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PREFACE

The work related to this thesis Studies on Some Vanadium Chelates with Polydentate Ligands’
commenced on the month of January, 2018.

The thesis is subdivided into five chapters enlarging methods, strategy, experimental findings and
analysis of the reaction behavior of some vanadium (IVV/V) complexes.

Chapter | contains summary of the work presented in this thesis with brief description of the
physical methods and equipment employed.

Chapter 11 describes synthesis and characterization of three oxidovanadium (1\VV/V) complexes
coordinated with a tridentate ligand (ONO binding mode) and also two different co-ligands.
Experimental analysis of photophysical properties of these complexes along with a detailed DFT
and TDDFT calculations are provided in this chapter. One of the complexes shows Catechol
oxidase (the reaction mechanism was established by *H NMR titration) and the bromoperoxidase

activity is investigated with the synthesized vanadium complexes.

Chapter I11 contains synthesis and characterization of three mononuclear oxidovanadium (I1V/V)
complexes having dibenzofuran based novel Schiff base ligand. The ligand binds with the complex
through ONO binding sites. Experimental analysis of photophysical properties of these complexes

along with a detailed DFT and TDDFT calculations are provided in this chapter.

Chapter IV contains some catalytic and biological activities of the synthesized complexes
described in chapter IIl. The complexes show bromoperoxidase activity was well interpreted by
GC-MS. The synthesized complexes show a noticeable intercalating as well as groove binding
interaction with DNA molecule and also show interaction with BSA molecule. The interaction of
biomolecules with the synthesized complexes were interpreted by UV-VIS, Fluorescence, CD,

Viscometry, FT-IR and also molecular Docking etc.

Chapter V describes synthesis and characterization of two mononuclear oxidovanadium (1V)

complexes having coumarin and naphthalene based two different Schiff base ligands. One of the



complexes show bromoperoxidase activity (phenol red to bromophenol blue) at a definite pH
(pH=5.8). Both the complexes show binding interaction with DNA molecule was established by
UV-VIS, Fluorescence and Viscometry method. The interaction of protein molecule (BSA) with

the complexes were interpreted by UV-Vis spectroscopy, fluorescence spectroscopy and also FT-
IR spectroscopy.

2 / 0F [202%
(Mitali Majumder)
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INTRODUCTION
ABSTRACT

The systems of chemical compounds consisting of this thesis are briefly introduced in this chapter
following a preamble on chemistry of a transition metal, vanadium. The methods and equipment

used in the work of this thesis are comprehensively summarized.
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1.1 PREAMBLE
I.1.1 Chemistry of Vanadium

Vanadium (Z = 23), a transitional element listed in fourth row and Group VB in the periodic table
is a hard, steel-gray metal with two naturally occurring isotopes, *°V and ®1V. Vanadium takes its
name from the Scandinavian goddess Vanadis and was discovered in 1801 by Andrés Manuel del
Rio. It was rediscovered by Nils Gabriel Sefstrom (Swedish Chemist) in 1831'. Roscoe first
characterized vanadium pentoxide, V2Os in 1967 and later it becomes an important commercial
oxidation catalyst as in the conversion of naphthalene to phthalic anhydride and of Sulphur dioxide
to Sulphur trioxide. Vanadium can exist in a variety of oxidation states: —1, 0, +2, +3, +4, and +5.
The states +2 to +5 can be sustained in aqueous solution. Interestingly, the most stable oxidation
states +3, +4 and +5 both in vivo and in vitro®. The coordination numbers in the range 3 to 8 are
observable, 5 and 6 occurring frequently®®.

Vanadium, as a plentiful element is widely spread and distributed with an average amount of 159
g/t and 0.14 mg kg—1 in earth crust. About 80% of the world produced V is being used in steel
industry as additive. As one of the important raw materials, it has become an integral part of iron—
steel industries and different manufacturing unit such as automobiles, shipyard, fertilizers, etc®.
Vanadium compounds (pentoxide and certain vanadates) are used as catalysts in the contact
process for manufacturing sulfuric acid; as oxidation catalysts in the syntheses of phthalic and
maleic anhydrides; in the manufacture of polyamides such as nylon; and in the oxidation of such
organic substances as ethanol to acetaldehyde, sugar to oxalic acid, and anthracene to
anthraquinone.

The chemistry of vanadium has sparked renewed interest since the discovery of vanadium in many
organisms’® such as ascidians and Amanita mushrooms as a primary component in many
enzymes’such as vanadium nitrogenase(V-Nase)'%*? and haloperoxidases(VHPO)***°, Vanadium
bromoperoxidase (VHPO) catalyses the oxidative bromination of organic compounds®
(hydrocarbons and alcohols, organic sulfide etc.) in presence of bromide ions!’ and hydrogen
peroxide under physiological conditions. Irrespective of their origin they all show a high degree
of amino acid homology with oxovanadium moiety in their active centers. The peroxidative

bromination is an important path for the biosynthesis of many natural brominated organic

3]



compounds*®. Such importance of the VHPO reactions permits active research in developing new
and newer vanadium based complexes capable of mimicking VHPO activity.

Metal complexes such as cisplatin and carboplatin are metal based drugs, which are widely used
in cancer chemotherapy and also obtained a great success in the clinical treatment of human
malignancies. That has stimulated research in the area of inorganic antitumor agents *°. Due to
severe toxicity and low selectivity of such DNA-targeting drugs, researchers had wanted to
develop novel metallo drug by using transition metal complexes containing improved organic
ligands 2!, Recently, there is a great interest on the binding of transition metal complexes with
DNA because of their utility as DNA structural probes, DNA foot printing, sequence-specific
cleavage agent and potential anticancer drug 2.

As vanadium is a bioessential element and also responsible for numerous bioactivities in living
organism, 2>28] interaction of vanadium complexes with DNA has recently concerned much
attention . 2°%1 Vanadium(IV/V) complexes are oxophilic in nature and form a variety of oxido
species such as VO2+, VO3+, and cis-VO2+; with these vanadium species there exists a growing
interest toward therapeutic aspects in cancer treatment. Vanadium complexes (vanadocene
dichloride, Cp2V'VCl,) were first studied for their anticancer activity in the treatment of Ehrlich
ascites tumor in the 19834, Later on Metvan, [V'VO(4,7-Mezphen)2(SO4)] (4,7-Mezphen = 4,7-
dimethyl-1,10-phenanthroline), was reported to be a promising anticancer drug against various
cancer cell lines, including cisplatin-resistant testicular and ovarian cancer®’. Thus, the DNA-
binding, DNA photocleavage activity of oxometal complexes based on vanadium and
multifunctional ligands has been of recent interest 841,

In biological fluids, serum albumin contributes 52% of the total protein composition in the
circulatory system. Due to importance in physiological and pharmacological functions it is
advantageous to study serum albumin, as the limited number of binding sites with high specificity
plays a pivotal role in the transportation and delivery of different endogenous and exogenous
species*?. Bovine serum albumin (BSA), having a 76% sequence homology for human serum
albumins (HSA), has been broadly studied, as it is the most abundant model protein of blood
plasma****. From literature reports, it has been observed that vanadium complexes showing higher
DNA and protein binding ability exhibited better cytotoxicity, and so the assessment of this ability

is an important aspect prior to anticancer studies “>*’.
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There have been reports of vanadium complexes with a variety of biological activities, including
antibacterial *6-°° anti-inflammatory °*, and anticancer °2>* activity. Vanadium(IV/V) complexes'
ability to imitate the effects of insulin, which was even confirmed in phase lla clinical studies on
humans for the treatment of type 2 diabetes mellitus, is another significant finding . In addition,
vanadium compounds are viewed as a new class of drugs that have the potential to exhibit
significant anticancer effects and are also effective against parasitic diseases®®. The realisation that
vanadium is involved in life-related events has also sparked renewed research into the coordination
chemistry of the metal in various ligand and geometrical environments.

The use of fossil fuels contributes to a number of natural disasters, including climate change, the
greenhouse effect, and global warming. Utilising renewable energy in this situation is a different
option. It has been claimed that vanadium-based oxides, sulphides, and their composites have
provided super capacitors with a promising energy storage capacity. For energy storage
applications, compounds with vanadium assistance thrive thanks to their stability, energy density,
and extended cycle life °"°,

On the other hand, cutting-edge research has been optimized to achieve improved performance of
compounds assisted by vanadium that are commercially viable. Due to its low cost, layered
structure, increased energy density, multivalent oxidation states, increased surface area, and ability
to design a variety of nanostructures like nanowires, nanorods, nanoflakes, nanobelts, nanostrips,
nanoparticles, nanospheres, nanoribbons, nanofibers, nanocuboids, nanoporous, nanoflowers, etc.,
vanadium oxide is offering significantly better performance than the other transition metal oxides

in this context®.

The main focus of this thesis has been on the synthesis and analysis of different oxidovanadium
(IVIV) complexes containing tridentate O, N, O coordinating ligands. The details theoretical
investigations of all the structural, photophysical, catalytic, and biological activities are also

studied throughout our research.
I.1.2. Schiff Bases ligands

Schiff bases ligands are formed by condensation between a primary amine and carbonyl compound
contain azomethine group (-CH=N-). Both aldehyde and ketone form Schiff bases but formation
with aldehyde are more favourable than ketone. The lone pair of nitrogen in azomethine group

readily coordinates with metal centre. Other than nitrogen if there is another donor centre in the
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Schiff base act as multidentate ligand. Schiff base ligands are used in recent times because of their
reactivity and flexibility towards the metal centre in the complex. There are lots of different Schiff

base ligands are prepared easily nowadays.
I.1.3. Catechol Oxidase

Catechol oxidase is an enzyme of the oxidoreductase class that catalyzes the reaction between
catechol and oxygen to yield benzoquinone and water. The resulting highly reactive o-quinones
auto-polymerize to form brown polyphenolic catechol melanins, a process thought to protect the
damaged tissues of plants from pathogens or insects. The active site of catechol oxidase contains
an antiferromagnetically coupled (EPR silent) dicopper(ll) center °®%.  Moreover,
some monometallic complexes of copper(Il) ®?and some other metal ions, such as
Mn(H/HI/1V) 5354 Fe(111) %, Co(11) 6, Ni(11) °” and Zn(11) %8, are also found to show catecholase
activity. The catecholase activity of vanadium(V) was first reported by Chakravarty et al. ®° about

a decade ago.
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I.1.4. Bromoperoxidase

Bromide peroxidase (bromoperoxidase, haloperoxidase (ambiguous), eosinophil peroxidase) is
a family of enzymes with systematic name bromide: hydrogen-peroxide oxidoreductase. These

enzymes catalyzes the following chemical reaction "

HBr + H,0, > HOBr + H,0

The HOBr is a potent brominating agent. The many organobromine compounds observed in

marine environments are the products of reaction with this oxidized form of bromine.
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Bromo peroxidases of red and brown marine algae (Rhodophyta and Phaeophyta)
contain vanadate (vanadium bromoperoxidase). Vanadium bromoperoxidasesare a Kkind
of enzymes called haloperoxidases. Its primary function is to remove hydrogen peroxide which is
produced during photosynthesis from in or around the cell. By producing hypobromous
acid (HOBr) a secondary reaction with dissolved organic matter, what results is the bromination of
organic compounds that are associated with the defense of the organism. Vanadium
bromoperoxidases have been found in bacteria, fungi, marine macro algae (seaweeds), and marine
microalgae (diatoms) which produce brominated organic compounds’. These enzymes produce
the bulk of natural organobromine compounds in the world.

Active site of the enzyme vanadium bromoperoxidase, which produces most of the

earth's organobromine compounds.
I.1.5. Deoxyribonucleic Acid (DNA)

DNA is a critical therapeutic target that is responsible for, and the focus of, a wide variety of
intracellular interactions’®. Each of the complementary strands of DNA are stabilized by hydrogen
bonding between adenine and thymine (A-T) and guanine and cytosine (G—C) nucleic acids’. In
B-DNA, the most common DNA form, the strands are held in the anti-parallel double helix by
stacking interactions between parallel oriented bases’® . The formation of this helix results in the

presence of a major and minor groove which provide sites for the binding of small
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molecules’. The major and minor groove differ significantly in size, shape, hydration,

electrostatic potential and position of hydrogen bonding sites’’-®.

Most of the vital biochemical reactions in active cells like DNA replication, accurate transcription,
processing, repair, specific package, and DNA rearrangement accurately represent a desired result
of constant interaction between the functional molecules of nucleic acids and specific proteins .
The Interaction between specific protein and nucleic acids was carefully observed for the first time
in an empirical study of DNA-protein complex crystallography in 1984 . The varied structural
complexity and polymorphic nature of DNA presents a number of potential intermolecular
interactions, including irreversible covalent binding, reversible groove association or

intercalation.®*

Metal complex-DNA interactions showcase the influence that the coordination geometry of the
metal and the disposition of the ligands have on the binding activity. For example, square planar
complexes permit deeper insertion of an intercalator compared to octahedral or tetrahedral

geometries.

Covalent binding is a common method of DNA interaction for anticancer drugs. Cisplatin is the
most clinically successful DNA covalent binder, although it reacts with a diverse range of other

biomolecules.?>%

I.1.5. Bovine Serum Albumin(BSA)

Bovine serum refers to the liquid component of cow blood that remains after the blood cells have
been removed by clotting or centrifugation. It is a commonly used supplement in cell culture and

biotechnology applications due to its high content of nutrients, growth factors, and hormones. It is
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used to support the growth and viability of cells in culture, and is particularly important for the
growth of cells that are difficult to culture. However, the use of bovine serum is controversial due
to concerns about the transmission of infectious agents and the ethical implications of using
animal-derived products in research. As a result, alternative supplements such as synthetic media
and plant-derived serum substitutes are being developed and used in some applications. Bovine
serum albumin (BSA) is a widely studied protein that is commonly used as a model protein for
investigating protein interactions with various molecules, including metal complexes. Metal
complexes can interact with BSA through different mechanisms, such as coordination bonding,
electrostatic interactions, and hydrogen bonding. These interactions can affect the conformational

stability and biological activity of the protein.

