrin-based Schiff-base Zn(II)
complexes: synthesis, physicochemical characterization
and their role in alleviating oxidative stress
related disorder
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ABSTRACT
Two water-soluble zinc(II) complexes of b-cyclodextrin-based Schiff
bases, viz., mono-6-deoxy-6-(4-(5-chloro-2-hydroxybenzylidenea-
mino)-3,4-diaminotolune)-b-cyclodextrin (4a) and mono-6-deoxy-6-
(4-(5-nitro-2-hydroxybenzylideneamino)-3,4-diaminotolune)-b-cyclo-
dextrin (4b) have been synthesized and characterized by different
analytical and spectroscopic techniques. These Zn(II) complexes
were analyzed for their possible activity against oxidative stress
through various biochemical methods. A detailed antioxidant pro-
file directly associated with inflammation related carcinogenesis
and several oxidative stress related disorders have been prepared
with a motive to evaluate the free radical scavenging activities of
the synthesized complexes. The immune cell cytotoxic properties
(through MTT assay) and in vitro assay for the evaluation of their
antioxidant activities against hydroxyl radical, nitric oxide, singlet
oxygen, peroxynitrate and hydrogen peroxide, etc. were investi-
gated. Obtained results clearly demonstrated the role of reactive
oxygen species in various phases of oxidative stress related dis-
eases; thus, the antioxidant and free radical scavenging capacities
of the two synthesized Zn(II) complexes seem to stand in support
of their beneficial effects and novelty for the immune system.
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1. Introduction

Certain inorganic compounds play crucial roles in biological processes, and many
organic compounds used as medicine are activated by metal ions [1]. Schiff bases,
their derivatives, and their metal complexes are often active as anticancer and antioxi-
dative agents [2–4]. Transition metal ions readily complex with polydentate Schiff-base
ligands, especially those containing nitrogen, oxygen, or sulfur donor atoms, and they
have great importance in biological systems [5, 6]. In biological oxygen carrier systems
such complexes may act as model molecules [7]. For example, Zishen et al. [8]
reported that Schiff-base complexes derived from 4-hydroxysalicylaldehyde and
amines showed strong anticancer activities against Ehrlich ascites carcinoma (EAC).
However, the poor aqueous solubility of such complexes often poses a problem for
their applications in biochemical activities. Carbohydrates have high aqueous solubility
and many antibiotics containing sugar or carbohydrate moieties readily interacted
with DNA molecules [9].

Oxygen is crucial for the survival of living organisms but most of the unused oxy-
gen transforms into various reactive oxygen species (ROS), which generate oxidative
stress in the biological systems. Free radicals or ROS (i.e. oxidant) are highly detrimen-
tal to the immune system and often trigger carcinogenic activities through oxidative
stress. They damage normal biochemical activities in the living organism [10], so to
combat this foul species various antioxidants must be developed in the organism.
During endogenous metabolic reaction aerobic cell produces ROS such as superoxide
anion (O2

�), hydrogen peroxide (H2O2), and hydroxyl radical (OH�). Also mitochondrial
respiratory chain under hypoxic condition generates nitric oxide (NO) which in turn
forms reactive nitrogen species (RNS) [11]. Thus, an optimum level ROS is essential for
the biological functions like cellular growth, gene expression and providing defense
against infection [12]. On the other hand, NO is formed from the amino acid arginine
aided by nitric oxide synthase (NOS). Peroxynitrate is a result of the reaction between
NO and superoxide, a potent and very active oxidant that can attack a wide array of
biological functions.

Therefore, herein this work, b-cyclodextrin-based Schiff bases (3a and 3b) have
been synthesized and used to prepare water-soluble Zn(II) complexes (4a and 4b).
Their potential effects in alleviating oxidative disorder or oxidative stress were studied
through various biochemical methods to evaluate the free radical scavenging activities
of the synthesized Zn(II) complexes (4a and 4b). Incorporation of b-cyclodextrin moi-
ety in the ligand structures of the complexes induces greater aqueous solubility and
thus greater acceptability of the complexes through bio-fluids.

2. Experimental

2.1. Materials and methods

All chemicals were purchased from Sigma-Aldrich, Germany, and used without purifi-
cation. Bi-distilled water was used in all experiments. FTIR spectra were recorded on a
Perkin-Elmer Spectrum FTIR spectrometer (RX-1) using KBr pellets from 4000 to
400 cm�1 at ambient temperature and UV–vis spectra were recorded on a JascoV-530
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double beam spectrophotometer using quartz cell (1 cm) equipped with thermostated
bath (maintained at 25 ± 0.1 �C) using water and DMSO as solvent reference. 1H- and
13C-NMR spectra were recorded at room temperature on a Bruker Advance-II 400MHz
spectrometer using D2O and DMSO-d6 as solvents and chemical shifts (d) were quoted
in ppm with respect to TMS. Elemental microanalyses (C, H, and N) were conducted by
using a Euro VECTOR EA 3000 analyzer. Zn-content was determined by AAS (Varian,
SpectraAA 50B) using standard Zn-solution from Sigma-Aldrich, Germany. The purity of
the ligands and their Zn(II) complexes were confirmed by TLC. All the experiments using
animals were reviewed and approved by the Animal Ethical Committee of University of
North Bengal (Permit No. 840/ac/04/CPCSEA, Committee for the Purpose of Control and
Supervision on Experiments on Animals) and performed in accordance with the legisla-
tion for the protection of animals used for scientific purposes. Blood was collected from
Swiss albino mice by puncturing the heart under proper anesthesia. Collected blood
samples were used for erythrocyte membrane stabilizing and hemolytic activities. Brain
was isolated from the same mouse for lipid peroxidation assay.

2.2. Synthesis

2.2.1. Synthesis of mono-6-deoxy-6-(p-tosylsulfonyl)-b-cyclodextrin (b-CDOTs) (1)

p-Toluenesulfonyl chloride (2.5 g, 1.5 equiv.) was added dropwise to a round bottom
flask containing b-cyclodextrin (b-CD) (10.0 g, 8.8mmol) dissolved in pyridine (500mL)
and stirred overnight at room temperature. After 24 h, the solution gave three compo-
nents as observed by TLC (SiO2; butanol:ethanol:water ¼5:4:3 (vol.)) and the reaction
was ceased by adding 10mL water. Then the reaction mixture was concentrated to
one-fifth in volume and acetone was added dropwise until the precipitation was over.
The precipitate was filtered, washed with acetone and dried under vacuum. The pre-
cipitate was dissolved in DMF and purified on a reversed-phase column (silica gel 60
silanized, 200 g in dry weight, 4.1� 30 cm2) using 5–40% DMF (aq) as eluent. The frac-
tion of 5–10% contained b-CD while TsO-b-CD was in 10–20% and 20–40% contained
(TsO)2-b-CD. Then the fraction of 10–20% was concentrated and poured into acetone
to obtain white pure product. The product was filtered, dried and stored in a vac-
uum desiccator.

Color: white; yield (45%); IR cm�1, KBr: 3391 (OH), 2926 (C–H), 1646 (C¼C), 1366
(SO2 asym), 1153 (SO2 sym) cm�1; 1H-NMR (400MHz, DMSO-d6, 25 �C), d (ppm): 7.49 (m,
2H Ph), 7.12 (m, 2H Ph), 5.94–5.72 (m, 14H, OH2 and OH3CD), 4.87–4.76 (m, 7H, H1CD),
4.58–4.43 (m, 6H, OH6CD), 4.27 (m, 2H, H6/CD), 4.02 (m, 1H, H5/CD), 3.92–3.54 (m, 25H,
H3, H5 and H6CD), 3.47–3.14 (m, H2, H4 overlap with water), 2.28 (s, 3H, Ph-CH3) [13];
13C-NMR (DMSO-d6), d (ppm): 146.52, 143.15, 127.91, 124.26 (aromatic), 101.84 (C1),
81.06 (C4), 73.03,72.06, 71.68 (C3,C2,C5), 62.88 (C6/), 60.16 (C6), 23.18 (C9) [14]; Anal.
Calcd for C49H76O37S: C, 45.65; H, 5.94; O, 45.92. Found: C, 45.05; H, 5.29; O, 45.53.

2.2.2. Synthesis of mono-6-deoxy-6-(toluene-3,4-diamino)-b-cyclodextrin (2)

In a 50-mL round bottom flask, 3,4-diaminotoluene (85.3mg, 0.7826mmol) was dis-
solved in dry DMF (2.0mL) and warmed to 50 �C. DMAP (97.0mg, 0,795mmol) and KI
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(32.2mg, 0.194mmol) were added, and after 5min powdered b-CDOTs (1) (500mg,
0.388mmol) was added. The reaction was stirred for 36 h at 50 �C. The reaction was
cooled to room temperature, and the volatile materials were removed in vacuo to give
a yellow mass. The crude product was dissolved in water and reprecipitated out by
adding acetone. The precipitate was collected by filtration and after drying, solid prod-
uct was obtained.

Color: yellowish white; yield (63%); IR, KBr cm�1: 1641, 1557, 1412, and 1261 cm�1;
UV: 255, 216 nm; 1H-NMR (400MHz, D2O, 25 �C), d (ppm): 7.18 (m, 1H, Ph), 7.09 (m, 1H,
Ph), 6.71 (m, 1H, Ph), 5.82–5.67 (m, 14H, OH2, and OH3CD), 5.02 (s, 1H, NH), 4.84–4.75
(m, 7H, H1 CD), 4.65 (s, 2H, NH2), 4.51–4.40 (m, 6H, OH6 CD), 4.24 (m, 2H, H6/CD), 4.08
(m, 1H, H5/CD), 3.93–3.80 (m, 25H, H3, H5, and H6CD), 3.62–3.51 (m, H2, H4 overlap
with water), 2.67 (s, 3H, �CH3);

13C-NMR (D2O), d (ppm): 134.21, 130.70, 116.81, 117.96,
113.35 (aromatic), 101.66 (C1), 81.17 (C4), 73.07,72.91, 71.64 (C3, C2, C5), 61.12 (C6),
40.06 (C6/), 24.31 (Cf); Anal. Calcd for C49H77N2O34: C, 47.53; H, 6.27; N, 2.26; O, 43.94.
Found: C, 47.08; H, 6.19; N, 2.04; O, 43.35.