BSA has 80% similarity with HSA (Human Serum Albumin) in structure with a major difference
in the number of tryptophans, while HSA has only one tryptophan, BSA has two. BSA is usually
selected for protein binding studies because of i) its abundance ii) low cost iii) ease of purification

iv) stability v) medical and ligand binding properties &5°,

1.2 SUMMARY OF THE PRESENT WORK

The present work has been concentrated to search for some novel vanadium complexes with
(IV/V) oxidation state, with different polydentate Schiff base ligands and investigate their
important properties like structural, photophysical, electrochemical properties. Particularly in the
ocean, vanadium is used by some life forms as an active center of enzymes, such as the vanadium
bromoperoxidase of some ocean algae. Due to such kind of behavior, bromoperoxidase activity is

also investigated with the synthesized vanadium complexes. As vanadium is an essential element
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and also, vanadium and vanadium compounds inside the cells can interact with different proteins
and act as inhibitor or activator (analog) and influence different signaling pathways. Some
biological activity of the synthesized vanadium complexes also represented in this work. The work

described in this thesis is divided into four parts: Chapter II, 111, IV and V.
1.2.1. Chapter II

This chapter describes the preparation of three mononuclear vanadium (1V/V) complexes with a
tridentate Schiff base ligand, H.L: and some co-ligands (8-Hydroxyquinoline and 1,10-
phenanthroline). The complexes obtained from the reaction of H,L; and [V'VO(acac)] in presence
if methanol affording the complex 1 and the other two complexes are obtained by the reaction of
co-ligands with complex 1. The synthesized complexes were well characterized by different
spectroscopic methods. The experimental results are inter-related with the theoretical results by
using Density Functional Theory (DFT) method. It is being noted that the choice of such ligands
helps to achieve our goal in the context of synthesis of such mononuclear Vanadium(IV/V)

complexes with interesting catalytic properties (catechol oxidase and bromoperoxidase).

CHS,
=
oo OH 8-Hq : ~ 1,10-phen: <1-_@—_\>
HzL1 - @:D N N=

~N

t OH

OH

CH,
L
o-o0
VO(acac),
>
MeOH,Reflux
Complex 1

Complex 3
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1.2.2. Chapter ITI

In presence of ONO- coordinating Schiff base ligand successful synthesis of three mononuclear
oxidovanadium (IVV/V) complexes were done. The complexes obtained from the reaction of HoL
and [V'VO(acac),] in presence if methanol affording the complex 1 and the other two complexes
are obtained by the reaction of co-ligands with complex 1. All the ligands and complexes were

characterized by several spectroscopic techniques. The detailed study with DFT was performed

for both ligands and complexes.
+ VO(acac),
MeOH

LA
Reflux, 8h

N

Complex 1
\
8-Hq, MeOH 7 V 1,10-Phen, MeOH
Reflux, 8 Reflux, 8h
SO
\\ /O
V\
o \ A
Complex 2 N=
N/
I1.2.3. Chapter IV

In this chapter illustrate the catalytic and biological activities of the synthesized vanadium (1\V/V)
complexes which is the extended work of chapter 3. The mononuclear oxidovanadium complexes

shows bromoperoxidase activity with salicylaldehyde having a good yield of the bromo derivated
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salicylaldehyde products and characterised by GC-MS. The synthesized vanadium complexes
shows intercaleting interaction as well as groove binding with DNA molecules and interaction

with protein molecule (BSA) are characterised by spectroscopical techniques and doacking

method.
OH O
OH r
CHO catalyst CHO Br CHO
I{B]aH«ﬂ1aHﬂ104
O
Om, II/\r
HOBr <\( | \\) H,0,
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L 6 (o)
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(V) an
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o
O H()(/O\“
\ 2 2N
HO 0/7 & ) (] \N>
\_N | ™N \ o
o) N—
Br ~
1.2.4. Chapter vV

This chapter deals with the synthesis and characterization of two mononuclear oxidovanadium
(1V) complexes having Coumarin and Naphthalene based two different Schiff base ligands. These
two interesting EPR active vanadium complexes show biological activities (DNA and BSA
interaction). Despite same type of coordination sites, complex 1 shows bromoperoxidase activity

(phenol red to bromophenol blue).
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1.3 MEASUREMENTS

Various physical methods have been employed for the characterization and elucidation of the

properties of the synthesized compounds and these are described in the subsequent chapters. These
are briefly described below.
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1.3.1 Elemental Analysis
The C, H, N content of the samples were determined with the help of a Perkin-Elmer 2400

Series II elemental analyzer which utilizes thermal conductivity data for gas (CO2, H20, N2)
analysis. The sample (1.5-2.5 mg) was introduced into the combustion cell usually at a
temperature in the range of 900-980° C. For combustion, pure oxygen was used and pure

helium was used as the driving gas.

1.3.2 Infrared Spectra

IR spectra were recorded in KBr disk with the help of a Perkin-Elmer L-0100 spectrometer.
1.3.3 Electronic Spectra

Electronic spectra were recorded on Perkin-Elmer LAMBDA EZ-301 and a LAMBDA 25 UV/VIS

spectrometer (190-1100 nm). A matched pair of quartz cells of path length 1 cm was used.
I.3.4 Electrochemical Measurements

A CHI-620A electrochemical analyzer was used for electrochemical measurements. All
experiments were performed under pure nitrogen atmosphere at 295 and 298 K. The potentials are
referenced to the standard calomel electrode (SCE) without junction correction.

A three-electrode system consisting of a planar Beckman model 39273 platinum inlay working
electrode, platinum wire auxiliary electrode and a saturated calomel electrode (SCE) were used.
In every case care was taken to obtain a flat current-voltage base line over the required voltage

range in the absence of the relevant electroactive species.

1.3.5 Fluorescence Spectra

The emission data were collected on Horiba Fluoromax-4 fluorescence spectrometer. For all
luminescence measurements excitation and emission slit width of 5 nm were used. Cells are same

as that of the electronic spectra.
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1.3.6 EPR Spectra

X-band (9.1-9.2 GHz) EPR spectra were recorded on a Varion E-109 C spectrometer (magnetic
field up to ~ 6000 G) using quartz sample tubes of 3 mm diameter. For measurements at 77 K,
quartz Dewar flask was utilized. The Dewar was filled with liquid nitrogen and the quartz sample
tube was immersed in it. During the measurements, the microwave cavity was continuously purged
with pure and dry nitrogen. The spectra were calibrated with respect to diphenylpicrylhydrazyl
(dpph, g = 2.0037).

1.3.7 MASS Spectra

Electrospray ionization mass spectrometry (ESI-MS) spectra of the samples were recorded on a
Micromass Qtof YA 263 mass spectrometer.

1.3.8 NMR Spectra

'H and *C NMR spectra were recorded in mainly CDCls, CD3sCN and DMSO-ds with the help of
Bruker FT 300 MHz spectrometer and Bruker FT 400 MHz spectrometer, respectively using
tetramethylsilane (TMS) as an internal standard depending upon the solubility of the products.
Signals are assigned to individual protons on the basis of chemical shifts, spin-spin structure and

substituent effects. The atom-numbering scheme used for *H and *C was same as that used in the

crystallography.
1.3.9 Crystallographic Studies

The X-ray intensity data were collected on Bruker AXS SMART APEX CCD diffractometer (Mo
Ka, =0.71073 A) at 293 K. The detector was placed at a distance 6.03 cm from the crystal. Total
606 frames were collected with a scan width of 0.3° in different settings of ¢. The data were
reduced in SAINTPLUS®® and empirical absorption correction was applied using the SADABS
package®’. Metal atom was located by Patterson Method and the rest of the non-hydrogen atoms
were emerged from successive Fourier synthesis. The structures were refined by full matrix least-

square procedure on F2. All non-hydrogen atoms were refined anisotropically. All calculations

[15]



were performed using the SHELXTL V 6.14 program package®. Molecular structure plots were
drawn using the Oak Ridge thermal ellipsoid plot (ORTEP)®,

R1, wR2 and goodness-of-fit (GOF) are given by the following equations 1, 2 and 3 respectively.

Ri=2||Fe|- || izl Rl ... 1)
WR2 = [E[W(FS - FHY I EW(FDT? ... )
GOF = S = [E[W(Fe - F)? / (No- Np)]¥2 ... 3)

No = number of reflections
np = total number of parameters refined

Specific details for each compound will be given in the concerned chapter.

1.3.10 DFT Study and Computational Details

All the quantum mechanical calculations were performed with the Gaussian 09W software
package®. GaussSum 2.1 program®* was used to calculate the molecular orbital contributions from
groups or atoms. Figures showing MOs, NTOs and the difference density plots were prepared by
using the Gauss View 5.1 software. All the calculations were carried out in IBM Intellistation Z
Pro 922892A machine and Super-micro Super-server work station. The geometrical structures of
the singlet ground state (S0) and the lowest lying triplet excited state (T1) were optimized by the
DFT®? method with B3LYP exchange correlation functional®® approach. The geometry of the

complexes was fully optimized in solution phase without any symmetry constraints.

In the calculation, the quasirelativistic pseudopotentials of rhenium atoms proposed by Hay and
Wadt®* with 14 valence electrons (outer-core [(5s25p6)] electrons and the (5d°) valence electrons)
were employed, and a “double-£’quality basis set LANL2DZ was adopted as the basis set for Re
atoms. For H we used 6-31(g) basis set and the 6-31+G(d)® basis set for C, N, O, and Cl atoms

for the optimization of the ground state geometries.

[16]



The vibrational frequency calculation was also performed for all the complexes to ensure that the
optimized geometries represent the local minima and there are only positive eigen values. There
was a good agreement between the theoretical and experimental structures.

On the basis of the optimized ground and excited state geometry structures, the absorption and
emission spectra properties in a particular solvent media were calculated by time-dependent
density functional theory (TDDFT)% approach associated with the conductor-like polarizable
continuum model (CPCM)®’. We computed the lowest 40 singlet — singlet transition and results of
the TD calculations were qualitatively very similar. The TDDFT approach had been demonstrated
to be reliable for calculating spectra properties of many transition metal complexes®®. Due to the
presence of electronic correlation in the TDDFT (B3LYP) method it can yield more accurate
electronic excitation energies. Hence TDDFT had been shown to provide a reasonable spectral

feature for our complex of investigation.

Finally to understand the nature of excited states involved in absorption and emission processes
natural transition orbital (NTO) analysis had been performed for all complexes. This approach
provides the most compact representation of the electronic transitions in terms of an expansion
into single particle orbitals by diagonalizing the transition density matrix associated with each
excitation. The spin density difference map calculations were also performed to explain their

optical properties.
1.4 CHEMICALS AND SOLVENTS

All commercially available chemicals and solvents utilized in the present work were of analytical
grade and were used without further purification. For the preparation of ligands, the solvents were
dried in their usual method. Purification steps, where required, will be elaborated in appropriate
chapters. The chemicals required for the synthesis of ligands were purchased from MERCK (India)

and Sigma Aldrich chemicals limited.

All references in this thesis are given in the following format: Name of the author(s), Journal, year,

volume, page.
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Oxidovanadium (V and IV) complexes incorporating
coumarin based O "N O ligand: synthesis, structure
and catalytic activities’

ABSTRACT

The tridentate ligand HoLi, [(E)-7-Hydroxy-8-[(2-hydroxy-phenylimino)-methyl]-4-methyl-
chromen-2-one] has been used in the present work towards the synthesis of mononuclear
oxidovanadium complexes. Three mononuclear complexes [VOL1(OMe)(MeOH)], 1; [VO(L1)(8-
Hq)], 2 and [VO(L1)(1,10-phen)], 3 have been successfully synthesized with high yields by
reacting [VO(acac).] with HzL1 in 1:1 ratio in methanol under refluxing conditions where 8-
hydroxyquinoline and 1,10-phenanthroline were used as co-ligands in the synthesis of complex 2
and 3. X-ray crystallographic studies reveal that in all the complexes synthesized in the present
study, the ligand HzL1 binds as O*N”O coordinating ligand. The synthesized complexes were well
characterized by using UV-Vis, IR, NMR and Mass spectral techniques. The physiochemical
properties have been well interpreted by density functional theory (DFT) and time dependent
density functional theory (TDDFT) calculations. The synthesized complexes were established to
show some distinctive properties e.g. oxidative bromination of aromatic aldehyde with high
conversion rate and enhanced selectivity as well as high TON and TOF. The above properties were
all well matched and demonstrated by using UV-visible and fluorescence as well as quenching
studies. Complex 1 reacts with 3,5-DTBC catalytically in presence of molecular oxygen to

generate corresponding ortho-benzoquinone.
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I1.1. INTRODUCTION

Vanadium (3d34s?) displays all oxidation states in the interval of -3 to +5. The states +2 to +5 can
be sustained in aqueous solution and on the whole the most stable states are +4 and +5. The
coordination chemistry of vanadium (1V) as well as Vanadium (V) with multidentate ligand has
considered the great attention of many researchers for decades. Vanadium is an essential bio-metal
which shows remarkable activities such as insulin mimetic agent, *-* catechol oxidize activity, anti-
cancer activity and catalytic activity in haloperoxidase “° and it also possess pharmacological
properties ’. Many marine algae ®°, some lichens 2 and fungi **® use vanadium-dependent
haloperoxidase (VHPO) for the catalytic synthesis of organobromo compounds. It is assumed that
the marine organisms use the organobromo compounds for their self-defense against predators.
Vanadium haloperoxidase actually catalyse the halogenations of the organic compounds in
presence of halide ions and peroxide under feasible reaction condition. Vanadium (V) acts as a
strong Lewis acid to activate the peroxo group, which then undergoes nucleophilic attack by

+99

bromide to form the reactive “Br™ intermediate. This intermediate then reacts with organic
compounds containing alcohols or sulfide to form organobromo compounds. Monobromination of
salicylaldehyde with relatively high yield is reported by many research groups but dibromination
of salicylaldehyde with high yield up to 72% is rare. Herein, we report the formation of dibromo
and tribromo salicylaldehyde via catalysis by complex 2 and 3. The oxidation of catechols to
quinones in presence of molecular oxygen is an important biochemical transformation usually
catalyzed by binuclear copper. In such copper complexes the rate of formation of quinones from
catechol is in the order of 102 to 10 min* ¥, Various model systems of Vanadium complexes
have been published to illuminate the mechanism of the catechol-quinone conversion. In this
present work, the vanadium (V) complexes show relatively higher rate of conversion than other
vanadium containing complexes have been reported 2.

The present work is concerned with the successful synthesis of mononuclear oxidovanadium
complexes bearing tridentate O*N"O coordinating Schiff base synthesized from 7-hydroxy-4-
methyl-2-oxo-2H-chromene-8-carbaldehyde and 2-aminophenol. The complexes were well
characterized using different spectral techniques such as UV-Vis, IR, NMR, Mass etc. Crystal
structure of two complexes has been determined. The electrochemical behaviour of the complexes

was also examined. The bromoperoxidase activity and the catecholase were studied.
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Here, we also present a full density functional theory (DFT) and time-dependent density functional
theory (TDDFT) investigation to get better insight into the geometry, electronic structure, and
optical properties of these systems, with good accuracy. Geometry optimizations of the singlet
ground-state were carried out by means of DFT calculations. TDDFT calculations of several
singlet states have been performed for better understanding of the electronic origin of the

absorption spectra.

I1.2. EXPERIMENTAL SECTION

A.Materials

Vanadyl sulphate was purchased from S D Fine-Chem Limited, 4-Methylumbelliferone and 1,10-
Phenanthroline were purchased from Sigma-Aldrich. 8-Hydroxyquinoline was purchased from
Alfa-Aesar. Potassium Bromide was purchased from Fischer scientific and Hydrogen peroxide
(30% V/V) was obtained from Merck. VO(acac), was prepared according to the literature. %
Analytically pure solvents and chemicals are used throughout the study. All the reactions with

metal salts are carried out under open air atmosphere.