2.2.3. General procedure for synthesis of amino modified b-cyclodextrin-supported
Schiff bases (3a and 3b)

A mixture containing amino-modified b-cyclodextrin (2) and aldehyde (a, b) in 50mL
1:1 (v/v) aqueous ethanol was refluxed for 4 h at 60 �C. After completion of the reac-
tion, the water soluble solid mass was obtained by complete evaporation of the solv-
ent in a hot water bath. The product was recrystallized several times from
aqueous ethanol to remove impurity and ultimately pure solid products were
obtained. The compounds are characterized by 1H-NMR, 13C-NMR, UV, FTIR, ESI-MS,
and CHN analysis.

Physical and spectral data for 3a and 3b:
Mono-6-deoxy-6-(4-(5-chloro-2-hydroxybenzylideneamino)-3,4-diaminotolune)-b-cyclo-

dextrin (3a)
Color: yellowish white; yield (66%); IR cm�1: 1636, 1337, 1263; 1H-NMR (400MHz,

D2O, 25 �C), d (ppm): 10.12 (s, 1H, phenolic-OH), 8.18 (s, 1H, CH¼N), 6.58–7.45 (m, aro-
matic protons), 5.87–5.69 (m, 14H, OH2, and OH3CD), 5.28 (s, 1H, NH), 4.91–4.83 (m,
7H, H1 CD), 4.58–4.43 (m, 6H, OH6 CD), 4.32 (m, 2H, H6/CD), 4.10 (m, 1H, H5/CD),
3.94–3.80 (m, 25H, H3, H5 and H6CD), 3.62–3.51 (m, H2, H4 overlap with water), 2.18
(s, 3H, –CH3);

13C-NMR (D2O), d (ppm): 160.08 (–C–OH), 158.62 (–C¼CN), 144.20,
136.44, 135.80, 132.92, 130.70,127.43, 122.07, 119.57, 118.84, 117.19, 112.65 (aromatic),
101.66 (C1), 81.17 (C4), 73.17,72.93, 71.57 (C3, C2, C5), 61.15 (C6), 44.69 (C6/), 24.16
(Cf); UV: 256 nm, 282 nm; Anal. Calcd for C56H80N2O35Cl: C, 48.85; H, 5.86; N, 2.03; O,
40.66. Found: C, 48.68; H, 5.29; N, 1.89; O, 40.24. m/z (ESI): calculated 1376.64, found
1377.32 [MþH]þ.

Mono-6-deoxy-6-(4-(5-nitro-2-hydroxybenzylideneamino)-3,4-diaminotolune)-b-cyclodex-
trin (3b)

Color: pale yellow; yield (69%); IR cm�1, KBr: 1628, 1340, 1263; 1H-NMR (400MHz,
D2O, 25 �C), d (ppm): 10.11 (s, 1H, Phenolic -OH), 8.12 (s, 1H, CH¼N), 6.85–7.69 (m,
aromatic protons), 5.89–5.72 (m, 14H, OH2, and OH3CD), 5.16 (s, 1H, NH), 4.90–4.78
(m, 7H, H1CD), 4.38–4.55 (m, 6H, OH6 CD), 4.31 (m, 2H, H6/CD), 4.12 (m, 1H, H5/CD),
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3.93–3.80 (m, 25H, H3, H5 and H6CD), 3.60–3.51 (m, H2, H4 overlap with water), 2.18
(s, 3H, –CH3);

13C-NMR (D2O), d (ppm): 164.53 (–C–OH), 160.14 (–C¼CN), 146.43,
140.56, 137.70, 135.41, 125.48, 124.80, 123.12, 119.33, 118.83, 116.90, 114.56 (aromatic),
101.78 (C1), 81.04 (C4), 73.14, 72.84, 71.60 (C3,C2,C5), 60.47 (C6), 46.51 (C6/), 23.95 (Cf);
UV: 250 nm, 284 nm; Anal. Calcd for C56H80N3O37: C, 48.48; H, 5.81; N, 3.03; O, 42.67.
Found: C, 48.21; H, 5.19; N, 2.81; O, 42.38. m/z (ESI): calculated 1387.23, found
1388.53 [MþH]þ.

2.2.4. General procedure for synthesis of Zn(II)-metal complex of amino modified
b-cyclodextrin-supported Schiff bases (4a and 4b)

The amino modified b-cyclodextrin-based Schiff bases 3a (275.3mg, 0.2mmol) and 3b
(277.4mg, 0.2mmol) were stirred with aqueous methanol for 10min. Zinc acetate
(43.9mg, 0.2mmol) was added to the resulting solutions, and the mixture were
refluxed for 6 h. Then the reaction mixtures were concentrated and on addition of
acetone the product was precipitate out. The products were purified from water–me-
thanol (1:1 v/v) several times.

Physical and spectral data for 4a and 4b.
Zn(II) complex of mono-6-deoxy-6-(4-(5-chloro-2-hydroxybenzylideneamino)-3,4-diami-
notolune)-b-cyclodextrin (4a).

Color: light yellow; yield (75%); IR cm�1, KBr: 1570, 1330, 1244, 859, 775, 525, 440;
1H-NMR (400MHz, D2O, 25 �C), d (ppm): 8.39 (s, 1H, CH¼N), 6.45–7.32 (m, aromatic
protons), 6.12–5.97 (m, 14H, OH2, and OH3CD), 5.61 (s, 1H, NH), 4.93–5.08 (m, 7H,
H1 CD), 4.72–4.60 (m, 6H, OH6CD), 4.45 (m, 2H, H6/CD), 4.15 (m, 1H, H5/CD), 3.93–3.80
(m, 25H, H3, H5 and H6CD), 3.61–3.51 (m, H2, H4 overlap with water), 1.86 (s, 3H,
–CH3);

13C-NMR (D2O), d (ppm): 169.84 (–CO of oAc�), 157.98 (–C–OH), 155.13
(–C¼CN), 143.36, 137.12, 135.56, 131.87, 130.17, 127.52, 122.12, 119.87, 118.61, 117.16,
112.31 (aromatic), 101.66 (C1), 81.17 (C4), 73.17, 72.93, 71.57 (C5, C2, C3), 61.15 (C6),
57.43 (C6/), 25.26 (Cf), 23.21 (–CH3 of oAc�); UV: 282 nm, 261 nm, 366 nm; Anal. Calcd
for C58H84N2O38ClZn: C, 45.88; H, 5.58; N, 1.84; O, 40.05; Zn, 4.31. Found: C, 45.58; H,
5.19; N, 1.49; O, 39.85; Zn, 4.11. m/z (ESI): calculated 1518.12, found 1519.35 [MþH]þ.

Zn(II) complex of mono-6-deoxy-6-(4-(5-nitro-2-hydroxybenzylideneamino)-3,4-dia-
minotolune)-b-cyclodextrin (4b).

Color: canary yellow; yield (78%); IR cm�1, KBr: 1582, 1332, 1241, 862, 762, 533, 437;
1H-NMR (400MHz, D2O, 25 �C), d (ppm): 8.35 (s, 1H, CH¼N), 6.98–7.83 (m, aromatic
protons), 6.03–5.96 (m, 14H, OH2, and OH3CD), 5.63 (s, 1H, NH), 4.96–5.10 (m, 7H,
H1 CD), 4.76–4.67 (m, 6H, OH6CD), 4.49 (m, 2H, H6/CD), 4.25 (m, 1H, H5/CD), 3.93–3.80
(m, 25H, H3, H5, and H6CD), 3.61–3.51 (m, H2, H4 overlap with water), 1.86 (s, 3H,
–CH3);

13C-NMR (D2O), d (ppm): 173.16 (–CO of oAc�), 162.25 (–C–OH), 157.02
(–C¼CN), 145.89, 140.92, 138.06, 136.87, 127.49,125.22, 119.32, 119.87, 118.92, 116.09,
114.73 (aromatic), 101.62 (C1), 81.19(C4), 73.12, 72.79, 71.62 (C3, C2, C5), 60.32 (C6),
57.66 (C6/), 24.01(Cf), 22.78 (–CH3 of oAc�); UV: 284, 257, 397 nm; Anal. Calcd for
C58H84N3O40Zn: C, 45.57; H, 5.53; N, 2.75; O, 41.86; Zn, 4.28. Found: C, 45.08; H, 5.19; N,
2.49; O, 41.25; Zn, 4.06. m/z (ESI): calculated 1528.67, found 1528.96 [M]þ.
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2.3. Antioxidant and free radical scavenging activity study

Several biochemical experiments were performed to determine the antioxidant or free
radical scavenging activities of the synthesized complexes.

2.3.1. DPPH radical scavenging assay

2,2-Diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging activity was monitored
using a literature method given by Saha et al. [15]. Absorption was measured at
517 nm to determine the percent of inhibition and compared with the standard ascor-
bic acid. The percent of inhibition was calculated using the following relation:

Percentage of scavenging ¼ A0�A1

A0
� 100 (1)

where A0¼ absorbance of the control and A1¼ absorbance in the presence of samples
and standard.

2.3.2. Hydroxyl radical scavenging assay

Hydroxyl radical scavenging activity was studied according to standard protocol with
slight modification [16]. Hydroxyl radical (OH�) was generated through Fenton reaction
and inhibition was measured at 532 nm. Mannitol was used as standard for hydroxyl
radical scavenging activity. Equation (1) was used for calculation of percent
of inhibition.

2.3.3. Superoxide radical scavenging assay

Superoxide radical scavenging assay was studied by following a literature method [17]
with slight modifications. Nonenzymatic combination of phenazine methosulfate (PMS)
and reduced nicotinamide adenine dinucleotide (NADH), superoxide radical (O2

��) was
produced and measured by the reduction of nitro blue tetrazolium (NBT) to purple
formazan. Quercetin was used as standard for the scavenging of superoxide radical.