B. Preparation of Compounds
Ligand

Synthesis of (E)-7-Hydroxy-8-[(2-hydroxyphenylimino)-methyl]-4-methyl-
chromen-2-one [HzL1]:

7-Hydroxy-4-methyl coumarin (3.08g, 15mmol) which was prepared above was dissolved in
15mL methanol. Then 2-aminophenol (1.64g, 15.0mmol) was added to the solution and the
mixture was heated and stirred for 6 h affording a deep orange coloured precipitate of the targeted
Schiff base ligand (H2L1). After that the orange solid was filtered and washed with mother liquor,
and kept under vacuum. Yield: 3.11g (70%), *H NMR (CDCls, 300 MHz):5 10.26 (s, 1H); 9.33 (s,
1H); 7.73 (d, 1H, J=9.5 Hz), 7.60 (s, 1H), 7.17 (s, 1H), 7.08-6.92 (m, 3H), 6.79 (d, 1H, J= 9.1Hz),
6.16 (s, 1H), 2.38 (s, 3H,for —CHs3), Elemental anal. calcd. for C17H13NOa: C, 69.15; H, 4.44; N,
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4.74, O, 21.67. Found: C, 69.25; H, 4.55; N, 4.60, O, 21.60. IR (KBr, cm™): v (O-H): 3043; v
(imine C=N): 1622, 1603 (lactone). ESI-MS (CH2Cl,): m/z 296.092 [M+H]*,Found: 296.0958.

Complexes

[VVO(L1)(OMe)(MeOH)], complex 1

The ligand HzL1 (1.5g, 5 mmol) and [V'VO(acac)] (1.33g, 5 mmol) both were dissolved in 7.5mL
methanol respectively. Then the two solutions were mixed and heated under reflux for 8h. The
resulting clear brown coloured solution was cooled and kept in air for slow evaporation. After two
days black crystals were generated suitable for X-ray diffraction analysis. Yield: 1.03 g (81%). 'H
NMR (CDCls, 400 MHz): § 9.79 (s, 1H); 7.89 (s, 1H); 7.75 (s, 1H), 7. 46 (s, 1H), 7.23 (s, 1H), 7.0
(m, 1H), 6.77 (m, 1H), 6.40 (d, 1H, J=8Hz), 6.19 (s, 1H), 2.50 (s, 3H, for —CH3), 1.61 (s, 6H).
Elemental anal calcd for C1gH1sNO7V: Theo: C, 53.91; H, 4.29; N, 3.31, O, 26.46, V, 12.03.
Found: C, 53.45; H, 4.65; N, 3.21; O, 26.23; V, 12.21. IR (KBr, cm™): v (O-H): 3033 (from bound
MeOH moiety); v (imine C=N): 1624, 1604 (lactone), 933 (V=0 stretch). ESI-MS (CH2Cl>): m/z
423.052 Found: 408.138. [M-CHs]".

[VVO(L1)(8-Hq)]. Complex 2

Ligand H.L (1.5g, 5 mmol), [V'VO(acac).] (1.33g, 5 mmol) and 8-Hydroxyquinoline (0.73g, 5
mmol) were added in 15 mL methanol and were heated under reflux for 8h with stirring. Then the
deep violet solution was cooled and kept in air 2 days for slow evaporation, a diamond shaped
black coloured crystals were formed suitable for single crystal X-ray diffraction analysis.
Yield: 0.36g (75%) 'H NMR (CDCls, 300 MHz): & 8.15 (s, 1H), 7.80 (s, 1H), 7.66 (t, 2H, J
= 8.85 Hz); 7.50 (d, 1H, J =5.94 Hz), 7.28-7.21 (m, 5H), 6.89-6.77 (m, 2H), 6.53 (d, 1H, J
= 8.1Hz); 6.19 (s, 1H), 2.41 (s, 3H, for -CHz). Elemental anal. calcd. for C26H17N20¢V: C,
61.92; H, 3.40; N, 5.55, O, 19.03, V, 10.10 Found: C, 61.98; H, 3.62; N, 5.35, O, 19.12, V,
10.04. IR (cm-1): v (imine C=N): 1622, 1599 (lactone), 963 (V=0 stretch). ESI-MS
(CH2Cl2): m/z 504.053 Found for [M+H]": 505.064.
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[V'VO(L1)(1,10-phenanthroline)], Complex 3

Ligand HzL1(1.5g, 5 mmol), [V'VO(acac)2] (1.33g, 5 mmol) and 1,10-phenanthroline (0.9g, 5
mmol) were dissolved in 20 mL methanol solution and were heated under reflux for 12h with
stirring affording a red colored precipitate. The precipitate was filtered and washed with methanol
and kept under vacuum. After that re-crystallization had been done and found crystalline product.
Unfortunately, despite several atoms we hardly achieved good quality single crystal which can be
diffracted. Yield: 0.5g (77%), Elemental Anal. Calcd. for C2oH19N3OsV: C, 64.45; H, 3.54; N,
7.78; O, 14.80; V, 9.43. Found: C, 64.58; H, 3.51; N, 7.48, O, 14.65 V, 9.23; IR (cm-1): v (imine
C=N): 1626, (lactone) 1586, 948 (V=0 stretch). ESI-MS (CH2Cl,): m/z 540.076 [M]*, Found:

540.114. The complex is paramagnetic, having magnetic moment 1.75 BM at room temperature.

C. X-Ray Structure Determination

The single crystal suitable for X-ray crystallographic analysis of the complex was obtained by slow
evaporation of methanol solution of the complex. The X-ray intensity data were collected on
Bruker AXS SMART APEX CCD diffractometer (Mo Ka, A = 0.71073 A) at 293 K. The detector was
placed at a distance 6.03 cm from the crystal. Total 606 frames were collected with a scan width
of 0.3° in different settings of ¢. The data were reduced in SAINTPLUS ?* and empirical absorption
correction was applied using the SADABS package. Metal atom was located by Patterson Method
and the rest of the non-hydrogen atoms were emerged from successive Fourier synthesis. The
structures were refined by full matrix least-square procedure on F2. All non-hydrogen atoms

were refined anisotropically.

All calculations were performed using the SHELXTL V 6.14program package 2%
Molecular structure plots were drawn using the Oak Ridge thermal ellipsoid plot
(ORTEP) %. The CCDC numbers are 1914360 and 1920471 for 1 and 2 respectively (Table
1).
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Table 1: Crystal Data and Structure Refinement Parameters for complex 1 and 2.

Complex 1 Complex 2
Formula C19H1sNO7V  C26H17N206V
My 423.29 504.36
Crystal triclinic Orthorhombic
system
Space group P-1 Pca2;
al A 8.4009 (17)  38.2320 (4)
b/ A 10.7220 (2)  8.9445 (7)
c/ A 11.7100 (2)  12.7294 (12)
0/° 107.03 (3) 90.00
B/ 91.43 (3) 90.00
y/° 90.48 (3) 90.00
v/ A3 1008.1 (4) 4353.0 (7)
Z 2 8
Deaica /g cm™  1.497 1.539
p/mm* 0.531 0.504
0/° 1.820 1.922 —27.148
27.500
TIK 293 (2) 273 (2)
Reflns 3494 4197
collected
RY, wR? 0.0491, 0.0812, 0.2530
[1>26(1)] 0.1562
GOF on F? 0.988 0.970

RL=2| |Fol- [Fe| /=] Fol.®WR2 = [S[W(Fo® - F)?] / S[W(Fe2)2]]M2
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D.Physical Measurements

All physical measurements that included elemental analysis, IR, *H NMR, Absorption spectra,

ESI mass spectra, emission spectra, were done as described in Chaptrer 1.

I1.3. RESULT AND DISCUSSION

1. Synthesis
Ligand(H>L,)

The journey towards the synthesis of tridentate (O”"N”O) ligand (H2L1) was accompanied by two
steps as depicted in scheme 1. Initially 4-methyl-7-hydroxy coumarin was formylated according
to the literature reported procedure. ?° In the second step, the formylated product was allowed to
react with the methanolic solution of 2-aminophenol for 8h under refluxing condition to afford the
desired tridentate Schiff base ligand as an orange colored solid in good yield. The synthesized

ligand (Scheme 1) was well characterized by using 1H NMR, IR, Mass spectral analysis.

CH; CH;y
-~ . _ Glacial CH;COOH
0" 0 OH Reflux, 8h

NH,

OH  AeOH
+ — -
DH Reflux,8h | OH
Ligand, H,L,

Scheme 1: Synthesis of the ligand, HoL;.
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Complexes

The stoichiometric reaction of [V!'VO(acac)] with ligand (HzL1) were dissolved in methanol under
refluxing condition for 8h afforded complex 1. Complex 2 and 3 was obtained by reacting
complex 1 with 8-Hydroxyquinoline and 1,10-phenanthroline (co-ligands) under refluxing

CH,
2
o
O@O\LI/OMe
N//\
<l
H

condition. The synthetic roots were given in Scheme 2.

OMe

O
CH; < s
_ “‘eo‘\ﬂ Complex 1
CH,
o (o) OH ~Z
~ VO(acac),, 8-Hq o
N t o (0] (0] 'l
OH MeOH, Reflux S /\V<0
/
o N
|7 -
O(*"o
Y7 a% Complex 2
“OQ 137 CH,
’ €, €
8-Hq : ~ ‘. -
N o o
OH
1,10-phen: {7 A\
=N =

Complex 3

Scheme 2: Synthetic routes towards complex 1, 2 and 3.

2. Characterization

WWRSpectm: The synthesized ligand and all the complexes except complex 3 are diamagnetic

in nature and display well resolved NMR spectra in CDCls solution and the spectral data are given
in the experimental section. The assigning of NMR peaks is done on the basis of the intensity and
spin—spin splitting pattern. The appearance of singlet peak at 10.26 ppm which disappears upon
the addition of D>O confirms the presence of phenolic hydrogen. A singlet corresponding to the

azomethine hydrogen atom was observed at 9.33 ppm in the ligand, complexes 1 and 2.
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Figure 2: *H NMR spectrum of Complex 1.
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Figure 3: 'H NMR spectrum of Complex 2.

EPR spectra: Complex 3 exhibits one unpaired electron due to the presence of vanadium in it’s

+IV oxidation state having the magnetic moment 1.75 Bohr magneton (uB). The paramagnetism
corresponds to 3dxyl configuration. Complexes 3 exhibits hyperfine EPR spectra owing to the
V(1 = 7/2) nucleus, and the simulated g values are 1.9696, which is consistent with the existence
of oxidovanadium(lV) ions in complex 3 depicted in figure 4. The average hyperfine splitting (A)
is 95.25 G and line width of 2.1 mT.40 The calculated hyperfine splitting value 76.67 G, from

DFT study is usually lower than the experimental value.

T
2.2 2.0 1.8

g value

Figure 4: X-band EPR spectra of complex 3 in CH2Cl. (dichloromethane) solution at 298 K (black,

experimental; red, simulated).
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Electrochemical studies: All the complexes are electroactive in acetonitrile solution. The

cyclic voltammogram were recorded with scan rate of 50 mV/sec. Vanadium (V) exhibits one
quasi-reversible vanadium (V)/(IV) couple. Complex 1 displays 0.674V (AEp = 90 mV) where as
that of 2 displays at 0.0V (AEp =200 mV). The more negative value for 2 is associated with higher
stabilization of (+V) oxidation state than the (+1V) state. In case of complex 3 the quasi-reversible
vanadium (IV)/(V) couple displays at 0.375V (AEp = 75 mV). The respective cyclic

voltammogram are shown in Figure 5.

Complex 2

Tow

T T T T T | = e = T T T
———— T T——T——T——T g
o4 07 00 02 04 08 08 10 12 06 -04 -02 00 02 04 06 08 10 12 14/]-02 00 02 04 06 08 10

E/Volt E/ Volt E/volt

Figure 5: Cyclic voltammogram plots of complex 1, 2 and 3. (Scan rate: 50 mV/s) in CH3CN
solvent at 298K. Conditions: 0.20M [N(n-Bu)4]PFs used as supporting electrolyte and Pt working

electrodes.
Mass Spectra: Electrospray ionization mass spectrometry (ESI-MS) of the ligand and the

complexes was done. Ligand displayed the highest peak at 296.092 [M+H]" and the complex 1,2
and 3 displayed the highest m/z peak at 408.138 [M-CHs]", 505.064[M+H]* and,
540.114[M]"respectively.

IRSpectm: The IR spectra of the ligand and its corresponding metal complexes were recorded

in a KBr disk. The appearance of the spectral bands near 1622 cm™ and 1603 cm™ clearly indicates
the presence of imine, C=N and lactone moiety respectively. The broad absorption band at 3043
cm? attributes to the stretching frequency of “free OH” moiety. This spectral data matches
satisfactorily with the synthesized ligand.

All the vanadium complexes exhibited spectral bands in the range of 1630-1620 cm™ and 1608-

1603 cm arising from the imine and lactone moiety vibrations. The spectral bands in the range of
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1000 cm™- 850 cm indicates the presence of V=0 moiety in the Vanadium (IV/V) complexes
and the small band near 500 cm™ relates the presence of V-O moiety. 2 The strong vibrations at
1451 cm and 743 cm™ are due to v(C-N stretch) of the co-ordinated 1,10-phenanthroline moiety
in complex 3, the non-coordinated v(C-N stretch) of 1,10-phenanthroline appears at 1421 cm™ and

731 cm™ respectively.

Crystal Structure: The molecular structures of the complexes [VVO(OMe)(MeOH)(L1)], 1 and

[VVO(L1)(8-HQ)], 2, have been determined by using single crystal X-ray diffractometer. The
molecular structures of 1 and 2 and 3 are shown below. The selected bond lengths and bond angles
are depicted in Table 2.

Complex 1 crystallizes in the triclinic crystal system with P~ space group. Here the ligand binds
with the metal centre as an O”N”O coordinating dianionic ligand in tridentate mode. The ligand
possesses two phenoxide groups and imine nitrogen, which are directly bound to the metal centre
in a meridional fashion. The fourth coordination site of vanadium is occupied by oxo oxygen atom.
The vanadium is occupied by oxo oxygen atom.The remaining two vacant coordination sites of
vanadium are occupied by methoxy group and methanol respectively owing to the formation of
distorted octahedral geometry.*"*" The V1-O1 bond length (1.58 A) characterizes the presence of
V=0 moiety. The elongated V-O bond (2.27 A) indicates the presence of the attached solvent

moiety with the metal centre.

Clskv)\ b
_A¥cCi1

C12 W

Figure 6: ORTEP plot of complex 1 [VVO(OMe)(MeOH)(L1)]. H atoms and solvent moiety are

omitted for clarity.
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Complex 2 also crystallizes in the orthorhombic crystal system with space group Pca2:. Here also
the four coordination sites of the metal were occupied in the similar fashion, whereas the remaining
two vacant sites were occupied by the nitrogen and oxygen atom of the 8-Hq moiety. The nitrogen
atom of 8-hyroxyquinoline lies trans to the oxo oxygen atom. The metal complex thus attains

distorted octahedral geometry as in the previous case.

Figure 7: ORTEP plot of complex 2 [VVO(L1)(8-HQ)]. H atoms and solvent moiety are omitted
for clarity.

For complex 3, we have tried several methods but suitable crystal for X-Ray diffraction study was
not obtained. Although we have performed DFT studies to get an optimized stable geometry.
However, the proposed structure of complex 3 is optimized with the help of DFT and the structural

parameters are given in Table 1 and the depicted structure in [fig.8].

C13
Ci1 c12

C10 o Cl14 C15
o5 4

C16

C4

Figure 8: Optimized structure of complex 3 [VO(L1)(1,10-phen)].
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Table 2: Selected bond lengths and bond angles of complexes 1, 2 and 3.

Complex 1 Complex 2 Complex 3
(optimized)
Bond Length (A)

V1-01 1.5843 (19) V1-01 1.5920 (11) | Vi1-01 1.6000

V1-02 1.8964 (18) V1-02 1.8860 (12) | V1-0O2 1.9823

V1-03 1.9106 (19) V1-03 1.8890 (11) | V1-03 1.9540

V1-04 2.272 (2) V1-06 1.8500 (11) | VI-N1 2.0841

V1-05 1.7651 (19) VI-N1 2.1110 (13) | VI-N2 2.4152

VI-N1 2.157 (2) VI-N2 2.3500 (12) | VI-N3 2.1815

C19-N1 1.279 (3) C7-N1 1.2980 (18) | C7-N1 1.3054

Bond angles (°)

01-Vv1-02 97.95 (10) 01-V1-02 100.9 (6) 01-V1-02 100.0
01-V1-03 100.85 (10) 01-V1-03 96.8(6) | O1-V1-03 103.3
01-V1-04 172.25 (9) 01-V1-06 101.2 (6) | O1-VI-N1 103.6
01-V1-05 102.19 (10) O1-VI-N1 98.7(6) | O1-V1-N2 165.1
O1-V1-N1 93.31 (9) O1-V1-N2 1776 (6) | O1-VI-N3 935
02-V1-03 152.92 (9) 02-V1-03 156.3 (5) | 02-V1-03 150.5
02-V1-04 77.03 (8) 02-V1-06 95.9(5) | 02-VI-NI 86.9
02-V1-05 101.74 (9) 02-V1-N1 78.9 (5) 02-V1-N2 78.9
02-V1-N1 82.05 (8) 02-V1-N2 80.6 (5) 02-V1-N3 93.9
03-V1-04 82.04 (8) 03-V1-06 95.9 (5) 03-V1-N1 80.6
03-V1-05 93.16 (9) 03-V1-N1 83.0 (5) 03-V1-N2 80.2
03-V1-N1 77.60 (8) 03-V1-N2 82.2 (5) 03-V1-N3 91.6
05-V1-04 84.73 (8) 06-V1-N1 160.1 (5) N1-V1-N2 91.0
04-V1-N1 80.23 (7) 06-V1-N2 76.7 (5) N1-V1-N3 162.3
05-V1-N1 163.27 (9) N1-V1-N2 83.5(4) N2-V1-N3 72.0
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3. Geometry optimization, electronic structure, charge distribution

Geometrical optimizations for complexes 1 and 2 are accomplished in presence of solvent.

The main geometrical optimized structure of complexes 1, 2 and 3 are given below.

Complex 3 HOMO LUMO

The geometries retain a distorted octahedral arrangement around the vanadium (V) metal centre.
The optimized structures of these complexes are well matched to the experimentally observed
structures, which were determined using single crystal XRD studies. A slight variation in structural

parameters may occur due real molecules. ?° The V=N and V-0 bond lengths are in the range of
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1.58-2.27 A in both the theoretical calculation and experimental observation. The isodensity plot
of some selected frontier molecular orbitals in their singlet ground state (So) is listed in Table 3.
A partial molecular orbital diagram with the HOMO and LUMO to crystal lattice distortion in for
all the three complexes is shown in Fig. 9. In the ground state (So), the HOMO of complexes 1 and
2 are similar in energy whereas that of complex 3 is slightly higher. But we can see the variation
in the energies of LUMO for the complexes in their ground state. The LUMO of complex 3 is
energetically much higher than complex 1 and 2. The HOMO - LUMO energy gaps in all the
mononuclear complexes are in the close resemblance to each other and the values are 2.89 eV,
2.51 eV and 3.09 eV for complexes 1, 2 and 3 respectively. The corresponding orbital contribution
for the three complexes is givenin Table 4. The electron density in the HOMO of all the complexes
mainly resides on the coumarin moiety (in the rangeof 20-21%) and phenol moiety (in the range
of 68-69%). On the other hand, for the LUMO, the electron densitymainly resides on the vanadium
centre (in the range 65-68%)and the ©* orbitals of the attached methanol (complex 1) and 8-
hydroxyquinoline (complex 2) (in the range of 14-19%). For complex 3 the LUMO is distributed
over the metal centre (9%), imine bond (18%), phenanthroline (48%) and coumarin moiety (17%).

This data depicts a very low density around the metal centre.

-1.00 LUMO +3
-2.00 LUMO +3 LUMO +3 LUMO +2
LUMO +2 e — LUMO +1
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Figure 9: Partial orbital molecular diagram of complex 1, 2 and 3.




Table 3: Isodensity plot of some frontier molecular orbital of the complexes.

Complex 3

Complex 2

Complex 1

LUMO +3

LUMO +2

LUMO +1

LUMO

HOMO

HOMO -1

HOMO - 2

HOMO - 3
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Table 4: Composition of the frontier molecular orbitals of complexes 1-3:

Complex 1 % contribution Main bond type
MO Ph Oxo MeOH Coum Azometh \%
108 L+3 12 13 1 15 11 50 d(V)+ n*(coum)+ *(0x0)
107 L+2 9 12 2 22 10 45 d(V)+ n*(coum)+ m*(ox0)
106 L+1 5 15 3 13 17 46 d(V)+ n*(azometh)+ m*(oxo0)
105 | LUMO 5 3 14 7 2 68 d(V)+ n*(MeOH)
104 | HOMO 68 2 1 20 9 1 n(ph)+ n(coum)
103 H-1 13 1 0 83 1 1 n(ph)+ n(coum)
102 H-2 68 1 0 25 6 0 7(ph)+ m(coum)
101 H-3 28 0 0 64 7 0 7(ph)+ m(coum)
Complex 2 % contribution Main bond type
MO Ph Oxo Hq Coum Azometh \%
d(V)+ n*(coum)+ *(0x0)
128 L+3 11 12 5 12 12 47 + *(ph) + *(azometh)
127 L+2 3 19 3 10 4 61 d(V)+ n*(coum)+ *(0x0)
126 L+1 11 9 2 26 28 24 d(V)+ n*(azometh)+ n*(coum)
125 | LUMO 5 1 19 8 1 65 d(V)+ n*(hq)
124 | HOMO 66 2 4 20 7 1 n(ph)+ n(coum)
123 H-1 4 0 71 20 0 5 n(hq)+ m(coum)
122 H-2 13 2 17 65 1 2 n(ph)+ n(coum) + m(hq)
121 H-3 68 1 0 24 7 0 n(ph)+ n(coum)
Complex 3 % contribution Main bond type
MO Ph Oxo Phen Coum Azometh \%
137 L+3 1 1 0 92 3 3 w*(coum)
136 L+2 1 0 97 2 0 1 w*(phen)
135 L+1 8 1 44 20 21 5 *(phen)+ 7*(coum) +n*(azometh)
d(V)+ n*(phen)+ n*(azometh)+
134 | LUMO 7 1 48 17 18 9 w*(coum)
133 | HOMO 69 1 1 21 7 1 n(ph)+ n(coum)
132 H-1 19 2 1 75 2 0 n(ph)+ n(coum)
131 H-2 63 1 0 30 7 0 n(ph)+ n(coum)
130 H-3 0 0 99 0 0 1 n(phen)
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4. Absorption spectral properties

The UV- Visible spectral behaviour of the ligand and its corresponding complexes 1, 2 and 3 are
recorded in dichloromethane solution at room temperature. The spectral parameters with the
experimental molar extinction coefficient (€) value of HoL1 and complexes 1-3 are listed in Table
2. The relevant electronic spectra are depicted in Fig. 10. Ligand shows only one characteristic
peak near 350 nmwhich may arise due to intramolecular n—* and n—n* charge transfer transitions.
The complexes 1, 2 and 3 display a strong peak varying between 300 and 525 nm having molar
extinction coefficient in the range of 6400 — 42810 M *cm™. The bands in the longer wavelength
region of these complexes can be attributed to the ligand to metal charge transfer [HoL1—V(dn)]

transition. Only complex 3 shows low intense intra-ligand charge transfer transition.

0.3+ 1.2+

04

Absorbance

Absorbance

0.1+

0,0 <

T T T T T T T T 1 0‘0 v T v T
350 4 450 500 550 300 400

v

500 600
Wavelength (nm) —= Wavelength(nm)

Figure 10: Absorption Spectra of ligand and complexes 1, 2 and 3 in
dichloromethane, at room temperature.
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Table 5: Main calculated optical transitions for complexes in DCM:

Compound | Electronic | Composition | Excitation | Oscillator | Configuration | Assign | Aexp in nm (g
transition Energy(eV) | Strength Interaction in Mtcm™)
() (Ch
So—S7 H—L-3 3.1578 0.2672 0.5942 ILMCT | 400 (22502)
(392 nm)
1
So—S13 H-2—L+2 3.6936 0.3001 0.6102 'LMCT | 327 (42810)
(335 nm)
So—Sa1 H-1—-L+5 4.6699 0.0977 0.4261 'LMCT | 261 (19575)
(265 nm)
So—Ss H-1-L 2.3615 0.2574 0.4971 'LMCT | 505 (7845)
(525 nm)
2
So—S10 H—L+3 3.0645 0.1893 0.6341 'LMCT | 401 (10955)
(404 nm)
So—S20 H-3—>L+2 3.6924 0.1150 0.6622 ILMCT | 330 (29225)
(335 nm)
So—>Se H-L+1 2.2661 0.0905 0.8131 ILLCT | 472 (6410)
(472 nm)
3
So—Ss2 H—L+5 3.6534 0.0751 0.4781 ILMCT | 336 (12485)
(339 nm)
So—S7 H—L-3 3.1578 0.2672 0.5942 ILMCT | 400 (22502)
(392 nm)

5. Catalytic activities

Oxidative bromination of Salicylaldefryde: in the present study oxidative bromination

of salicylaldehyde was carried out in presence of synthesized vanadium complexes as catalysts in

presence of H20. (120 mmol), Water (40 mL) in each case was used as solvent. Other conditions

were taken as standard: Salicylaldehyde (20 mmol), KBr (50 mmol), HCIO4 (80 mmol), Vanadium

complexes 1-3 as catalyst (15 mg). The catalytic oxidative bromination reaction afforded three

compounds viz. 5-Bromosalicylaldehyde, 3,5-dibromo salicylaldehyde and 2,4,6-tribromophenol.

The addition of HCIO4 was done in four equal portions during the progress of the reaction, which

was found to be necessary to prevent the decomposition of the complex and maximize the
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conversion of the substrate. Using similar reaction conditions, maximum 99 percent conversion
was accomplished with complex 1 giving mono-bromo derivative as the main product. Selectivity
order is as follows; 5-Bromosalicylaldehyde (75%)> 3,5-dibromosalicylaldehyde (24%)> 2,4,6-
triboromophenol (1%). Complex 2 and 3 also possesses very high conversion with dibromo
derivative (72% and 65% respectively) as the main product. It was also depicted that, if complex
2 was used in the bromination reaction; 2,4,6-tribromophenol was formed as bromination product
with low yield (24%). Table 3 provides the percentage conversion of salicylaldehyde and
selectivity of the products formed using equivalent reaction conditions for complexes 1, 2 and
3.Interestingly, when the reaction was performed in the absence of catalyst, the reaction mixture
gave very low conversion of salicylaldehyde with the selectivity order of the products as: 5-
Bromosalicylaldehyde (85%)> 3,5-dibromosalicylaldehyde (28%)> 2,4,6- tribromophenol (13%).

OH oH OH

OH - - " . .
CHO fﬂtﬂl}"st CHO B CHO Br Br
o + +
KB1/H,0,/HCIO,

r r Br

Scheme 3: Oxidative bromination of salicylaldehyde using model vanadium
complexes as catalyst.

Table 6: Different experimental findings of bromination reaction by vanadium complexes:

Com KBr H-0, HCIO, | Complex | H,O % TON TOF % Selectivity
plex | (g,mmo | (g,mmo | (g,mmo as (mL) | Conv. (hh)
1) 1) 1) catalyst
@ _ _
Mono Di- Tri-
bromo | bromo | bro
mo
1 5.95, 15, 4.02, 0.015 40 99 2716 679 75 24 1
50 120 80
2 5.95, 15, 4.02, 0.015 40 99 3136 784 4 12 24
50 120 80
3 5.95, 15, 4.02, 0.015 40 99 3140 785 25 67 8
50 120 80
Blank Reaction 0.000 35 85 2 13
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Catecﬁo[ Ox;idhtion: All the vanadium complexes are stable in their solid state under ambient

conditions. But for complex 1, [VO(L1)(OMe)(MeOH)], due to presence of two weak V-O bonds
originating from the attached methoxy group and the solvent moiety, the complex is slightly less
stable compared to complexes 2 and 3 and is labile to be attacked by cis-diol type of compounds.
To examine the assumption, we have treated the complex 1 with 3, 5-ditert-butyl catechol (3, 5-
DTBC), an aromatic cis-diol and accordingly a new deep blue coloured complex 1a were formed
in O saturated acetone. The deep blue colour of the complex got progressively bleached in
presence of molecular oxygen proves the oxidation of catechol in presence of complex 1. The
mononuclear vanadium complex is converted to the oxygen bridged dinuclear complex with
subsequent release of the bound catechol moiety as ortho- benzoquinone. To proof the reversibility
of the reaction, when the dinuclear complex is treated with 3, 5-DTBC again, the mononuclear
vanadium complex incorporating the ligand and the cis-diol moiety was formed. The detailed

reactions occurring are depicted in scheme 4.

tBu

CH, ’@on
- But OH
o f [] /

—b.
-~ ‘_____""'...‘?-V-..,\ 0, saturated _,...--""V“-..
/ PMe  acetone

@,oﬂ B

tBu

Complex 1 Complex 1a
[VO(L)(OMe)(MeOH)] [VO(L)(catechol)]
Deep brown Deep blue

CH;
g
But (0]
J :?\ H ” ; O :0
. ‘—___..-l"‘ \qo + HZO
0 tBu
3,5-ditertbutyl

Complex 1b o-Benzoquinone
[V203(Ly)2

Yellowish brown

Scheme 4: Probable reaction pathway of complex 1a with oxygen.
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The reaction has been quantitated for complex 1 in acetone solution. The progress of the reaction
is observable in both UV-Vis spectra and *H-NMR spectra. *° Time dependent UV-spectral studies
were performed in dichloromethane to gain better insight into the rate of the reaction in the
presence of oxygen. The absorption band at 676 nm of 1a diminishes gradually and the band at
395 nm increases progressively with advancement of reaction time with a presence of an isobestic
point at 469 nm. This spectral change can be attributed to the generation of 0-benzoquinone and
gradual transformation of the mononuclear complex towards dinuclear vanadium compound. The
time dependent spectral plot of decolourization of the deep blue solution to brown is given in Fig.
11. The plot of As7e/Ases vs. time (min) gives a straight line with R? value 0.99 which corroborates
with the gradual decay of the mononuclear form with respect to time. In oxygen saturated acetone
solution, the reaction is found to be pseudo-first order and the calculated rate constant is found to

be 2.9 x 102 min. The rate is comparable with other reported complexes.