2.3.4. Nitric oxide (NO) radical scavenging assay

NO radical quenching activity was studied as per Griess–Llosvoy reaction [18]. NO was
generated through the reaction between aqueous sodium nitroprusside (SNP) and
oxygen. Diazotization of nitrite ions with sulphanilamide and subsequent coupling
with N-(1-naphthyl)ethylenediamine dihydrochloride (NED), pink azo dye was gener-
ated. Curcumin was used as standard for the above experiment. The percentage inhib-
ition was calculated using relation 1.

2.3.5. Hydrogen peroxide scavenging assay

Hydrogen peroxide (H2O2) scavenging activity was studied by following FOX reagent
method [19]. Sodium pyruvate was used as standard.
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2.3.6. Peroxynitrite scavenging activity

Peroxynitrite (ONOOˉ) scavenging activities of b-cyclodextrin-derived Schiff-base Zn(II)
complexes were compared against the standard gallic acid following a previously
standardized method [20].

2.3.7. Singlet oxygen scavenging assay

Singlet oxygen (1O
2) generated through the reaction of sodium hypochloride (NaOCl) with

H2O2 and scavenging activity of singlet oxygen was determined by monitoring the bleach-
ing of N,N-dimethyl-4-nitrosoaniline (RNO) using the method of Pedraza-Chaverr�ı et al. [21]
with minor modifications. Lipoic acid was used as standard for the above experiment.

2.3.8. Hypochlorous acid scavenging assay

HOCl scavenging activity was studied by monitoring the decrease in absorbance of
catalase following a standard method with minor modification [22]. Ascorbic acid was
used as standard for this experiment.

2.3.9. Measurement of reducing power

The ferric reducing power was determined by the method of Oyaizu et al. [23] and
ascorbic acid was used as standard.

2.3.10. Iron chelation assay

Iron chelation activity was studied by the method of Haro-Vicente et al. [24] by meas-
uring the decrease of intensity of violet complex, generated by coupling of Fe2þ and
ferrozine. Etylenediaminetetraacetate (EDTA) was used as standard.

2.3.11. Total antioxidant activity (TAA)

Total antioxidant activity (TAA) was measured following the method of Prietto et al.
[25] by the reduction of Mo6þ to Mo5þ. Ascorbic acid was used as standard for
this experiment.

2.3.12. Lipid peroxidation inhibition assay

Lipid peroxidation inhibitory activity was determined by studying the inhibition of
OH� catalyzed malondialdehyde (MDA) production from the polyunsaturated fatty
acid (PUFA) as per the method of Kizil et al. [26]. Mice brain homogenate was used for
the lipid peroxidation inhibition assay. The resultant data was compared with the
standard Trolox.

2.3.13. Erythrocyte membrane stabilizing activity (EMSA)

The assay was performed according to Navarro et al. [27] with certain modification.
Quercetin was used as standard and the activity was measured using the following
relation:
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Percentage of protection ¼ As

Ab
� 100

where As and Ab are the absorbances of sample and blank, respectively.

2.4. In vitro hemolytic assay

Hemolytic effects of b-cyclodextrin-derived Schiff-base Zn(II) complex were evaluated
using mice blood according to the standardized method of Malagoli et al. [28] and
measured by the absorbance of liberated hemoglobin at 540 nm. Triton X-100 was
used as standard.

2.5. Cell cytotoxicity assay

The cell cytotoxicity assay was studied according to the manufacturer’s instructions of
EzcountTM MTT Cell Assay Kit (HiMedia). Under mild anesthesia spleen and peritoneal
exudates macrophages were collected from Swiss albino mice. Splenocyte cell suspen-
sions (2� 106 cells mL�1) and peritoneal macrophages were prepared in RPMI-1640
medium as per Saha et al. [15] and measured against different concentrations of
b-cyclodextrin-derived Schiff-base Zn(II) complex.

2.6. Statistical analysis

All qualitative data are reported as the mean± standard deviation (SD) of six measure-
ments by one-way analysis of variance (ANOVA) with Dunnett’s test using KyPlot ver-
sion 5.0 beta 15 (32 bit) for windows, where p< 0.05 was considered as significant.
The half maximal inhibitory concentration (IC50) values were calculated by the relation
Y ¼ A1

XþA1
� 100; where A1¼ IC50, Y¼ response (Y¼ 100% when X¼ 0), and

X¼ inhibitory concentration.

3. Results and discussion

Mono-6-deoxy-6-(toluene-3,4-diamino)-b-cyclodextrin (2) was synthesized from mono-
6-deoxy-6-(p-tosylsulfonyl)-b-cyclodextrin (b-CDOTs) (1). After synthesis of the amino
modified b-cyclodextrin-based Schiff bases 3a and 3b, it was allowed to react with
zinc acetate in aqueous methanol to give amino modified b-cyclodextrin-based zinc
complexes 4a and 4b (Scheme 1). The structures of Zn(II) complexes were confirmed

Scheme 1. Synthesis of compounds 1–4 (4a and 4b).
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by various analytic spectroscopic analysis, such as elemental analysis, FTIR, 1H-NMR,
13C-NMR, UV–vis spectra, and ESI-MS.

3.1. FTIR spectra

The FTIR spectrum of compounds 1 and 2 are shown in Figure S1. The characteristic
absorption peaks at 1646 (C¼C), 1366 (SO2 Asym) and 1153 (SO2 Sym) cm�1 in the IR
spectrum of 6-OTs-ß-CD (1) [29], which correspond to sulfonic acid group, have disap-
peared in the IR spectrum of compound 2. On the other hand, four characteristic
absorption peaks of 1641, 1557, 1412, and 1261 cm�1 appear in the spectrum of com-
pound 2. The absorption peaks of 1641 cm�1 corresponded to N–H stretching vibra-
tion of the group of 3,4-diaminotolune moiety. The absorption peaks of 1412 cm�1

corresponded to –CH2– stretching vibration. Peaks at 1557 and 1261 cm�1 were
assigned to C¼C stretching vibrations for the phenyl moiety of compound 2. The
results showed that the p-toluenesulfonyl group had been substituted by 3,4-diamino-
tolune group.

In the FTIR spectrum of 4a and 4b (shown in Figure S2), the azomethine peak was
shifted to lower frequency than the ligands 3a and 3b (shown in Figure S3) and
appeared at 1570 and 1582 cm�1, respectively, indicating that the N atom of the
C¼N group of the ligands coordinates with the Zn2þ ion. The involvement of depro-
tonated phenolic moiety in complexes has been confirmed by the shift of m(C–O)
stretching band (observed at 1337, 1263 cm�1 and 1340, 1263 cm�1 in free ligands 3a
and 3b, respectively) to lower wavenumbers at 1330, 1244 cm�1 and 1332, 1241 cm�1

in complexes 4a and 4b, respectively [30]. The shift of m(C–O) band to a lower fre-
quency suggests the weakening of C–O bond and formation of stronger M–O bond. In
the IR spectra of both complexes bands at 862–859 cm�1 and 790–760 cm�1 were
assigned for the rocking and wagging vibration of coordinated water molecule
[31–33]. Bands at 440 and 437 cm�1 were attributed to m(M-phenolic O) and bands at
525 and 533 cm�1 were attributed to m(M–N) vibrations for complexes 4a and 4b,
respectively [34].

3.2. NMR spectra
1H-NMR spectra of the mono-tosyleted b-cyclodextrin (1), b-cyclodextrin-based amine
(2), Schiff bases (3a and 3b) and their Zn(II) complexes (4a and 4b) were recorded in
D2O (shown in Figures S4–S9). 1H-NMR spectrum of compound 2 shows peaks at d �
5.02 ppm for –NH group and at d 2.676 ppm for –CH3 group. Signals of the aromatic
protons appeared as multiplets in the range of d� 6.7–7.2 ppm and –NH2 group
appeared as a singlet at 4.652 ppm [35]. The signals of the H6 protons with an amino
group (H6/ and H6/b) appeared at 0.8 ppm downfield than those of H6 protons of
other rings of b-cyclodextrin, suggesting the formation of mono-6-deoxy-6-(toluene-
3,4-diamino)-b-cyclodextrin (2). After the reaction of amine modified b-cyclodextrin
with aldehydes, the resultant Schiff-base ligands (3a and 3b) show the following sig-
nals: phenyl protons as multiplets at �6.8 to 7.9 ppm, �CH3 protons as singlet at
�2.181–2.0 ppm; the signal at d� 10.0 ppm can be attributed to the phenolic proton
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present in the salicylaldehyde moiety. Disappearance of the singlet of –NH2 proton
suggests formation of azomethine group; azomethine proton (C–CH¼N–) signal
appears at d� 8.2 ppm in both ligands. Both Zn(II) complexes show that the phenolic
–OH group is involved in complexation, resulting in the disappearance of the peak at
10.0 ppm. The azomethine proton signal in the spectra of the zinc complexes were
shifted downfield (near d� 8.40 ppm) compared to the free ligands, suggesting
deshielding of the azomethine group due to the coordination with metal ion. The sig-
nals appearing at 5.30 ppm in the spectra of the ligands (due to the proton of –NH
group) broadens and appears at d� 5.6 ppm in the spectra of the complexes, suggest-
ing the coordination of NH group with the metal ion [36].