Consequently, proton NMR studies were also performed in O» saturated acetone-ds solution to
observe the progress of reaction with time.?’ The tert- butyl signals at & 1.22, 1.53 ppm and & 1.37
ppm are due to the co-ordinated ligand moiety in complex l1a and free catechol moiety (remains
in slight excess initially) respectively. At the time of completion (after 2h) the peaks at 6 1.22, 1.53
and 1.37 decays whereas the peak at 6 1.25 ppm increased significantly which clearly states the

complete conversion of 3,5-DTBC to corresponding benzoquinone.

0.54 ? 124
A 4
0.4+ ﬁ 104 y=10.052 x + 1.081
Y N\ ‘ R = 0.994
< /\\ -
g 034 /\\\ o b
£ \\i ~
2 <
§ S 01
2 024 a0
- < (]
44
0.1 4
2
0.0 T T v T v 1 0 T T T T T T T T
450 600 750 900 0 30 60 90 120
Wavelength (nm) time (min) —

Figure 11:(Left) Time evolution spectra (UV-Vis) of complex 1a, [VO(L1)(3,5-DTBC)] in O2
saturated DCM solution at 298K.(Right) Ratiometric plot of Asgs / As7e Vs. time (min.)
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Figure 12: (Left) Plot of In [(A — Ax)/(Ao - Ax)] vs. time (monitored at 395 nm). (Right): Time
evolution of tert-butyl signals in Complex 1a in O saturated acetone-ds.

I1.4. CONCLUSION

To summarize, we have successfully synthesized a new tridentate O*N”O donor ligand to generate
oxidovanadium (V and 1V) complexes of our choice. Using the ligand three complexes bearing
oxidovanadium moiety have been prepared and well characterized by single crystal X-ray
diffraction studies and spectral techniques like UV-Vis, IR, NMR, ESI-Mass etc. To attain better
insights on the electronic transition properties as well as theoretically stable structural features,
detailed density functional theoretical (DFT) as well as time dependent density functional
theoretical (TDDFT) calculations were performed and the results are in good agreement with the

experimental findings.

Present work has been aimed to generate pentavalent and tetravalent oxidovanadium complexes.
The electrochemical as well the redox properties of the synthesized complexes were also studied
extensively. Model catalytic bromination reaction of an aromatic aldehyde, salicylaldehyde was
examined using the complexes to establish the halo-peroxidase mimicking activities of those. The
experimental findings presented herein provide valuable insights into the planning of the

preparation of strategically important complexes in the field of oxidovanadium chemistry.
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Synthesis, characterization and Theoretical Studies of a
novel Tridentate ligand and Vanadium (I1V)/(V) complexes.

ABSTRACT

The tridentate Schiff base ligand HzL1, [(Z2)-3-((2-hydroxybenzylidene)amino)dibenzo[b,d]furan-
2-ol], synthesized by the typical condensation reaction of [3-aminodibenzo[b,d]furan-2-ol] with
salicyldehyde has been used in the present work towards the synthesis of mononuclear
oxidovanadium complexes. Three mononuclear oxidovanadium complexes [VOL1(OMe)],1;
[VO(L1)(8-HQ)], 2 and [VO(L1)(1,10-phen)], 3 have been successfully synthesized with high
yields using [VO(acac).]. 8-hydroxyquinoline and 1,10-phenanthroline were used as co-ligands in
the synthesis of complex 2 and 3. X-ray crystallographic studies revealed that the ligand HzL1
binds in tridentate fashion. The synthesized complexes were well characterized by using different
spectral techniques. The physiochemical properties have been well interpreted by density
functional theory (DFT) and time dependent density functional theory (TDDFT) calculations.

- GO

OH  Ho
Ligand H,L,, the coordinating atoms

are marked in red. Complex 1

GO \d@

\ 4
N
\= I\
\W/, N
Complex 2 \_/

Complex 3

Chart 1: The tridentate ligand and the complexes synthesized in the present study
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IIl.1. INTRODUCTION

Vanadium (3d%4s?) displays all oxidation states in the interval of -3 to +5. The states +2 to +5 can
be sustained in aqueous solution and on the whole the most stable states are +4 and +5. Vanadium,
in nature, exists under physiological conditions predominantly in the anionic vanadate,
HVO.%> form (oxidation state +5) or as the Vanadyl (+4) cation (VO?*) though oligomeric and
protonated V(v) species (H2VOs") are possible depending on the pH and concentration. *
Mononuclear and multinuclear oxidovanadium complexes incorporating non-porphyrinic O/N-
coordinating ligands are of abiding interest. > The most widespread applications of vanadium
complexes are due to its insulin mimicking activity >’ and as an effective industrial catalyst. ®
Vanadium has also been recognized as an essential element in some living organism, °‘3but the
biological roles of vanadium are still not clear. '** Two categories of vanadium containing
enzymes, nitrogenase (V-Nase) 6% and halo-peroxidase (VHPO) *°?! have been isolated and
characterized. Vanadium mediated enzymatic oxidative (halo-peroxidase) and reductive
(nitrogenase) transformations signify the importance of +5 and +4 oxidation states of vanadium.
There are several literature reports regarding the synthesis of vanadium complexes and their role
in different type of enzymatic as well as biological activities. The present study consists of
successful synthesis of three mononuclear oxidovanadium complexes bearing tridentate O*N"O
schiff base ligand having dibenzofurane moeity. The interesting feature of the designated ligand is
that it has two pendant —OH groups along with imine moeity (C=N) constituting the O"N"O
coordination pattern. The single crystal X-Ray diffraction studies as well as the optimized
geometries obtained from the theoretical calculations (by means of DFT) of the complexes also
reveal the similar co-ordinating pattern. All the complexes as well as the ligand were characterized
by means of different spectrochemical techniques. Catalytic activities such as bromoperoxidase
was well interpretated through GC-MS.

Here, we also present a full density functional theory (DFT) and time-dependent density functional
theory (TDDFT) studies to get better understanding of the geometry, electronic structure, and
optical properties of these complex molecules, with good accuracy. Geometry optimizations of the
singlet ground-state were carried out by means of DFT calculations. TDDFT calculations of

several singlet states have been performed to gain a better insight on the electronic origin of the
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absorption spectra.The theoretically obtained results and experimental findings are found to be in

good agreement.

I11.2. EXPERIMENT AL SECTION

A.Materials

Vanadyl sulphate was purchased from S D Fine-Chem Limited, Salicylaldehyde,3-amino-2-
methoxy-dibenzofuran; 1,10-Phenanthroline; were purchased from Sigma-Aldrich. 8-
Hydroxyquinoline was purchased from Alfa-Aesar. Potassium Bromide was purchased from
Fischer scientific and Hydrogen peroxide (30% V/V) was obtained from Merck. [VO(acac).] was
prepared according to the literature. 2> Analytically pure solvents and chemicals are used

throughout the study. All the reactions with metal salts are carried out under open air atmosphere.

B.Preparation of Compounds
Ligand

Synthesis of [HaL1]:

Initially 3-amino-dibenzo[b,d]furan-2-ol (2.0g, 10mmol) was dissolved in 15mL methanol. Then
salicylaldehyde (1.22g, 10.0mmol) was added to the solution drop wise and the mixture was heated
to reflux in a water bath and stirred for 6 h. This afforded a deep orange coloured precipitate of the
targeted Schiff base ligand (HzL1). After that the orange solid was filtered and washed with mother
liquor, and kept under vacuum. Yield: 70% (2.12g, 7mmol), *H NMR (CDCls, 300 MHz):5 13.73
(s, 1H); 9.83 (s, 1H); 9.08 (s, 1H Characteristic of =C-H); 8.06 (s, 1H), 7.79 (s, 1H), 7.65-6.94 (m,
8H), Elemental anal. calcd. for C19H13NOs: C, 75.24; H, 4.32; N, 4.62, O, 15.82. Found: C, 75.13;
H,4.23; N, 4.71, 0, 15.93 IR (KBr, cm™): v (O—-H): 3040; v (imine C=N): 1625, ESI-MS (CH,Cl,):
m/z 303.090 [M+H]*, Found: 304.0869.
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Complexes

[VVYO(L1)(OMe)], complex 1:

The ligand [H2L1] (1.52g, 5mmol) and vanadium precursor complex [VVO(acac).] (1.33g, 5mmol)
both were dissolved in 10mL methanol separately in a beaker. Then the two solutions were mixed
gently and the solution mixture was heated under reflux for 8h. The resulting clear brown coloured
solution was cooled and kept in air for slow evaporation. After two days’ black crystals suitable
for single crystal X-Ray diffraction study were generated. Yield: 1.03g (81%) *H NMR (CDCls,
500 MHz): & 9.15 (s, 1H, Characteristic of =C-H); 7.92 (s, 1H); 7.82-7-66 (m, 4H); 7.65 (s, 1H);
7.46-7.17 (m, 1H); 3.49(s, 3H, for —OCHz). Anal. Calcd for CxH14NOsV: C, 60.16; H, 3.53; N,
3.51, 0, 20.04, V, 12.76. Found: C, 60.02; H, 3.93; N, 3.43; 0, 20.10; V, 12.52; IR (cm™): v (V=0):
850; v (imine C=N): 1625, 1603. ESI-MS (CH2Cl2): m/z, 399.03 Found: [M+Na]", 421.9956.

[VVO(L1)(8-Hq)], complex 2:

Initially, the ligand H2L1 (1.52g, 5mmol) was dissolved in minimum volume of methanol.
Similarly, the vanadium precursor [VVO(acac)2] (1.33g, 5 mmol) was also dissolved in minimum
volume of same solvent system. Now, the two solutions were mixed thoroughly and heated to form
a clear brown coloured solution. At this point, 10 mL methanolic solution of 8-hydroxyquinoline
(0.73g, 5mmol), which acts as a co-ligand was added. Finally, the reaction mixture was heated
under refluxing conditions for 8h. Then the clear brown coloured solution was cooled and kept in
air 2 days for slow evaporation, resulted in the formation of deep violet coloured diamond shaped
crystals which were suitable for single crystal X-ray diffraction analysis. Yield: 0.36g (75%) 'H
NMR (CDCls, 500 MHz): § 9.12 (s, 1H); 8.11 (d, 1H, J=10.0Hz); 8.09 (s, 1H); 7.72-7.67 (m, 3H);
7.65-7.50 (m, 3H); 7.40(s, 1H); 7.50-7.40 (m, 4H); 7.27-6.87 (m, 3H). Anal.Calcd. for
CaH17N205V: C, 65.63; H, 3.34; N, 5.47, O, 15.61, V, 9.94. Found: C, 65.52; H, 3.54; N, 5.20, O,
15.92,V, 9.82 IR (cm™): v (imine C=N): 1605, 950 (V=0 stretch). ESI-MS (CHCl,): m/z 512.06,
Found: [M+H]*,513.033.
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[VVO(L1)(1,10-phen)], complex 3:

At first, both the ligand HzL1 (1.52g, 5mmol) and vanadium precursor complex [VO(acac)]
(2.33g, 5 mmol)were dissolved in minimum volume of methanol respectively. The two
homogeneous solutions were mixed carefully and the resulting solution was gently heated. Now,
to this pre-heated solution, methanolic solution of 1,10-phenanthroline (0.9g, 5mmol) was added.
The solution mixture was then stirred under refluxing conditions overnight. A red coloured
precipitate was formed. The precipitate was filtered and washed thoroughly with methanol and
kept under vacuum. After re-crystallisation, we found a red crystalline product. Unfortunately,
after several attempts we are unable to get single crystals suitable for X-Ray diffraction study.
Yield: 0.45g (77%), Elemental Anal. Calcd. for Ca1H19N304V: C, 67.89; H, 3.49; N, 7.66; O,
11.67; V, 9.23. Found: C, 67.62; H, 3.69; N, 7.60, O, 11.75; V, 9.34; IR (cm-1): v (imine C=N):
1626, 948 (V=0 stretch).ESI-MS (CH2Cl,): m/z 548.08, Found: [M]*548.2103. The complex is

paramagnetic, having magnetic moment 1.92 BM at room temperature.

C.X-Ray Structure Determination

The single crystal suitable for X-ray crystallographic analysis of the complex was obtained by
slow evaporation of methanol solution of the complex. The X-ray intensity data were collected on
Bruker AXS SMART APEX CCD diffractometer (Mo Ka, A =0.71073 A) at 296 K. The detector
was placed at a distance 6.03 cm from the crystal. Total 606 frames were collected with a scan
width of 0.3° in different settings of @. The data were reduced in SAINTPLUS % and empirical
absorption correction was applied using the SADABS package. Metal atom was located by
Patterson Method and the rest of the non-hydrogen atoms were emerged from successive Fourier
synthesis. The structures were refined by full matrix least-square procedure on F2. All non-
hydrogen atoms were refined anisotropically. All calculations were performed using the
SHELXTL V 6.14program package. > Molecular structure plots were drawn using the Oak Ridge
thermal ellipsoid plot (ORTEP) % The CCDC numbers are 1949622 and 1949623 for 1 and 2
respectively (Table 1).
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Table 1: Crystal data and structure refinement parameters of complexes 1 and 2:

Complex 1 Complex 2
Formula C20H14NOsV C2sH17N205V
Mr 399.26 512.37
Crystal system monoclinic monoclinic
Space group Cc P21l/c
al A 24.8830(9) 15.9541(8)
b/ A 7.3970(3) 10.2282(5)
o/ A 19.4450(8) 13.8216(7)
a/° 90 90
pr° 106.77(2) 90.209(3)
y/° 90 90
v/ A3 3427(2) 2255.42(19)
Z 8 4
Dealed /g cm3 1.548 1.509
p/mm? 0.612 0.485
0/° 2.356 — 27.496 2.365— 27.493
T/IK 296(2) 296(2)
Reflns collected 7729 5185

RL, WR? [I>26(I)]

0.0591, 0.1753

0.0479, 0.1616

GOF on F?

0.947

0.996

R1=3| |Fol- |Fe| [/2] Fol.?WR2 = [S[W(Fo? - F2)?] | S[W(Fo2)?[] 2
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D.Physical Measurements

All physical measurements that included elemental analysis, IR, *H NMR, Absorption spectra,

ESI mass spectra, emission spectra, were done as described in Chaptrer 1.

I1.3. RESULT AND DISCUSSION

1. Synthesis
Ligand(H>L,)

Initially, 3-Amino-dibenzofuran-2-ol was synthesized from 3-amino-2-methoxy-dibenzofuran
according to the literature reported method. In brief, 3-amino-2-methoxy-dibenzofuran (5 g, 23.5
mmol) was dissolved in dry dichloromethane and the temperature was maintained at 0°c to 5°c.
Then, boron tribromide (70 mL, 1 M in CH2Clz) was added drop wise from a dropping funnel
while stirring at ice cold condition. After the addition was complete, the mixture was allowed to
come to room temperature over 1 hour and then quenched with water followed by potassium
carbonate (14 g). The resulting solid was recovered by vacuum filtration and dried. The hydroxyl
dibenzofuran is a white solid (4.4 g, 22 mmol). In the second step, the as synthesized amino
substituted dibenzofuran-2-ol was condensed with methanolic solution of salicylaldehyde under
refluxing conditions to form our desired Schiff base tridentate O"N”O co-ordinating ligand,
H>Lias an orange coloured solid in good yield. The synthesized ligand (Scheme 1) was well
characterized using different spectral techniques and the found data are listed in experimental

section.

0 0

Q NHZ - Q O o
R EE—
Q Dry DCM,0° C to 10° C
oMe 4h OH
HO HO
° NH 0
2
(3 A
—_—
DH MeOH, Reflux, 8h

Ligand, H;,L,

Scheme 1: Synthesis of desired Schiff base ligand, HoL1
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Complexes

The stoichiometric reaction of the synthesized Schiff base ligand with vanadium precursor,
[VO(acac)2] in presence of methanol, 8-Hydroxyquinoline and 1,10-phenanthroline in methanol
solvent under refluxing conditions afforded complexes 1, 2 and 3 respectively. The synthesized

ligand and the corresponding mononuclear oxovanadium complexes are portrayed in chart 1.

S0

/,\

MeOH
OMe

Reflux, 8h
Complex 1

0.
ky
0 8-Hq, MeOH o \
GOy e
Reflux, 8h

OH (¢ \
+ N\ _//
Complex 2
VO(acac),
1,10-Phen, \
\N 72
MeOH N
Reflux, 8h
’ Complex 3 \ s

Scheme 2: Synthetic routes towards complex 1, 2 and 3.

2. Characterization

WWRSpectm: The synthesized ligand and the mononuclear oxovanadium complexes except

complex 3 (EPR active, +4 oxidation state) are diamagnetic in nature and display well resolved
NMR spectra in CDCI3 solution. The spectral data are given in the experimental section. The
assigning of NMR peaks is done on the basis of the intensity and spin—spin splitting pattern. The
appearance of singlet peak at 13.74 ppm which disappears upon the addition of D.O confirms the

presence of phenolic hydrogen. A singlet corresponding to the azomethine hydrogen atom was
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observed at 9.08 ppm in the ligand, 9.15 ppm for complexes 1 and 9.12 for complex 2. Complex
2 also shows a characteristics peak at 8.11 ppm the proton adjacent to the ‘N’ moiety in 8-

hydroxyquinoline. The relevant electronic spectra are depicted in Figure (1-3).
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Figure 1: *H NMR spectra of ligand.
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Figure 2: *H NMR spectra of complex 1.

[61]



KR-SD-502-1H{SR) 500
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Figure 3: 'H NMR spectra of complex 2.

EPR Spectra: Complex 3 exhibits one unpaired electron due to the presence of vanadium metal

in it’s +IV oxidation state. Generally, the paramagnetism corresponds to 3dx,* configuration.
Complex 3 is EPR active in CH2Cl; solution at room temperature and the representative spectrum
of the EPR study is given in Fig 4. The average hyperfine splitting is 95.28 G and central field g-
value is 1.9682 with line width of 2.09 mT.

1\

|

- T x r
1.6 1.8 2.0 2.2 24
g value

Figure 4: EPR spectrum of complex 3 in DCM/Toluene solution at 298 K
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IR Spectra: The IR spectra of the ligand and its corresponding metal complexes were recorded

in a KBr disk. The appearance of the spectral bands near 1625 cm™ clearly proves the presence of
imine, C=N moiety. The broad absorption band at 3040 cm™ attributes to the stretching frequency
of “free OH” moiety. This spectral data matches satisfactorily with the synthesized ligand.

All the vanadium complexes exhibited spectral bands in the range of 1630-1620 cm™ arising from
the stretching vibrations of the imine moiety and the range of 1000 cm™— 850 cm indicates the
presence of V=0 moiety of the complexes " and the small band near 500 cm relates the presence
of V-O moiety. % The strong vibrations at 1451 cm™ and 743 cm™ are due to v(C-N stretch) of the
co-ordinated 1,10-phenanthroline moiety in complex 3, the non-coordinated v(C-N stretch) of

1,10-phenanthroline appears at 1431 cm™ and 731 cm™ respectively.
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i l 1 93 4
90 3040 cm
%T 1 06 d
¥ i
85 < .
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Figure 5: IR spectrum of the ligand and the complexes 1, 2 and 3.
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Mass Spectra: Electrospray ionization mass spectrometry (ESI-MS) of the ligand and the

complexes was done. Ligand displayed the highest peak at ESI-MS (CH2Cl;): m/z 303.090
[M+H]+, Found: 304.0869.and for the complex 1, displayed the highest m/z peak at ESI-MS
(CH2CI2): m/z, 399.03 Found: [M+Na]+. For Complex 2, highest peak ESI-MS (CH2CI2): m/z

512.06, Found: [M+H]+,513.033. and for Complex 3 highest peak ESI-MS (CH2CI2): m/z 548.08,
Found: [M]+548.21.

iy 1: TOF MS ES+
KR-MM-303 30 (0.547) Cm (30) i s
100

1

= [M+H)]
[
*
g MVZ
ater ~osdiiee=>Sistiars - CaaRiapT = 500 600 700 800 900 1000 1100

Figure 6: ESI-MS spectra of ligand.
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Figure 7: ESI-MS spectra of Complex 1.
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Figure 8: ESI-MS spectra of Complex 2
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Figure 9: ESI-MS spectra of Complex 3.
Crysta[ Structure: The molecular structures of the complexes [VVO(OMe)L1)], 1 and

[VVO(L1)(8-HQ)], 2, have been determined by using single crystal X-ray diffractometer. The
molecular structures of 1 and 2 are shown in Fig.2-3respectively.The selected bond lengths and

bond angles are depicted in Table 3.
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Complex 1 crystallizes in the monoclinic crystal system with Cc space group. The dibenzofuran
based H2L: co-ordinates with the metal centre as an O"N"O donating dianionic ligand. The
synthesized Schiff base ligand possesses two pendent phenoxide moeity and imine nitrogen in the
close vicinity, which makes the ligand as a very promising O*N”O co-ordinating in nature. In the
co-ordination sphere, the phenolic —-OH moeity and the imine nitrogen are directly bound to the
vanadium centre in a meridional fashion. The fourth coordination site of vanadium is occupied by
an oxo oxygen atom, which comes from the vanadium precursor complex, [VO(acac)2]. The
remaining vacant coordination sites of vanadium are occupied by methoxy group arising from
methanol, the solvent used in the synthetic route owing to the formation of distorted square
pyramidal geometry with (The trigonality index(z)=0.21) 2°. The V1-O1 bond length (1.58 A)
establishes the presence of V=0 moiety. The elongated V-O bond (1.880 A) indicates the presence
of the attached methoxy moiety with the metal centre. The ORTEP view of the single crystal X-

Ray structure is shown in figure 10.

C20

03 S

Figure 10: ORTEP plot of complex 1 showing essential numbering.
Complex 2 also crystallizes in the monoclinic crystal system with space group P21/c. Here also
the four coordination sites of the metal center were occupied in the similar way; the phenolic -OH
moiety and the imine nitrogen are directly bound to the vanadium center in a meridional fashion,
whereas the remaining two vacant sites were occupied by the nitrogen and oxygen atom
respectively of the 8-Hg moiety. The nitrogen atom of 8-hyroxyquinoline lies trans to the oxo
oxygen atom. The dihedral angle between the oxo oxygen atom and the nitrogen atom of 8-
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hyroxyquinoline (176.33°) proves the above fact. The imine nitrogen and the nitrogen atom of 8-
hydroxyquinoline lies very close towards perpendicular position (86.83°). Thus the metal complex

hereby attains distorted octahedral geometry as in the previous case.

Figure 11: ORTEP plot of complex 2 showing essential numbering.
For complex 3, initially we have found a red colored precipitate and after recrystallization we have
found a crystalline form. We have tried several methods but suitable crystal for X-Ray diffraction
study was not obtained. However, the proposed structure of complex 3 is optimized with the help

of DFT and the structural parameters are given in Table 2.

Figure 12. Optimized structure of complex 3.
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g’eometrica[ studies: Geometrical optimizations for complexes 1 and 2 are performed in

presence of solvent. The geometrical optimized structure of complexes 1, 2 and 3 are given below.

Figure 13: Optimized Structure of the Complex 1 and 2.

The optimized geometry reveals that the complexes have a distorted octahedral arrangement
around the vanadium (V) metal center. The optimized structures of these complexes are in good
agreement with the experimentally observed structures and results, which were determined using
single crystal XRD studies. A slight variation in structural parameters may occur due to crystal
lattice distortion in real molecules. 2" The V-N and V-0 bond lengths are in the range of 1.56—

2.50 A in both the theoretical calculation and experimental observation.

The isodensity plot of some selected frontier molecular orbitals in their singlet ground state (So)
is listed in (Table 2). A partial molecular orbital diagram with the HOMO and LUMO for all the
three complexes is shown in Fig. 4. In the ground state (S0), the HOMO of complexes 1 and 2 are
quite similar in energy whereas that of complex 3 is slightly higher. But we can see the variation
in the energies of LUMO for the complexes in their ground state.

The LUMO of complex 3 is energetically much higher than complex 1 and 2. The HOMO - LUMO
energy gaps in the complexes are in the range of 2.5 eV to 3.00 eV. The values are inclose
resemblance to each other and the HOMO — LUMO energy gaps are 2.75 eV, 2.33 eV and 2.97
eV for complexes 1, 2 and 3 respectively. The corresponding orbital contribution for the three

complexes is given in (Table 3).
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Table 2. Selected bond lengths and bond angles of complexes 1, 2 and 3

Complex 1 Complex 2 Complex 3 (Optimized)
Bond length (A)
V1-02 1.5680 (7) V1-01 1.5890 (2) V1-01 1.6028
V1-03 1.7550 (6) V1-02 1.8816 (19) V1-02 1.9551
V1-0O4 1.8430 (7) V1-03 1.8395 (17) V1-03 1.9691
V1-05 1.8800 (6) V1-O4 1.8833 (19) V1-N1 2.0857
V1- N1 2.1340(7) V1-N1 2.1170 (2) V1-N2 2.1856
C13- N1 1.2690 (10) V1-N2 2.3640 (2) V1-N3 2.4233
C13-N1 1.2940 (3) C13-N1 1.3077
Bond angles (°)

02-V1-03 107.10 (3) 01-V1-02 100.90 (10) 01-V1-02 103.1537
02-V1-04 106.90 (3) 01-V1-03 100.49 (9) 01-V1-03 100.5708
02-V1-05 106.40 (3) 01-V1-04 98.78(10) 0O1-V1-N1 103.6840
03-V1-04 88.80 (3) 01-V1-N1 96.39(9) 01-V1-N2 93.4440
03-V1-05 96.30 (3) 01-V1-N2 176.33(10) 01-V1-N3 165.0309
03-V1-N1 155.80 (3) 02-V1-03 95.40(8) 02-V1-03 155.3269
04-V1- N1 77.90 (2) 02-V1-04 154.42(8) 02-V1-N1 80.2873
02-V1- N1 96.20 (3) 02-V1-N1 78.28(8) 02-V1-N2 91.8488
05-V1-N1 83.10 (3) 02-V1-N2 81.44(8) 02-V1-N3 79.9253
04-V1-05 143.00 (3) 03-V1-04 96.93(8) 03-V1-N1 87.6537
03-V1-N1 162.84(8) 03-V1-N2 93.4074

03-V1-N2 76.40(8) 03-V1-N3 78.8984
04-V1-N1 83.44(8) N1-V1-N2 162.3568

04-V1-N2 79.81(8) N1-V1-N3 91.2609

N1-V1-N2 86.83(8) N2-V1-N3 71.7227

The electron density in the HOMO of all the complexes mainly resides on the dibenzofuran moiety
(in the rangeof 74-79 %) and salicylaldehyde moiety (in the range of 11-17%). On the other hand,
for the LUMO, the electron density mainly resides on the vanadium centre (70%)and the w*
orbitals of the attached methoxy group (14%, complex 1). Similarly, for complex 2, electron

density is maximum over metal centred d-orbitals (66%) and attached 8-hydroxyquinoline moeity
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(19%).For complex 3 the LUMO is distributed over the imine bond (35%), salicylaldehyde (28%)

and dibenzofuran moiety (22%). This data depicts a very low density around the metal centre.

Table 3: Optimized geometries, HOMO-LUMO contour plots of metal complexes at the
B3LYP/6-31G* level.
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Figure 14: Partial molecular orbital diagram of all the complexes.