The 13C-NMR spectra of 1, 2, 3a, 3b, 4a, and 4b were recorded in D2O and DMSO-
d6 and are shown in Figures S10–S15. In 13C-NMR spectrum of compound 2, the signal
for carbon (C6/) with an amino group appears at around 20 ppm downfield than those
of C6 carbon of other rings of b-cyclodextrin. This fact confirms the formation of
mono-6-deoxy-6-(toluene-3,4-diamino)-b-cyclodextrin (2) [14]. Both ligands 3a and 3b
showed signals for the –CH¼N group at 158.62 and 160.14 ppm, respectively. Also
these ligands showed 13C signals for –C–OH group at signals at 160.08 and
164.53 ppm, respectively. In the 13C-NMR spectra of both ligands (3a and 3b) and
complexes (4a and 4b) signals for aromatic carbons appeared at usual range
(110–145 ppm). The 13C-NMR signals of –CH¼N and –C–OH groups in both ligands
(3a and 3b) were shifted upfield to 155.13 and 157.98 ppm for complex 4a and 157.02
and 162.25 ppm for complex 4b, respectively. This upfield shift confirms the coordin-
ation of Zn(II) ion with azomethine N atom and phenolic –O atom. 13C-NMR signal of
C6/ in both complexes 4a and 4b were also shifted downfield (from around 45 ppm
to around 58 ppm), suggesting coordination to Zn(II) ion [14]. Therefore, 1H- and 13C-
NMR spectra substantiated the coordination geometry of complexes.

3.3. UV–vis spectra

UV–vis spectra of the b-cyclodextrin-based amine (2), Schiff bases (3a and 3b) and
Zn(II) complexes (4a and 4b) were recorded in water (shown in Figures S16–S18). The
modified amine (2) shows two bands at 255 and 216 nm due to the n ! p� and p !
p� transitions. The electronic spectra of Schiff-base ligands 3a and 3b exhibit absorp-
tion bands at 256 nm and 250 nm, respectively, with shoulder at around 280–285 nm
which were due to the p ! p� transition [37]. In addition to these bands, both com-
pounds showed bands at 311–320 nm attributable to n ! p� transition [38, 39]. In
Zn(II) complexes 4a and 4b, the above bands get shifted from 256 nm to 261 nm
(bathochromic) and from 250 to 257 nm (bathochromic), respectively, suggesting
coordination of the metal ion (Zn2þ) with ligands. Disappearance of the peaks at
311–322 nm in the complexes compared to the ligands suggested the coordination of
Zn with azomethine N-atom of the ligands. The peaks at 366 nm for complex 4a and
at 397 nm for complex 4b can be ascribed to charge-transfer transition and the elec-
tronic spectra of the complexes suggested tetrahedral geometry for the complexes.
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3.4. Stability constant and stoichiometry of complexes

The stability constant for complexes 4a and 4b were determined by UV–vis spectro-
photometric titration following mole-ratio method. Changes in the absorption spectra
of ligands 3a and 3b (initially 1� 10�5 M) were recorded against concentrations of
zinc acetate (1� 10�3 M) in aqueous solutions stepwise added by 2.5lL. During the
spectrophotometric titration, complex formation was indicated by mainly gradual
increase in the intensity of 256 and 250 nm bands for ligands 3a and 3b, respectively,
as shown in Figures S19 and S20. The analysis of the spectrophotometric data (using
mole-ratio plot) was performed with the absorbance values at k¼ 256 nm and
k¼ 250 nm for 3a and 3b, respectively, as shown in the insets of Figures S19 and S20,
which proves the stoichiometry of the complexes to be 1:1. Also using the (cM.cL/A ver-
sus cM) data and following a literature method [40], the stability constants
log Kf¼ 6.30 ± 0.02 and log Kf¼ 6.33 ± 0.02 at 25 �C were found for complexes 4a and
4b, respectively.

3.5. ESI-MS

The ESI-MS spectra of ligands 3a and 3b and complexes 4a and 4b were recorded
and are shown in Figures S21–S24. Ligands 3a and 3b showed peaks at 1377.32 and
1388.53 m/z, respectively, which correspond to the [MþH]þ. In both Zn(II)-complexes
4a and 4b, the peaks at 1378.32 and 1388.53 m/z disappeared and new peaks
appeared at 1519.35 and 1528.96 m/z, respectively, which represents molecular weight
of complexes. Therefore, these findings were in good agreement with the respective
structures as already revealed by the elemental and other spectral analyses.

3.6. Antioxidant activity

There are several disorders directly or indirectly correlated to oxidative stress. Several
external factors like UV/X-rays, smoking, junk food, mental stress, pollution, etc. can
activate the chain reaction of ROS; these ROS can switch on many disorders and can
activate the pathway of NF-kb, responsible for triggering pro-inflammatory mediators.
The mediators then cause the changes in Ca homeostasis and lead to hypertension.
ROS can also affect many endocrine glands like pituitary and propagate several neuro-
disorders like Alzheimer’s disease, Parkinson’s disease, etc.

All the antioxidant activity experiments were done with ligands 3a and 3b and
complexes 4a and 4b, but the ligands do not show appreciable results. So, in this
work only antioxidant activity of complexes 4a and 4b has been discussed explicitly.

In the present antioxidant profile, complex 4b exhibited higher free radical scav-
enging activity than complex 4a as per DPPH assay (Figure 1(A)). The percentage of
inhibition in the case of complex 4b was (39.29 ± 0.41%), whereas 4a showed
(13.85 ± 0.92%) at the highest dose of 200 mg mL�1 concentration. This was evident
from the discoloration of DPPH and low IC50 (Table 1) values in the case of complex
4b (322.83 ± 8.20 mg mL�1). DPPH is a free radical that can accept an electron or
hydrogen radical to become stable and reacts with reducing agent to form new bond,
changing the color of the solution. The colored solution loses its color due to
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increased amount of antioxidant properties [41]. The elevated DPPH radical scavenging
activity by complex 4b was due to the presence of significant antioxidant properties.

In NO scavenging activity (Figure 1(B)), complex 4b showed moderate scavenging
activities (33.88 ± 2.78% at 200 mg mL�1) compared to the standard used (curcumin).
NO, produced from the amino acid L-arginine by the activation of NOS, is a potent
mediator of pro-inflammatory cellular activation. Due to chronic inflammation, calcium
dependent NOS produces excess amount of NO which can turn on tumor develop-
ment. iNOS (calcium independent isoform of NOS) is activated by LPS (lipopolysach-
haride) and induced by the translocation of NF-jb, leading to the progression of

Figure 1. Antioxidant activity of b-cyclodextrin-based Schiff-base Zn(II) complexes 4a and 4b. (A)
DPPH activity, (B) nitric oxide scavenging activity, (C) superoxide radical scavenging activity, (D)
reducing power assay. Data expressed as mean± SD (n¼ 6). ap< 0.05; bp< 0.01; cp< 0.001; NS,
nonsignificant when compared with respective standard.

Table 1. IC50 values (mg mL�1) of b-cyclodextrin-based Schiff-base Zn(II) complexes 4a and 4b
and standards for different antioxidant and free radical scavenging assays.
Parameters 4a 4b Standard

DPPH 1273.37 ± 57.18c 322.83 ± 8.20b 203.20 ± 1.97
Hydroxyl radical 116.68 ± 0.67c 133.01 ± 4.73c 597.15 ± 11.9
Hydrogen peroxide 146.87 ± 6.21b 283.67 ± 4.81b 2185.22 ± 187.45
Nitric oxide 857.71 ± 139.92a 492.97 ± 84.10a 61.17 ± 0.41
Superoxide anion 309.68 ± 8.04c 249.53 ± 34.30a 94.59 ± 3.75
Hypochlorous acid 691.38 ± 53.95b 262.60 ± 2.37c 130.07 ± 5.16
Total antioxidant activity 409.99 ± 107.17a 603.45 ± 36.95b 116.46 ± 5.91
Lipid peroxidation 539.31 ± 23.73c 513.20 ± 3.55c 11.16 ± 0.26
Iron chelation 343.09 ± 64.96a 378.55 ± 52.16b 1.49 ± 0.02

Data expressed as mean ± SD (n¼ 6).
NS, nonsignificant when compared with respective standard.
ap< 0.05.
bp< 0.01.
cp< 0.001.
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cancer [42]. Thus, complex 4b might inhibit the formation of inflammation related car-
cinogenesis by scavenging the NO.

Complex 4b was found to exhibit scavenging activity in the case of superoxide
anion (14.66 ± 2.83 at 200 mg mL�1) (Figure 1(C)), hypochlorous acid (4b: 37.41 ± 0.60%
and 4a: 24.24 ± 0.57% at 200 mg mL�1) (Figure 2(D)) and lipid peroxidation (Figure
4(A)) scavenging assay in dose dependent manner and highly significant scavenging
activity in the case of hydroxyl radical (4b: 81.33 ± 2.36% and 4a: 81.58 ± 2.23% at 200
mg mL�1) (Figure 2(A)) and hydrogen peroxide scavenging assay (4b: 42.03 ± 0.82%
and 4a: 75.15 ± 1.72% at 200 mg mL�1) (Figure 2(B)). Hydroxyl radical, the short-lived
free radical, is most harmful and has the potential to damage our biological system
[41]. Metal chelator may contribute to the reduction of OH� by the oxidation of Fe2þ

to Fe3þ. Another potential ROS, hydrogen peroxide (H2O2), is formed due to the muta-
tion of superoxide anion or might be produced from superoxide ion in the presence
of superoxide dismutase in the peroxisomes [43–45].