Table 4: Composition of the frontier molecular orbitals of complexes 1-3:

Complex 1 % contribution Main bond type
MO Sal \Y 0X0 azometh dbf OMe
101 | L+3 7 65 18 1 9 o | dV)+ n¥(oxo)
%
100 | L+2 6 58 14 10 10 3 | d(V)+ m*(ox0)
99 | L+1 25 15 5 33 20 2 d(V)+ n*(azometh)+ *(sal)+ n*(dbf)
*,
98 | LUMO 8 70 2 2 4 14 | (V) 7*(OMe)
97 | HOMO | 11 2 2 7 79 o | ™(dbf)tm(sal)
96 | H-1 11 0 1 2 86 o | Mdbh+ m(sal)
95 | H-2 80 1 1 3 14 o | ™(dbD+ m(sal)
94 | H-3 1 0 1 0 98 o | ™dbh
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Complex 2 % contribution Main bond type
MO Sal \Y 0X0 azometh dbf Hg
130 | L+3 11 45 12 9 18 g | 4Vt n¥(salyt m*(oxo)+ n*(dbf)
129 | L+2 5 60 19 6 7 3 | dV)t m¥(oxo)
128 | L+1 21 26 10 2% 15 2 d(V)+ n*(sal)+ n*(dbf)+ n*(azometh)
*,
127 | LUMO 8 66 1 1 6 19 | 4+ n*(Ha)
126 | HOMO 15 1 1 6 75 2 | ™Sal+ n(dbf)
125 | H-1 16 1 1 2 53 g7 | ™Salt n(dbh+ n(Ha)
124 | H-2 4 5 1 1 28 g2 | m(dbhF n(Ha)
123 | H-3 68 1 1 3 24 p | ™Salytn(dbf)
Complex 3 % contribution Main bond type
MO Sal Vv 0X0 azometh dbf Phen
140 | L+3 1 63 21 2 11 2 | dV)+m*(dbh)+ n*(oxo)
*
139 | L+2 1 1 0 0 1 g7 | @*(Phen)
138 | L+1 0 0 0 2 0 gg | ™"(Phen)
137 | LUMO 28 8 4 35 22 3 | ™(Sal+ n*(dbf)+ n*(azometh)
136 | HOMO 17 1 1 6 74 1 | mSal)yt a(dbf)
135 | H-1 2 1 2 4 50 o | ™Salta(db)
134 | H-2 26 44 2 2 20 7 | ™Sabta(dbi+ d(V)
133 | H-3 32 19 0 2 43 3 | ™Salta(dbH+d(V)

VV-YVis spectra and DFT studies: The UV- Visible spectral behavior of the ligand and

its corresponding complexesland 3 are recorded in dichloromethane solution, whereas for
complex 2, methanol was used for better solubility at room temperature. The spectral parameters
with the experimental molar extinction coefficient (¢) value of Hz2L1 and complexes 1-3 are listed
in (Table 5). The Ligand shows only one characteristic peak near 373 nm which may arise due to
intramolecular n—n* and =—mt* charge transfer transitions. The complexes1, 2 and 3 display a strong
peak varying between 350 and 500 nm having molar extinction coefficient in the range of 19200
— 36450 Mtcm™. The bands in the longer wavelength region of these complexes can be attributed
to the ligand to metal charge transfer [H2L1— V(dmr)] transition. Only complex 3 shows low intense
intra-ligand charge transfer transition. The corresponding spectra of the ligand and the complexes

are shown in figure 15.
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Figure 15: UV-Visible spectra of Ligand and corresponding complexes.

To get a better insight in the UV-Visible spectrum of the metal complexes, detailed theoretical
calculations were performed in presence of solvent (DFT studies) and the results are depicted in
Table 5.

Table 5: Calculated optical transitions for complexes 1-3

Compound | Electronic | Composition | Excitation | Oscillator | Configuration | Assign Aexp iN
transition Energy(eV) | Strength Interaction nm (g in
() (Ch M-cm?)
So—>Sos H-7—>L+1 3.6278 0.0170 0.5942 ILLCT 350
(341 nm) (25395)
1
So—>Ss0 H-12—L+1 4.7605 0.3001 0.6102 ILLCT 261
(260 nm) (28450)
So—>S10 H-1->L+2 3.0260 0.0382 0.4101 ILMCT 410
(409 nm) (19200)
2
So—>S20 H-7->L 3.6214 0.0484 0.6425 IMMCT 338
(342 nm) (27000)
So—>S10 H-2—L 2.6795 0.0290 0.5535 ILLCT 463
(462 nm) (22350)
3
So—>Ss3 H-3—>L 3.6679 0.1376 0.5564 ILMCT 336
(338 nm) (36450)
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I11.4. CONCLUTION

To summarize, we have successfully synthesized a new dibenzofuran based tridentate O"N"O
donor ligand to generate mononuclear oxovanadium (V and 1V) complexes. The co-ordinating
behaviour of the ligand was used to synthesize three complexes bearing oxovanadium moiety
successfully with good yields and well characterized by single crystal X-ray diffraction studies
and spectral techniques viz. UV-Vis, IR, NMR, ESI-Mass etc. To support experimental values
DFT as well as TDDFT calculations were performed. The experimental findings presented herein
provide valuable insights into the planning of the preparation of strategically important complexes
in the field of oxidovanadium chemistry. Further research aimed at the synthesis of polynuclear

vanadium complexes using different polydentate ligands is currently under progress.
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A study of DNA/BSA interaction and catalytic potential of
oxidovanadium (V, IV)) complexes incorporating
dibenzofuran based O"N"O ligand.

ABSTRACT

The tridentate Schiff base ligand HzL1, [(Z)-3-((2-hydroxybenzylidene)amino)dibenzo[b,d]furan-
2-ol], synthesized by the typical condensation reaction of [3-aminodibenzo[b,d]furan-2-ol] with
salicyldehyde has been used in the present work towards the synthesis of mononuclear
oxidovanadium complexes. Three mononuclear oxidovanadium complexes [VOL:(OMe)],1;
[VO(L1)(8-HQ)], 2 and [VO(L1)(1,10-phen)], 3 have been successfully synthesized with high
yields using [VO(acac).]. 8-hydroxyquinoline and 1,10-phenanthroline were used as co-ligands in
the synthesis of complexes 1, 2 and 3. In this chapter we have discussed about the biological and
catalytic activity of the complexes 1, 2 and 3 (the synthesis, characterization and the DFT studies
are described in the previous chapter). DNA/BSA interaction study was performed using UV-Vis
spectroscopy, Fluorescence spectroscopy, circular dichroism, viscometer measurements, FRET
and Molecular docking study. It is revealed that the complexes bind with DNA through
intercalation resulting in shortening of DNA length. Among all the complexes, complex 3 shows
the strongest binding ability with DNA and the binding constant (Kp) was found to be 6.2 x 10°
M. Complex 2 showed highest binding affinity with the BSA protein (Kesa= 3.7 x 10°M?). The
energy transfers between BSA and the complexes are feasible in a static quenching interaction.
They were also proven to show bromoperoxidase activity with high conversion rate and enhanced

selectivity.
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1V.1. INTRODUCTION

Owing to the broad application of vanadium complexes in biological fields and catalysis it has
been a center of interest among many researchers over decades. * Vanadium has also been
recognized as an essential element in some living organism. “® Due to such occurrence
oxidovanadium complexes are often shows insulin mimicking activity, °*' various enzymatic
activity such as nitrogenase (V-Nase), **"** halo-peroxidase (VHPO) *>1" as well as anticancer and
antimicrobial activity.

DNA is the storehouse of genetic information which is needed for an organism to develop, survive
and reproduce. By using these information DNA plays a pivotal role to synthesis of proteins which
are complex molecules that affect different processes and functions in our body and has a strong
impact on our health. Thus DNA binding study is useful for the development of new therapeutic
reagents and drugs. Metal complexes bind with DNA mainly through covalent and non-covalent
interactions such as major and minor groove binding, intercalation and electrostatic interactions
'8 There is also a possibility that the interaction with metal complexes leads to the destruction of
DNA which in turn helps to destroy cancerous cells. *°

In biological fluids, there is a major contribution of serum albumin in circulatory system and has
importance in physiological and pharmacological functions. Bovine serum albumin (BSA) can be
taken as a model protein as it contains 76% sequence homology as Human serum albumin (HSA).
20 S0, BSA binding study with metal complexes is also important for the successful implementation
of drug delivery.

The present study consists of successful synthesis of three mononuclear oxovanadium complexes
bearing tridentate O”N”O schiff base ligand having dibenzofuran moeity. The binding ability and
nature of interaction of these complexes with DNA/BSA has been evaluated by absorption
titration, emission titration, circular dichroism, and viscosity measurements and Forster resonance
energy transfer (FRET) studies. Besides this, the complexes used here are able to show significant
bromoperoxidase activity with high yield in mono-bromo complexes. Molecular docking studies
were done for the better insight into the binding mechanism of oxidovanadium complexes with
DNA and BSA.
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1V.2. EXPERIMENTAL SECTION

A.Materials

Vanadyl sulphate was purchased from S D Fine-Chem Limited, Sodium salt of CT-DNA and
ethidium bromide were purchased from Sigma-Aldrich. BSA was purchased from sigma. Tris-
(hydroxymethyl)-aminomethane, 99.9% ultrapure grade was taken from Aldrich. 8-
Hydroxyquinoline was purchased from Alfa-Asser. Potassium Bromide was purchased from
Fischer scientific and Hydrogen peroxide (30% V/V) was obtained from Merck. Analytically pure
solvents and chemicals were used throughout the study. All the reactions with metal salt was
carried out under open air atmosphere.

Tris—HCI buffer solution was prepared from tris(hydroxymethyl)aminomethane hydrochloride and
pH adjusted to 7.4. The stock solution of ct-DNA was prepared by dissolving approximately 1-2
mg of ct-DNA fibres in 2.0 mL Tris—HCI buffer (50 mM) by shaking gently and stored for 24 h at
4°C. The concentration of ct-DNA in stock solution (2.0x107%) was expressed in monomer units,
as determined by spectrophotometry at 260 nm using an extinction coefficient (ep) of 6600 M

cm? [21].
B. Bromo-peroxidase activity

Catalytic oxidative bromination of salicylaldehyde: The oxidative bromination
reaction of salicylaldehyde in aqueous medium was performed by using complexes 1, 2 and 3
[salicylaldehyde (2.44g, 20.0 mmol), KBr (5.95g, 50 mmol), H.0; (15g, 120 mmol) and water
(40mL) were taken]. Complexes 1, 2 and 3 were used as three different catalysts which were added
with a constant amount of 0.015 g. To initiate the reaction, HCIO4 (4.02 g, 80 mmol) was added
and the mixture was stirred at room temperature. An additional 240 mmol of HCIO4 was added in
three equal portions at regular intervals of fifteen minutes. After 2h the reaction mixture was
extracted with dichloromethane, washed with brine (NaCl) solution and dried over anhydrous
Na>SOs. The products were analysed and identified by GC-MS.
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C. DNA binding studies

UV-Vis spectroscopy and Fluorescence spectroscopic study: UV absorption spectral
titration was done in the range 200-800 nm. The concentration of the complex (25uM) was
maintained constant initially and CT-DNA concentrations were varied from 0 to 140 uM and vice-
versa. EtBr fluorescence displacement assays were carried out using EtBr bound CT-DNA solution
(EtBr =10 uM and DNA = 100 uM) as the reference solutions. The excitation wavelength of EtBr
was 510 nm. The emitted fluorescence intensity was observed at 610 nm for EtBr at room
temperature. All the DNA experiments were performed in 50mM Tris-HCI buffer at pH = 7.4,

Viscosity measurements: Viscosity experiments were conceded on the Ubbelohde
viscometer at a fixed temperature (26+0.1°C). Complexes were added with a micropipette to the
DNA solution (10 umol-L—1). Flow time was recorded for the increasing concentration of the
compounds (0—10 M) and data were graphically presented as (#/50)"® versus the binding ratio of
the concentration of compounds to DNA. Where # was the viscosity of the DNA in the presence
of the complex and 7, was the viscosity of the DNA alone. The relative viscosity » was calculated
using the following equation 22

(t —to)

to

Where, t and t, represent the flow time of the buffer solution through the capillary and the observed
flow time for the DNA in the presence and absence of the complexes correspondingly. The mean

of replicate measurements was used to evaluate the viscosity of the samples.

Circular dichroism measurements: For the purpose of recording DNA CD spectra, an
JASCO spectropolarimeter was used in the presence and absence of the V(IV)/(V) complexes at
temperature 26°C, with a 0.1 cm path length quartz cell at a scan speed of 200 nm min™. In the
CD experiment, the spectral change of the protein was examined by recording the spectra of free

BSA (60 uM), upon successive addition of complexes 1, 2 and 3 (10 uM).
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D. BSA interaction studies

Fluorescence quenching study: A fluorescence quenching study was performed to
investigate the better interaction among BSA and complexes 1, 2 and 3. In this study, BSA
(6.06x10° M in 0.05M Tris-HCI buffer) was titrated by successive addition of the complexes. The
mixture was allowed to equilibrate for 5 min after each addition. The fluorescence spectra were

obtained from 300 nm to 470 nm using the excitation wavelength of 295 nm at room temperature.

Circular Dichroism (CD) Spectra: All CD spectra were recorded in the wavelength range
200 — 320 nm under continuous purging with nitrogen and a scan speed of 100 nm min—1. Here, a
fixed concentration of BSA (0.75 pM) was titrated with the increasing concentration of complexes
1,2 and 3 from 0 uM to 4 pM in Tris-HCI buffer solution of pH 7.4 at 26 °C. Each CD spectrum
was an average of three scans and the baseline correction was performed with Tris—HCI buffer

signal.

Forster Resonance Energy Transfer (FRET) study: Energy transfer between the
complexes and BSA can provide valuable information about BSA-complex binding. The
fluorescence quenching of BSA upon its binding to metal complexes can be deduced from energy
transfer between BSA and metal complexes. This energy transfer can be explained by fluorescence
resonance energy transfer (FRET) theory % FRET “known as Forster’s resonance energy transfer”
is an interaction between the excited molecule and its adjacent molecule, upon it; energy absorbed
by donor molecule is transferred to an acceptor ?*. According to this theory, energy transfer will
observe if: (1) the donor acceptor is less than 8 nm 2°. The distance (r) and efficiency of energy
transfer (E) between tryptophan residue of protein (BSA) and drug (complex) were calculated

using this theory through the following equation:

F RS
E=1_F_= 60
0 0+76

where Fo and F are fluorescence intensities of BSA in the absence and presence of complex,
respectively. Ro is the critical distance when the transfer efficiency is 50% and r is the distance

between donor and acceptor. Ro can be calculated by the following equation 2°:
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RS = 8.79x10% K2 N* ¢

In the above equation, the term K? is the orientation factor of the dipoles; N is the refractive index
of medium, J is the overlap integral of the fluorescence spectrum of the donor with absorption
spectrum of the acceptor, and @ is the fluorescence quantum yield of the donor. In general, K? =
2/3, N =1.336 and @ = 0.15 for BSA.

The value of J can be calculated as follows

_ XFe()A*A2
Y FWM)AA
Here, F(4) is the fluorescence intensity of the donor in the absence of the acceptor at wavelength

J and ¢ is the molar absorption coefficient of the acceptor at 4. In general, K? = 2/3, N = 1.336 and
® = 0.15 for BSA.