Despite its lower reactivity compared to other potential ROS, H2O2 performs an
important role to modulate carcinogenesis. H2O2 defused throughout the mitochon-
dria and cell membrane and subsequently generate various types of cellular injury [43,
44]. In the in vivo conditions, hydroxyl radical (OH�) produces 8-hydroxy-guanosine,
the hydrolysis product of 8-hydroxydeoxyguanosine (8-OHdG) can attack on DNA and
is involved in carcinogenesis progression, especially breast carcinoma [46–48]. Thus,
increase in the scavenging activities of H2O2 and OH� by complexes 4a and 4b might
facilitate chemoprevention. Spontaneous dismutation of the highly toxic superoxide
anion (O2

��) in mitochondria generates singlet oxygen. Generation of singlet oxygen
from superoxide anion is one of the primary causes of lipid peroxidation. Lipid

Figure 2. Antioxidant activity of b-cyclodextrin derived Schiff-base Zn(II) complexes 4a and 4b. (A)
Hydroxyl radical scavenging assay, (B) hydrogen peroxide scavenging activity, (C) total antioxidant
scavenging activity, (D) hypochlorous acid scavenging assay. Data expressed as mean± SD (n¼ 6).
ap< 0.05; bp< 0.01; cp< 0.001; NS, nonsignificant when compared with respective standard.
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peroxidation is the pathogenesis of a wide range of diseases. Initiation of lipid peroxi-
dation is the cause of propagation of chain reaction taking place until termination
products are produced. Therefore, the end product malomdialdehyde (MDA), 4-
hydroxy-2-nonenol, and F2-isoprostanes were generated from the lipid peroxidation
and accumulated in biological system. Accumulation of these toxic products can cause
mutation and deletions in both nuclear and mitochondrial DNA. 4-Hydroxy nonenal
(4-HNE), the biomarkers of oxidative stress, are important in a number of cancer sig-
naling pathways [49]. The present study demonstrated the significant superoxide
anion and lipid peroxidation scavenging capacities by the complexes, thus suggesting
a probable protective role against carcinogenesis by the prevention of peroxidase for-
mation. The neutrophilic enzyme, myeloperoxidase, resulting from the oxidation of Cl-

ions at the site of inflammation produces hypochlorous acid (HOCl) and causes target
cell lyses [50]. The scavenging activity of hypochlorous acid by Zn(II) complexes 4a
and 4b appears quite promising and, therefore, might be able to combat inflamma-
tion related carcinogenesis.

Iron is a potential enhancer of ROS formation. In the present study, complexes 4b
(73.69 ± 1.97% at 200 mg mL�1) and 4a (65.99 ± 2.01% at 200 mg mL�1) were found to
fade the color of ferrozine-complex, indicating its iron chelating capacity
(Figure 3(A,B)). Both complexes 4b (0.24 ± 0.01%) and 4a (0.23 ± 0.01%) exhibited
higher reducing activities (Figure 1(D)) than the standard EDTA (0.22 ± 0.01%). The
total antioxidant activity (Figure 2(C)) was significantly high in the case of both com-
plexes compared to the standard ascorbic acid. This result manifests crucial antioxi-
dant scavenging activities by both Zn(II) complexes. Thus, complex 4b might prove to
be a key component in the prevention of cancer in terms of oxidative stress and free
radical generation.

Erythrocyte Membrane Stabilizing Activity (EMSA) (Figure 4(C)) is another crucial
assay which evaluates the antioxidant potentiality against the superoxide radical medi-
ated damage of the erythrocyte membrane. Both the complexes displayed excellent
membrane stabilizing activity, complexes 4b (16.60 ± 0.09% at 200 mg mL�1) and 4a
(11.76 ± 0.65% at 200 mg mL�1), by the inhibition of superoxide radical. Thus, mem-
brane stabilizing activity by complex 4b might improve the immune system [51].
Hemolytic activity is one of the most crucial parameters of cytotoxicity. In the

Figure 3. Antioxidant activity of b-cyclodextrin-based Schiff-base Zn(II) complexes 4b and 4a. (A)
Iron chelation by the complexes, (B) iron chelation by the standard (EDTA). Data expressed as
mean± SD (n¼ 6). ap< 0.05; bp< 0.01; cp< 0.001; NS, nonsignificant when compared
with standard.
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mentioned experiment, complexes 4b (40.25 ± 1.17% at 200 mg mL�1) and 4a
(36.50 ± 0.54% at 200 mg mL�1) showed potential hemolytic activity (Figure 4(B)).
Besides, antioxidant capacity, both complexes were analyzed in vitro for immunomo-
dulatory activity. MTT colorimetric assay was performed to determine the cytotoxicity
of the synthesized complexes on mice splenocytes (Figure 4(D)). Spleen contains a
relatively homogeneous fraction of B and T lymphocyte and thus, immune-prolifer-
ation of spleen provides an understanding of the influence of the synthesized complex
on B and T cell lymphocyte. The B and T cell secrete several types of cytokines like
IFN-c, TNF-a, IL-4, IL-6, and IL-12, which are very essential for maintaining our
immunological functions. b-cyclodextrin-derived Schiff-base Zn(II) complexes 4a and
4b were observed negligible cytotoxic effect on splenocytes. It can be concluded from
the MTT assay the synthesized complex is not harmful for biological function as far as
the present investigation is concerned. Thus, the synthesized complexes have the abil-
ity to modulate innate immune functions and have promising effects in alleviating oxi-
dative stress related disorder.

4. Conclusion

The complexes with sufficient solubility in aqueous phase have shown negligible cyto-
toxic effect but moderate-to-good effects as antioxidant and can thus help in

Figure 4. Antioxidant activity of b-cyclodextrin-based Schiff-base Zn(II) complexes 4b and 4a. (A)
Lipid peroxidation activity, (B) hemolytic assay, (C) erythrocyte membrane stabilizing activity, (D)
MTT cell proliferation assay. Data expressed as mean± SD (n¼ 6). Data expressed as mean± SD
(n¼ 6). ap< 0.05; bp< 0.01; cp< 0.001; NS, nonsignificant when compared with respect-
ive standard.
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combating oxidative stress related disorder leading to carcinogenic pathways, based
on the result obtained from different biochemical analysis.
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Two water soluble complexes with CoII and CuII ions were synthesized using a novel b-cyclodextrin based azo-
functionalized Schiff base as a ligand. The Schiff base and its metal complexes were characterized by different physico-
chemical and spectroscopic methods. From the analyses of the experimental data, distorted octahedral geometry has been

assigned for both themetal complexes. The binding interactions between themetal complexes andDNAwere investigated
bymeans of a thermal denaturation study and viscosity measurements as well as by electronic absorption and fluorescence
spectroscopy. The DNA cleavage efficacy of the metal complexes was also studied by agarose gel electrophoresis using

pBRDNA. These studies revealed that both the metal complexes followed an intercalative mode of binding to calf thymus
(CT)-DNA and also effectively cleaved the supercoiled pBR DNA. The CoII complex, however, more efficiently cleaved
CT-DNA than the CuII complex as much as the experimental results are concerned.
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Introduction

Of late, there has been an increasing fascination for the devel-
opment of transition metal complexes of Schiff bases with
diverse densities and structures, because such complexes may
interact and cleave DNA and thus they may find potential

applications in the field of pharmaceuticals for cancer ther-
apy[1,2] and in molecular biology, etc.[3,4] Schiff bases represent
a class of compounds with a wide spectrum of catalytic and

biological activities, such as antimicrobial, antifungal, antiviral,
insecticidal, antitumour, and cytotoxic activities, etc.[5–11] The
biological activities associated with the Schiff bases are due to

the presence of an azomethine linkage in their structure.[12]

However, the stability of Schiff bases is often poor, so intro-
duction of an azo group into their structure may often improve
the stabilities of Schiff bases as well as their complexes through

a highly delocalized conjugated system.[13] Azo-functionalized
Schiff base ligands and their metal complexes may show
interesting biological activities.[14–17] For most anticancer and

antiviral therapies, DNA is the primary target molecule.[18] Over
the past few decades, interactions between nucleic acids and
transition metal complexes have been studied extensively.[19,20]

In general, tumour cells can be destroyed by blocking the
replication of the altered DNA. Transition metal Schiff base
complexes often bind to DNA non-covalently by groove bind-

ing, intercalation, and electrostatic binding.[21] That’s why
physiologically important transitionmetal complexes have been
synthesized and investigated for their biological activities over

the years.[22,23] For example, Cisplatin and its second generation

compounds have been the most favourite metallodrugs for
cancer treatment, but their uses have been limited by resistance,
toxicity, and other side effects.[24,25] Therefore, the search for
better alternative anti-carcinogenic metallodrugs is always fas-

cinating and essential. In this regard copper-based drugs are very
attractive: because copper is an essential metal, its complexes
exhibit less toxicity than those with non-essential ones. The

interaction studies of many copper(II) complexes with DNA
reveal that modification of the ligand’s structure often leads to
subtle or substantial changes in the binding mode, location,

affinity, and cleavage mechanism.[26–28] Similarly, cobalt
complexes have also achieved importance for their applicability
in various biological fields, e.g. some CoII complexes such as
hexamine cobalt were reported to induce DNA condensation.[29]

But Schiff base metal complexes are mostly insoluble in aque-
ous solution and aqueous solubility is a prerequisite for avail-
ability in bio-fluids (bio-availability). It is reported that many

antibiotics containing highly aqueous soluble sugar or carbo-
hydrate moieties readily interact with DNA[30] and so, incor-
poration of a b-cyclodextrin (b-CD) moiety in the ligand

structure of metal complexes should enhance their aqueous
solubility thereby making the complexes fairly acceptable
through bio-fluids. Relatively few water-soluble azo-functio-

nalized Schiff bases and their metal complexes have been
reported and used as DNA cleaving agents.[9] Defiantly, incor-
poration of both the azo and azomethine groups as well as a
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b-CD moiety in the ligand’s structure and subsequently their

presence in the metal complexes will augment the individual
group properties in a single structure and enhance their bio-
availability as well as their bio-activities. Therefore, in view of

the above facts, herein this work reports the synthesis, physico-
chemical characterization, and DNA cleavage activities of CuII

and CoII complexes of a new b-cyclodextrin based azo-
functionalized Schiff base ligand.

Experimental

Materials and Methods

o-Phenylenediamine and 2-hydroxybenzaldehyde were

obtained from Sigma–Aldrich, Germany (with purity. 99%)
and were used without further purification. In all the experi-
ments double de-ionized distilled water was used. Solvents such

as acetone, dimethylformamide (DMF), dimethylaminopyridine
(DMAP), and ethanol were procured fromS. D. Fine Chemicals,
India, while copper acetate was procured from Thomas Baker,

India and cobalt acetate was procured from Sigma Aldrich,
Germany. Elemental microanalyses (C, H, and N) were per-
formed with a Euro VECTOR EA 3000 analyzer. IR spectra
were recorded on a Perkin–Elmer Spectrum FT-IR spectrometer

(RX-1) in the range 4000–400 cm�1 at ambient temperature
using KBr pellets. UV-Visible spectra were recorded on a Jasco
V-530 double beam spectrophotometer (using a quartz cell with

path length of 1 cm) duly equipped with a thermostated bath
(maintained at 25� 0.18C) using water and DMSO as solvent
references. 1H NMR spectra were recorded on a Bruker

Advance-II 400MHz spectrometer by using D2O and DMSO-d6
as solvents at ambient temperature, and chemical shifts (d) were
quoted in ppm with respect to TMS. Metal contents of the
complexes were ascertained by atomic absorption spectrometry

(AAS) (Varian, SpectraAA 50B) by using standard metal
solutions from Sigma–Aldrich, Germany. Specific con-
ductances of the aqueous solutions of the synthesized complexes

were recorded (at room temperature) using a Systronics (India)
conductivity meter (TDS-308). Fluorescence emission experi-
ments were performed by using a Photon Technologies Inter-

national (Quantamaster-40, USA) spectrophotometer at
ambient temperature and thermal denaturation studies of DNA
were conducted with the same UV-vis spectrophotometer as

already mentioned. An Ostwald viscometer was used for vis-
cosity studies at ambient temperature under atmospheric pres-
sure. Magnetic susceptibilities were measured with a Sherwood
Scientific Ltd magnetic susceptibility balance (Magway MSB

Mk1) at ambient temperature. The mass spectra of the ligand
and the complexes were recorded with a Waters ZQ-4000
instrument.

Synthesis

Synthesis of Mono-6-deoxy-6-(p-tosylsulfonyl)-b-
cyclodextrin (b-CDOTs) (1)

Mono-6-deoxy-6-(p-tosylsulfonyl)-b-cyclodextrin (b-CDOTs,
1) was prepared as per the previously described method.[31]

Synthesis of Mono-6-deoxy-6-(1,2-diamino)-b-
cyclodextrin (2)

o-Phenylenediamine (140.18mg, 0.775mmol) was dis-

solved in dry DMF (2.0mL) and warmed to 508C, followed by
the addition of DMAP (dimethylaminopyridine) (97.0mg,
0.795mmol) and KI (32.2mg, 0.194mmol). After 5min

powdered b-CDOTs 1 (500mg, 0.388mmol) was added to the

solution. The reaction mixture was stirred for 36 h at 508C and
cooled to room temperature. Subsequent removal of the volatile
materials under vacuum then yielded a chocolate brown mass.

The crude product was dissolved in water and reprecipitated by
adding acetone to the aqueous solution. The light brown
coloured precipitate was collected by filtration and dried in
vacuum desiccators over anhydrous CaCl2.

Colour: light brown. Yield 68%. nmax (KBr)/cm�1 1641,
1565, 1409, 1251. lmax /nm 219, 274. dH (400MHz, D2O, 258C)
7.85 (m, 1H, Ph), 7.68 (m, 1H, Ph), 7.49 (m, 1H, Ph), 7.25

(m, 1H, Ph), 5.91–5.85 (m, 14H,OH2 andOH3CD), 4.99 (s, 1H,
NH), 4.89–4.80 (m, 7H, H1 CD), 4.66 (s, 2H, NH2), 4.52–4.50
(m, 6H, OH6 CD), 4.38 (m, 2H, H60 CD), 4.17 (m, 1H, H50 CD),
3.83–3.72 (m, 25H, H3, H5, and H6 CD), 3.60–3.51 (m, H2, H4
overlap with water). Anal. Calc. for C48H76N2O34: C 47.05,
H 6.25, N 2.28, O 44.40. Found: C 46.88, H 6.08, N 2.06,
O 43.97%. m/z (ESI) 1226.09 [M þ H]þ; calcd 1225.08.

Synthesis of Schiff Base 3

To a warm ethanolic solution of o-phenylenediamine

(0.1mol), an ethanolic solution of 2-hydroxybenzaldehyde
(0.2mol) was added dropwise with continuous stirring and the
reaction mixture was refluxed for 2 h. When cooled to room
temperature, the reaction mixture yielded a yellow coloured

solid product. It was separated by filtration, washedwith ethanol
and diethyl ether, and then dried in a vacuum desiccator.

Colour: yellow. Yield 88%. nmax (KBr)/cm�1 3451, 1635,

1484, 1373, 1280. dH (400MHz, DMSO-d6, 258C) 12.96 (s, 2H,
phenolic-OH), 8.94 (s, 1H, CH=N), 7.48–6.96 (m, aromatic
protons). lmax/nm 273, 345. Anal. Calc. for C20H16N2O2:

C 75.93, H 5.09, N 8.85, O 10.11. Found: C 75.18, H 4.89,
N 8.39, O 9.94%. m/z (ESI) 317.51 [M þ H]þ; calcd 316.35.

Synthesis of b-Cyclodextrin Based Azo-Functionalized
Schiff Base 4

A solution of compound 2 (0.7358mmol, 900.00mg) was
prepared by dissolving it in a dilute HCl solution (0.143mL of
conc. HCl (1.671mmol) plus 10mL of distilled water) and
immediately cooled to 08C. Aqueous NaNO2 (0.6mL,

0.7358mmol, 50.76mg) solution was added to it dropwise
keeping the temperature between 0–58C. The diazonium
chloride formed was coupled with the Schiff base precursor

(3, 0.3679mmol, 116mg) dissolved in 10mL of 10% aqueous
NaOH. Themixture was stirred for 1 h at 08C and then acidified
with conc. HCl to obtain a light brown coloured matrix/mass

from which a light reddish brown product was obtained on
removal of the volatile materials under vacuum. The crude
product was dissolved in water and reprecipitated out with

acetone. The precipitate was collected by filtration and the
solid product was kept in a vacuum desiccator for drying
properly.

Colour: light red. Yield 66%. nmax (KBr)/cm
�1 1666, 1458,

1383, 1232. dH (400MHz, D2O, 258C) 10.26 (s, 2H, phenolic-
OH), 8.09 (s, 1H, CH=N), 7.66 – 6.94 (m, aromatic protons),
5.87–5.81 (m, 28H, OH2 and OH3 CD), 5.25 (s, 1H, NH), 4.91–

4.83 (m, 14H, H1 CD), 5.14–5.07 (m, 12H, OH6 CD), 4.31
(m, 4H, H60 CD), 4.19 (m, 2H, H50 CD), 3.88–3.71 (m, 30H, H3,
H5 and H6 CD), 3.61–3.50 (m, H2, H4 overlap with water).

lmax/nm 281, 349, 456. Anal. Calc. for C116H164N8O70: C 49.92,
H 5.92, N 4.01, O 40.13. Found: C 49.38, H 5.39, N 3.87,
O 40.01%. m/z (ESI) 2791.63 [M þ H]þ; calcd 2790.51.
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Synthesis of the Metal Complexes of the b-Cyclodextrin
Based Azo-Functionalized Schiff Base 5a and 5b

An aqueous solution of the metal acetates (0.0719mmol of
each acetate: 14.35mg of Cu(acac)2�H2O and 17.90mg of
Co(acac)2) was added drop-wise to a well stirred aqueous

solution of ligand 4 (0.0719mmol, 200mg) at room tempera-
ture. The solution mixture was stirred and refluxed for 10–12 h
at 608C. The solution was then concentrated in a rotary evapo-
rator to a volume of ,15mL, followed by the addition of

acetone (,100mL). On standing overnight at room temperature
the solution yielded a precipitate. The precipitate was filtered
off, washed with acetone, and dried under vacuum. All the

prepared compounds were found to be air stable and fairly
soluble in water.

CoIIComplex 5a. Colour: pink.Yield 72%. nmax (KBr)/cm
�1

1630, 1453, 1343, 1210, 839, 770, 531, 424. lmax /nm 283, 362,
453, 541. Anal. Calc. for C116H166N8O72Co: C 48.31, H 5.80, N
3.88, O 39.94, Co 2.04. Found: C 48.02, H 5.31, N 3.47, O 39.63,

Co 1.90%. m/z (ESI) 2883.23 [M]þ; calcd 2883.45.
CuII Complex 5b. Colour: light green. Yield 70%. nmax

(KBr)/cm�1 1635, 1452, 1342, 1205, 863, 798, 510, 445. lmax /nm
286, 369, 451, 523. Anal. Calc. for C116H166N8O72Cu: C 48.24,

H 5.79, N 3.87, O 39.88, Cu 2.20. Found: C 48.06, H 5.21, N 3.45,
O 39.16, Cu 2.01%.m/z (ESI) 2889.18 [Mþ H]þ; calcd 2888.07.

DNA Interaction Study

Absorption Spectroscopic Study

The DNA binding experiments of the synthesized metal
complexes 5a and 5b with CT-DNA were performed in TRIS-
HCl buffer (50mM, pH 7.2). The ratio of UV absorbance at 260

and 280 nmwas . 1.86 for CT-DNA solution, this suggests that
DNA was free from protein contamination.[23] The CT-DNA
concentration was determined by absorption spectroscopy at

260 nm (e260¼ 6600mol�1 cm2). The absorbance measure-
ments were performed by keeping the synthesized complex
concentration constant (10mM) while varying the CT-DNA

concentration. The aqueous stock solutions of the complexes
were prepared in the range of 1� 10�4 M and were further
diluted with the addition of required TRIS-HCl buffer to get the
desired concentrations. During the titration, equal amounts of

CT-DNA stock solution were added to both the complex
solutions and the reference solutions to eliminate the effect of
CT-DNA absorbance. Using the absorption data, the intrinsic

binding constant (Kb) was obtained as usual[27] by plotting
[DNA]/(ea – ef) versus [DNA] using the Wolfe–Shimer
equation (Eqn 1):[32]

DNA½ �= ea � efð Þ ¼ DNA½ �= eb � efð Þ þ 1=Kb eb � efð Þ ð1Þ

where ea, eb, and ef correspond to the apparent extinction
coefficient of the complexes Aobs/[complex], and the extinction

coefficient for the complex in its fully bound form and in free
form, respectively.

Ethidium Bromide (EB) Competitive Study with
Fluorescence Emission Spectroscopy

To investigate the effectiveness of binding modes of com-
plexes 5a and 5b to DNA, a competitive binding study was

performed by following the EB displacement strategy through
fluorescence emission spectroscopy. The competitive binding
experiment was carried out in TRIS-HCl buffer by keeping a

constant ratio of concentration of [DNA]/[EB]¼ 1.13 and

varying the complex concentrations from 0 to 60 mM. During
this experiment the emission spectra were recorded in the
wavelength range 550–700 nm by exciting the EB-DNA conju-

gate at the wavelength 540 nm (i.e. lex¼ 540 nm). The obtained
spectra were analyzed by using the classical Stern–Volmer
equation (Eqn 2):[33]

I0=I ¼ 1þ Ksv Q½ � ð2Þ

where I0 and I are the fluorescence intensities in the absence and
presence of the quencher, respectively, Ksv is the linear Stern–
Volmer quenching constant, and Q is the concentration of the

quencher (here the complexes 5a and 5b). The relative binding
affinities of the complexes to CT-DNAwas determined from the
Ksv values.

Thermal Denaturation Study

Thermal denaturation studies of DNA were carried out by
Jasco UV-Visible V-530 model spectrophotometer equipped
with a temperature controlling program assembly that helps to

raise the temperature of the experimental solutions by 18Cmin�1.
The absorbance of the CT-DNA solutions (100mM) both in the
absence and presence of the complexes (5a and 5b, concentration

10mM) were monitored continuously at 265 nm.[33]

Viscosity Measurements

Viscosities were determined with the aid of an Ostwald

capillary type viscometer thermostated at 25� 18C. The con-
centration of CT-DNA was kept constant (100 mM) during the
measurements and the concentration of ligand/complex solution

was gradually increased (10–100mM). A digital stopwatch
(accuracy of� 0.20 s) was used to record the flow times of the
solution. The relation used to calculate the viscosities was
Z¼ (t – to)/to, where t is the flow time of CT-DNA containing

ligand or complex solution and to is the flow time of buffer alone
in seconds.[34] The obtained data were presented as (Z/Zo)

1/3

versus 1/R (R¼ [DNA]/[complex]), where Zo and Z is the

viscosity of DNA in the absence and in the presence of the
ligand or a complex, respectively.

DNA Cleavage Study

The DNA cleavage reaction was investigated by gel electro-
phoresis technique. TheDNAcleavage activitywas adjudged by

examining the transformation of the supercoiled form of
pBR322 DNA (Form I) to circular (Form II) and linear (Form
III) forms.[34] To perform the cleavage reaction, a solution of

pBR322 DNA was prepared in TRIS-HCl buffer and each
reaction mixture contained 20 mM DNA, 200mM H2O2,
and 5–15 mM of the synthesized complexes. After incubation

for 2 h, 2mL of loading buffer and 1% agarose gel (containing
1mg cm�3 of EB) was added to each reaction mixture tube. The
electrophoresis was performed in TRIS–acetic acid–EDTA

buffer for 2 h at 50V. After the completion of electrophoresis,
the gel was captured photographically under UV light.

Results and Discussion

Characterization of the Synthesized Compounds

Mono-6-deoxy-6-(1,2-diamino)-b-cyclodextrin 2 was prepared
from mono-6-deoxy-6-(p-tosylsulfonyl)-b-cyclodextrin 1 in the
presence of DMAP (which acts as a base as well as a catalyst) and
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KI (which acts as a protecting agent for one –NH2 group of 1,2-
diamine). After synthesis of the amino modified b-cyclodextrin,
it was tagged through the azo linkage with Schiff base 3 prepared

earlier through the condensation of salicaldehyde and o-phenyle-
nediamine. This tagging results in the ligand 4. Ligand 4 on
reaction with cobalt acetate and copper acetate in aqueous solu-
tions yielded the corresponding metal complexes 5a and 5b

(Scheme 1). The structure of the complexes were confirmed by
various analytical and spectroscopic analyses like elemental
analysis (CHN), FT-IR, 1H NMR, UV-visible spectroscopies,

and electrospray ionization–mass spectrometry (ESI-MS). The
elemental analysis data of the ligand 4 and its CoII and CuII

complexes are shown in Table 1.

FT-IR Spectra

The functional groups of the compounds 1, 2, 3, 4, 5a, and 5b
were assigned by IR spectra. The FT-IR spectra of compounds 1
and 2 are shown in Figs S1 and S2 (Supplementary Material).

The characteristic absorption peaks at 1646 (C=C), 1366 (SO2

assym), and 1153 (SO2 sym) cm�1 in the IR spectrum of 6-OTs-
b-CD 1[35] (due to the sulfonic acid group) have disappeared in
the IR spectrum of compound 2. On the contrary, four charac-

teristic absorption peaks at 1641, 1565, 1409, and 1251 cm�1

appeared in the spectrum of compound 2. The absorption peak at
1641 cm�1 was assigned to the N–H stretching vibration of the

NH/NH2 groups of o-phenylinediammine. The absorption
peak at 1409 cm�1 was assigned to –CH2– stretching vibrations.
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Scheme 1. Synthesis of compounds 1, 2, 3, 4, 5a, and 5b.

Table 1. Elemental analysis of ligand 4 and its complexes 5a and 5b

Compound Composition Colour Elemental analyses found (calculated) [%]

C H N O Metal

Ligand 4 C116H164N8O70 Light red 49.38 (49.92) 5.39 (5.92) 3.87 (4.01) 40.01 (40.13)

CoII complex 5a C116H166N8O72 Co Pink 48.02 (48.31) 5.31 (5.80) 3.47 (3.88) 39.63 (39.94) 1.90 (2.04)

Cu II complex 5b C116H166N8O72 Cu Light green 48.06 (48.24) 5.21 (5.79) 3.45 (3.87) 39.16 (39.88) 2.01 (2.20)
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The peaks at 1565 and 1251 cm�1 were assigned to C=C
stretching vibrations for the phenyl moiety of compound 2.
These results confirmed that the p-toluenesulfonyl group had

been substituted by the o-phenylenediamine group. In the IR
spectra of compound 3 (Fig. S3, Supplementary Material), the
band at 1635 cm�1 is due to the azomethine n(C=N) suggesting
the formation of the Schiff base. The absorption peaks at 3451,
1373, and 1280 cm�1 were assigned to phenolic –OH group and
n(C–O) stretching vibrations, thus these peaks suggest the

presence of a phenolic –OH group in compound 3.
The FT-IR spectra of compounds 4, 5a, and 5b are shown in

Figs S4–S6 (Supplementary Material). The important infrared

bands of the synthesized ligand and the complexes are listed in
Table 2. For compound 4 the band at 1666 cm�1 was due to
azomethine stretching vibrations. This band is shifted towards
lower frequencies (1630–1635 cm�1) in the complexes (5a and

5b) and this fact suggests the involvement of the azomethine
nitrogen atom (–C=N–) in complexation. The band for the diazo
group in the b-cyclodextrin based azo-linked Schiff base ligand

4 appeared at 1458 cm�1. In the IR spectra of both complexes 5a
and 5b, the frequency of this group did not show any appreciable
shift, because of the non-participation of diazo N-atoms in the

complex formation. In the IR spectra of both the complexes, the
bands that appeared at 839–863 and 770–798 cm�1 were
assigned to the rocking and wagging vibrations of the water
ligand, respectively.[31] The involvement of a deprotonated

phenolic moiety in the complexes is confirmed by the shift of
n(C–O) stretching bands (observed at 1383 and 1232 cm�1) in
the free ligand 4 to a lower frequency at 1343 and 1210 cm�1 and

1342 and 1205 cm�1 in complexes 5a and 5b, respectively.[36]

The shift of the n(C–O) bands to lower frequencies suggests the
weakening of the C–O bond and formation of a stronger M–O

bond. The bands observed at 424 and 445 cm�1 were attributed
to n(M–phenolicO) and the bands observed at 531 and 510 cm�1

were attributed to n(M–N) vibrations for the complexes 5a and

5b, respectively.[37]

NMR Spectra
1H NMR spectra of the mono-tosylated b-cyclodextrin 1,

b-cyclodextrin based amine 2, Schiff base 3, andb-cyclodextrin

based azo linked Schiff base 4 are recorded in D2O and
DMSO-d6 (shown in Figs S7–S10, Supplementary Material).
The 1H NMR spectra of the metal complexes could not be

obtained, as they are paramagnetic in nature. The 1H NMR
spectrum of compound 2 shows a peak at ,4.99 ppm for the –
NH group. Signals of the aromatic protons appeared as multi-

plets in the characteristic range of 7.8–7.2 ppm and the –NH2

group appeared as a singlet at 4.66 ppm.[38] The signals of theH6
protons with an amino group (H60a, H60b) appear at approxi-
mately 0.11 ppm lower field than those of the H6 protons of
other rings of b-cyclodextrin suggesting the formation of mono-
6-deoxy-6-(toluene-3,4-diamino)-b-cyclodextrin 2. After the

reaction of ortho-phenylenediamine and salicyldehyde, the
resulting Schiff base 3 shows the following signals: phenyl

protons as multiplets at,6.9 to 7.4 ppm, a peak at 12.9 ppm for
the phenolic protons present in the salicylaldehydemoieties, and
a peak at 8.9 ppm for the azomethine proton (–CH=N–), its
downfield shift was due to the effect of the o-hydroxy group of

the aromatic ring. After the coupling reaction between com-
pound 2 and 3, the phenolic proton present in the salicylaldehyde
moieties experience some upfield shift (10.2 ppm) and the

corresponding azomethine proton (–CH=N–) peak appears at
8.09 ppm for compound 4 due to the conjugation with azo
(–N=N) groups.

UV-Visible Spectra and Magnetic Moment

The UV-vis spectra of the b-cyclodextrin based amine 2,
Schiff base 3, b-cyclodextrin based azo linked Schiff base 4, and

the complexes 5a and 5b were recorded in water and DMSO
(shown in Figs S11–S15, SupplementaryMaterial). Themodified
amine 2 shows twobands at 219 and 274 nmdue to the n-p* and
p-p* transitions. The electronic spectrum of the Schiff base 3

exhibits the absorption bands at 273 nm due to the p-p*
transition.[39] In addition to these peaks it showed a band at
373 nm attributable to the n-p* transition.[40,41] All the peaks

of the ligand and the complexes are summarized in Table 3. In
the spectrum of ligand 4, three peaks appear at 281, 349, and
456 nm and these peaks were attributed to the p-p* transition

of the aromatic rings, the n-p* transition of the azomethine
moiety, and to the n-p* transition of the azo nitrogen
(–N=N–), respectively.[42,43] In both the metal complexes 5a

and 5b, the first band of the ligand 4 was not significantly

affected by coordination with metal ions and second band of the
ligand 4 showed bathochromic shifts from 349 to 362 and
369 nm, respectively, thereby suggesting the coordination of

themetal ions (CoII andCuII) with the imine nitrogen atomof the
b-cyclodextrin based azo-linked Schiff base ligand 4. The
–N=N– bands of the free ligands (456 nm) did not shift signifi-

cantly in the corresponding metal complexes, suggesting that
the diazo group did not participate in the complex formation.
The peaks appearing at 541 nm for 5a and at 523 nm for 5b

can be ascribed to ligand-to-metal charge transfer (LMCT)

Table 2. IR spectroscopic data of the ligand 4 and the complexes 5a and 5b in cm21

Compounds n(–C=N–) n(–C=N–) n(C–O) n(H2O) n(M–N) n(M–O)

Ligand 4 1666 1458 1383, 1232

CoII complex 5a 1630 1453 1343, 1210 839, 770 531 424

CuII complex 5b 1635 1452 1342, 1205 863, 798 510 445

Table 3. UV-Visible spectroscopic data of the ligand 4 and its com-

plexes 5a and 5b in nm

Compounds p-p*

(aromatic

rings)

n-p*

(azomethine

moiety)

n-p*

(azo nitrogen

–N=N–)

LMCT

Ligand 4 281 349 456 —

CoII complex 5a 283 362 453 541

CuII complex 5b 286 369 451 523
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transitions. Therefore, these results confirmed that the
b-cyclodextrin based azo-linked Schiff base ligand coordinates

to the metal ions through the oxygen atom of salicylaldehyde
and imine nitrogen.

The magnetic moment values (meff) (1.67 B.M. for cobalt(II)

complex 5a and 1.52 B.M. for copper(II) complex 5b) at room
temperature suggested that both the CoII and CuII complexes 5a
and 5b were paramagnetic in nature and indicate a low-spin

distorted octahedral structure for the CoII complex 5a and a
distorted octahedral structure for the CuII complex 5b.

ESI-MS

The ESI-MS spectra of the compounds 2, 3, 4, and the
complexes 5a and 5b are given in Figs S16–S20

(Supplementary Material). Compounds 2 and 3 show peaks at
m/z 1226.09 and 317.51 corresponding to [M þ H]þ. For the
ligand 4 a peak appeared at m/z 2791.63 assigned to the
[MþH]þ mass fragment. In both the CoII and CuII complexes

(5a and 5b) a new peak appeared at 2883.23 (for [M]þ) and
2889.18 (for [MþH]þ), respectively, thus their peaks can be
attributed to the molecular weights of the respective complexes.

Therefore these results were in good agreement with the
respective structures already suggested by the elemental and
other spectroscopic analyses.

Molar Conductance

The synthesized CoII and CoII complexes 5a and 5b were

dissolved in water and their molar conductance (concentration
range 10�3 mol dm�3) were determined at room temperature.
The molar conductances of 13.12 and 12.93 O�1 mol�1 cm2,

respectively for the CoII and CuII complexes, indicate that the
metal complexes are non-electrolytic in nature.[44]

DNA Binding Study

Electronic Absorption Titration

To study the binding mode of the metal complexes with
DNA, electronic absorption spectroscopy serves as a most
common tool. When a metal complex binds to DNA by an

intercalative mode (because of strong stacking interactions
between an aromatic chromophore and DNA base pairs) it
results in a hypochromism shift and bathochromism.[34] Absorp-
tion spectra of complexes 5a and 5b in the presence of DNA are

shown in Figs 1 and 2. The characteristic peak of complex 5a

and complex 5b (around ,360 nm) exhibited a bathochromic
shift (,4 nm for complex 5a and,3 nm for complex 5b for the

n–p* band) and spectra show hypochromic shifts with increas-
ing concentration of DNA in complex solutions, indicating that
they bind to CT-DNA by an intercalation mode.[33] The intrinsic

binding constants (Kb) of two complexes with DNA were
determined using the Wolfe–Shimer equation and the corre-
sponding value for the complexes 5a and 5b were obtained as

(1.97� 0.06)� 104 and (1.15� 0.06)� 104 M�1, respectively.
Interestingly, the binding strength of complex 5a is greater than
complex 5b.

Ethidium Bromide (EB) Competitive Study with
Fluorescence Emission Spectroscopy

The probe ethidium bromide (EB) shows intense fluores-
cence at,580–600 nm in the presence of CT-DNA, because of

tenable intercalations between adjacent DNA base pairs. The
fluorescence emission band of the EB-DNA conjugate can be
quenched significantly by the addition of a second molecule

(which intercalates to DNA equally or stronger than EB)[45] due
to displacement of the bound EB. The synthesized complexes
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5a and 5b do not exhibit any emission band in solution or in the
presence of CT-DNA or EB when excited at 540 nm. So the

changes that occur in the emission spectra of EB-DNA solution
on addition of the complexes are vital to test the EB displace-
ment ability of the synthesized complexes. Fluorescence emis-
sion band intensities at 599 nmwere observed to be quenched on

increasing complex concentrations and thus it revealed that the
complexes deposeDNA-boundEB and themselves bind toDNA
(Figs 3 and 4). The figures show that the fluorescence quenching

curve of EB-bound CT-DNA by the complexes is in good
agreement with the classical Stern–Volmer equation. The Ksv

values of the CoII complex 5a and the CuII complex 5b are

3.28� 104 and 4.17� 104, respectively, indicating the binding
affinities of the complexes with CT-DNA are in the order of
5a. 5b. The results significantly suggest that the complexes
compete with EB as far as the intercalativemode of bindingwith

DNA is concerned and they definitely bind to CT-DNA through
an intercalation mode.[33]

Thermal Denaturation Study

For establishing the degree of intercalation, theDNAmelting
experiment is a useful technique.[46] The melting temperature

(Tm) of DNA is generally augmented with the intercalation of
complexes into DNA base pairs.[33] The thermal denaturization
profile of theCT-DNA solution both in the absence and presence

of the metal complexes 5a and 5b are shown in Figs 5 and 6. The
melting temperature (Tm) for the CT-DNA solution was 788C.
But in the presence of the CoII and CuII complexes, the Tm value
increases dramatically to 84.0 and 81.08C, respectively, and the

corresponding augmentation in the presence of CoII (5a) and
CuII (5b) complexes of DTm¼ 6.0 and 3.08C, respectively,
indicates intercalative binding of the complexes.[46] However

the binding affinities of the complexes with CT-DNA are in the
order of 5a. 5b.

Viscosity Measurement

A classical intercalative mode of binding causes significant

increase in viscosity of the DNA solution due to enhanced
separation of the DNA base pairs at intercalation sites to
accommodate host compounds and it results in an increase in

overall length of DNA causing an enhancement of the viscosity
of the DNA solution.[47] But in contrast, complexes that bind
with DNA via non-classic intercalations (like external groove-

binding or electrostatic interaction) under the same conditions,
result in kinks or bends in the DNA helix. This kink or bend in
the DNA helix causes a slight shortening of the effective length
of theDNAhelixwith less pronounced or no change in viscosity.

The relative viscosity of DNA increases in the presence of EB
(a well knownDNA intercalator) due to lengthening of the DNA
helix. Upon increasing the concentration of each complex 5a

and 5b in the CT-DNA solution individually, the relative
viscosity of the DNA solution increases steadily almost similar
in nature to the case of EB (shown in Fig. 7). In the case of the

ligand 4 solution, such viscosity changes are inconsistent.
Therefore enhancements in viscosity in the case of the complex
solutions suggest that the synthesized complexes bind to DNA

via intercalation.

DNA Cleavage Study

The electrophoresis study clearly showed that both the CoII

and CuII complexes have acted on DNA as there was a notice-

able difference in bands of the complexes with respect to the
band of the control DNA (Fig. S21, Supplementary Material).
The synthesized complexes are highly potent to transform the
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supercoiled form (SC) of DNA (Form I) into a nicked circular
(NC) form (Form II). The experiment is regulated an hydroxyl
radical (HO�) originating from the oxidant H2O2. This hydroxyl

radical attacks the DNA and results in strand scission. The
surfacing of smears in the gel photograph supports radical
cleavage.[48] This mechanism for oxidative cleavage was earlier
suggested by Sigman.[49] As the synthesized complexes were

established to cleave DNA quite significantly, it can be inferred
that these complexes will most probably inhibit the growth of

pathogens.[50] However, the CoII complex shows more smears
than the CuII complex.

Conclusions

In summary, both the synthesized CoII and CuII complexes were
paramagnetic in nature. The CoII complex possesses a low-spin
distorted octahedral structure and the CuII complex acquires a

distorted octahedral structure. Both the synthesized complexes
are fairly soluble in aqueous phase and highly potent to cleave
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DNA. It was found that both complexes bind with CT-DNA

through an intercalative mode and the CoII complex showed
better cleavage activity than the CuII complex. Thus the present
study revealed that the incorporation of b-CD, azomethine, and

a diazo group in the same ligand system not only increased the
bio-availability of the complexes (through increased aqueous
solubility) but also enhances their DNA interactions.

Supplementary Material

Figs S1–S21 are available on the Journal’s website.
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Fig. 6. Plot of absorbance versus temperature (8C) for the melting of 1) CT

DNA alone (red line), and 2) CT DNAþCuII complex 5b (olive line).
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