IV.3. RESULT AND DISCUSSION
Biological Activities

DNA interaction studies: DNA binding affinity of the complexes 1, 2 and 3 to CT-DNA was
determined by using UV- Visible spectroscopy, fluorescence efficiency measurements and circular
dichroism. The equilibrium binding constant (Ky) of the complexes to CT-DNA was calculated with
the aid of UV-Vis titration experiments . (Table 3 and Fig. 6) The ligand to metal charge transfer
transition bands were used to monitor the electronic absorption titration with the DNA. It is obvious
that if there is any interaction between the complex and DNA then perturbation in the spectral
transitions will occur. The addition of the CT-DNA to the complexes 1-3 exhibit hypochromic shift
in the LMCT bands with a small change in the Amax Values. The hypochromic shift mainly occurs
due to the interaction of the organic bases of DNA and chromophores attached with vanadium
complexes via intercalation mode of binding. The binding ability of the complexes to the CT-DNA
is reflected through the extent of hypochromism. Among all the complexes, complex 3 shows better
hypochromism with a small red shift of Amax value ~21nm. This bathochromic effect can be attributed
to the strong -7 stacking interaction ?® between the phenanthroline moiety of complex 3 and the
aromatic rings of DNA bases. The spectral change for complex 3 is depicted in Figure 1. Binding
constant (Kp) is a useful parameter to evaluate the binding capability of the complex to the DNA and

can be determined from the variation in the electronic spectra before and after the addition of DNA
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(20 uM) into the solution of complexes (0-100 uM) by applying Benesi-Hildebrand equation 2°°
given below:
Ay _ & 4 & 1
A—-Ay &, —& &,—&K,[DNA]

where Ao is the initial absorbance of free complex, A is the absorbance of the complex in the
presence of DNA, &r corresponds to the extinction coefficient of the complex in its free form
and ep refers to the extinction coefficient of the complex in the bound form. The plot
of Ao/(A — Ao) versus 1/[DNA] gives a straight line with an intercept of e/(eb — &f) and a slope
of /Kn(en — &f). The value of Ky is calculated from the ratio of the intercept to the slope. Table 1
shows the binding constant values of the DNA- complex interaction. Complex 3 shows strong
interaction with DNA as the binding constant (K, = 6.2 x 10°) is 100 to 1000 fold higher than other

two complexes.

=== complex3+10 mM
== complex3+20 mM
= complex3+30 mM
=== complex3+40 mM
== complex3+50 mM

0.5+ ‘ = complex3

Absorbance ——
S et =
o w -
L L L

=
—

0.0 —
300 320

o P T | 1x10°2x10°3x10" 4x10°5x10° 6x10°
Wavelength (nm) — 1/[DNA]

Figure 1: (Left) UV-Vis absorption spectral titration of complex 3 in presence of increasing
concentration of CT-DNA. (Right) The plot of Ao/ [A-Ao] vs. 1/[DNA] for calculation of Kb, (Ratio

of intercept to slope); plot for complex 3 is shown here.

Circular Dichroism study of DNA: CD spectral analysis is another significant method for
studying the modes of binding of metal complexes. A complex can bind with CT DNA through

major groove binding, minor groove binding, electrostatic interaction and intercalation. In the CD
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spectra, the B form of the CT DNA shows characteristic positive cotton effect at 275 nm for base
stacking and negative cotton effect at 245 nm for the helicity. In case of Intercalative mode of
binding, changes in both the positive and negative cotton effect are observed. In case of minor
groove binding and electrostatic interaction minor changes with either positive or negative cotton
effect is observed. To study the conformational change of CT DNA associated with the interaction
of a complex, CD spectral analysis was performed by incubation of oxidovanadium(V)/(1V)
complexes with CT DNA taking same concentration each. A significant change in intensity of both
positive and negative bands of CT DNA is observed which indicates the intercalative mode of
binding of double helical conformation of CT DNA with complexes 1, 2 and 3. *'Fig. 2 shows the

positive and negative cotton effect of complexes with CT DNA.

8 4

o 4

()]
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2> .

6 — DNA
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= ' Bonglard
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_'8 T l 1 I 1 l L] I

220 240 260 280 300
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Figure 2. Circular dichroism spectra of a mixture of 10 uM complex 1, 2 and 3 separately

containing CT-DNA 60 uM in 10 mM Tris-HCI buffer (pH 7.4).

Competitive binding experiments in the presence of Ethidium Bromide: Ethidium
Bromide (EB) has well conjugated aromatic system which can be applied as a fluorescence probe in
the study of competitive binding experiments of DNA with the synthesized Vanadium(V/1V)
complexes. The fluorescence intensity of EB is usually very weak in aqueous solution but it
increases to a significant extent when EB binds with DNA double helix through intercalation. So,
the competitive DNA binding experiment is an efficient tool to understand the binding behaviour of
the vanadium complexes with DNA. To prove whether the vanadium complex can displace EB from

the DNA helix, we have examined the fluorescence spectra of EB-DNA adduct in the presence of
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varying concentration of the complexes (0—100uM). The vanadium complexes under study are
feebly emitter. Complex 3 shows greater extent of quenching of the fluorescence intensity upon
addition of the complex into EB-DNA adduct whereas complexes 1 and 2 show a slight reduction
of fluorescence intensity. This quenching ability of the complexes depicts that they can displace EB
and binds with DNA double helix through intercalation mode of binding. Representing spectra of
complex 3 is shown in Fig.8 and Stern -Volmer constant and rate constant are calculated using linear
Stern—Volmer equation:

Fo/F=1+Kg[Q]l =1+ K70 [Q]
Here Fo and F are the fluorescence intensities in the absence and presence of the quencher (Q)
[Vanadium complex in this experiment] respectively. Kq is the bimolecular quenching constant and
7o is the lifetime of the fluorophore in the absence of the quencher (108 M for EB). The results are
included in Fig. 3 and Table 1.

7

1.2x10 1.6

. y=20.043x+1
g R’=0.995
£ 8.0x10
% 6.0x10
g 4.0x10
=

2.0x10]

50 500 550 7 0 2 4 5 6 8 10
Wavelength (nm) [Q]*1O (M)

Figure 3: Ethidium bromide displacement assay of complex 3

Table 1. Ky, Ksy, Kq values of complexes 1, 2 and 3 from complex-DNA interactions

Complex Binding Correlation Stern- Volmer | Quencher Correlation
constant (K,), | coefficient constant rate constant | coefficient
M (R?) (Ksv), M (Kq)® (R?)

1 8.1x10° 0.989 4.5x10° 4.5 x 10" 0.993

2 6.4 x 10* 0.982 1.5x10° 1.5x 10™ 0.987

3 6.2x 10° 0.998 43x10° 4.3 x 10 0.995
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Viscosity Measurements of DNA: Viscosity measurements of DNA is another important tool
to analyze the binding mode of compounds to DNA least ambiguous and effective way. Ethidium
Bromide (EB) is considered as a classical intercalation probe. When EB intercalates with the two
strands of DNA, a significant increase in viscosity of the DNA solution is observed due to an
increase in separation of base pairs at the intercalation sites. This leads to an increase in overall DNA
length. In contrast, partial, nonclassical intercalation of ligand could crook the DNA helix, resulting
in shortening of DNA length and concomitantly reducing its viscosity. The thickness of CT-DNA
increases with increase in the ratio of complexes to CT-DNA which is associated with the specific
intercalation binding mode. Fig.9. depicts the plot of (1/ no)*® vs [complex]/[DNA] where those
curves show the effective relative viscosity of all the complexes. In the plot, it is observed that EB-
DNA curve exhibits high viscosity whereas complex-DNA curves reduce the viscosity in the order
of complexes 3>2>1. Thus, it can be assumed that the CT DNA length is shortened in a nonclassical
way of intercalation mode of binding with the complexes.

1.4 —

Complex1

13 J Complex2

4 Complex3

1.2 - EB
<11 -
= 4
-= 1.0
~ -
£ 0.9 -
0.8 —
| ! | b | ! | d | b | Y
0.0 0.1 0.2 0.3 0.4 0.5
[compound]/[DNA]

Figure 4. Effect on relative viscosity (£0.1) of CT-DNA under the influence of increasing amount
of compounds at 26 £ 0.1°C in 5mM Tris-HCI bu.er (pH 7.4).
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BSA interaction studies

Fluorescence quenching studies: The interaction between small molecules and serum
protein is a significant characteristic of metal drug metabolism and can possibly effects the
biotransformation and the mechanism of action of the chemotherapeutic agents. Due to its
similarity with human serum albumin, BSA is often selected as a model protein to examine the
interaction of the small molecules with serum albumins. Three amino acid residues i.e.,
tryptophan, tyrosine and phenylalanine are mainly responsible for the intrinsic fluorescence
property of BSA. It exhibits tryptophan fluorescence at an excitation of 295 nm with an emission
maximum at 344 nm. When a complex bind with BSA, certain conformational changes in the
protein influences the fluorescence emission of the tryptophan residues of BSA. After gradual
addition of complexes into the solution of BSA, fluorescence intensity decreases at 345 nm which
indicates that the complexes interact with the BSA leading to some change in the tryptophan
moiety of BSA. For complex 1 and 3, the decrease in the emission intensity was drastic while for
complex 2 it was observed a gradual decrease in fluorescence intensity. In order to quantify the
mechanism of interaction of complexes with BSA, different binding parameters (Stern- VVolmer
Constant, Binding constant, kssa and number of binding sites, n) were calculated using Stern-

Volmer equation and Scatchard equation *2 respectively.

Fo/F =1+ K¢, [Q] Stern — Volmer equation

log [% - 1] = log kgs4 + nlog[Q] Scatchard equation

Here Fo and F are the fluorescence intensities of BSA in absence and presence of the complex
(Q), respectively. Kgsa is the binding constant of the complex to BSA and n is the number of
binding sites per albumin molecule. The following table shows the experimental results, which
reveals that complex 2 gives better results in terms of binding efficiency with protein which is also
reflected from the Ksy value as well as the value of binding stoichiometry with the BSA. Complex
2 is showing binding stoichiometry 1:1.41 which is much greater than the other two complexes
(0.68 and 0.89 for complex 1 and 3 respectively). The results are depicted in Table 2 and Figure
5.

[89]



6.0x10

300

:g:: +10 mM 117
= BSA +20 mM
—t 114
e BSA +50 mM
= BSA +60 mM
——BSA +70 mM L 1.11
\O g
L 108
1.09
355 350 375 400 425 000 002 _2-04 0.06
Wavelength (nm) — [Q]*10° (M)

0.08

Figure 5. Fluorescence emission spectra of BSA in the absence and presence of increasing

amounts of complex 2 at 298 K (left). Corresponding linear fit of Fo/F vs. [complex] and the Ksy

value was calculated using Stern-Volmer Equation (right).

Table 2. Binding parameters of BSA using fluorescence quenching

Complex Stern-Volmer Quenching Binding Number of
constant, Ksy, Kz_qu[fmt’ K, | constant, binding sites
(M%) (M7s7) Kesa, (M7) (n)
[VO(L1)(OMe)] 1.02 x10° 1.02 x 108 5 x 10 0.68
Complex 1
[VO(L1)(8-Ha)] 1.6 x 10° 1.6 x 10" 3.7 x 10° 1.45
Complex 2
[VO(L1)(1,10-phen)] | 1.2 x 10° 1.2 x 10*® 4 x10° 0.89
Complex 3

Circular dichroism spectral studies of BSA: Circular dichroism (CD) spectroscopy is a

sensitive technique to monitor the secondary structural change of protein upon interaction with

small molecules. The CD spectra of BSA in the absence and presence of V(V)/(1V) complexes are

shown in Fig. 12. BSA exhibits two negative bands at 208 and 222 nm in the UV region due to the

n — T1t* transition for the peptide bond of a- helix. Due to the interaction of BSA with complex 1

and 2 the intensity of the negative bands at 208 nm and 222 nm increases whereas for complex 3

the intensity of bands slightly decreases without any shift of wavelength. The results of CD spectra
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obtained are analyzed in terms of mean residue ellipticity (MRE, deg cm?dmol — 1) according to

(Eq. (1)). The percentage of a-helical content is calculated using (Eq. (2)).

Oobs

M RE(deg.cmZ.dmOl-l) = m

(Eq.1)
where Bobs is the observed ellipticity in milli-degrees at 208 nm, n is the number of amino acid

residues, | is the path length of the cell, and C, is the molar concentration of the protein. The values
of n are taken as 583 for BSA [33]. The a-helical content is then calculated from the expression

below:

—(MRE222-2340)
30300

The estimated a-helix content in native BSA is found to be, which is in good accordance with the

% a-helix = x 100 (Eq.2)

literature value. The decrease in the a-helix content is observed from ~60.5% in the native BSA
to ~48.30% and ~51.00 % in presence of complexes 1 and 2 respectively, which indicates the
destruction of a-helix structure of BSA. It is very interesting that, complex 3 shows increase in a-
helix content to ~62.00 % which indicates that it binds with BSA amino acid residues. Fig. 6

shows a complex-induced perturbation of the secondary structure of BSA.
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Figure 6: Circular dichroism spectra of a mixture of 10 uM complex 1, 2 and 3 separately

containing BSA 60 uM in 10 mM Tris-HCI buffer (pH 7.4).
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FRET study of the complexes with BSA:

The overlap integral of BSA fluorescence emission and electronic spectra of complexes 1-3 are
shown in Fig. 7, where the concentrations of BSA and complex were kept same (c = 2 x 10° M).
The values of all the energy transfer parameters are evaluated for the BSA-complex interaction
and summarized in Table 3. According to the Forster resonance energy transfer theory, the binding
sites r must be within the range of 2-8 nm in a state where 0.5Ro <r < 1.5Ro. The values of r (r =
3.35- 4.25) for all the complexes are less than 8 nm and suggesting that the energy transfer from
BSA to the complexes occurs with high probability. The values obtained from the study also

suggests the presence of static quenching interaction of BSA with complexes.

0.8 0.8-
J complex 1 complex 2
0.6 0.6
N 0.4 [z
§ S 044
£ =
0.2 -
0.2
0.0 T T T 1 T T T 1
300 350 400 450 500 300 350 400 450
Wavelength(nm) Wavelength(nm)
0.8 4
complex 3
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=
[72]
S
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=
0.2
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Wavelength(nm)

Figure 7. FRET between BSA and complexes 1, 2 and 3. The normalized donor emission spectra
is shown in red, the acceptor molar extinction coefficient spectrum is shown in black, and the aqua

blue shaded area represents the spectral overlap.
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Table 3: FRET Parameters for the BSA—Complexes 1, 2 and 3 at 26 °C

Protein Probe Jem®L.MOL?) | Ro(nm) E r(nm)
BSA Complex 1 6.55x1014 4.74 0.66 4.25
Complex 2 7.80%x1014 3.59 0.24 3.22
Complex 3 9.90x10 3.74 0.61 3.35

Docking Studies: Docking is a computational tool used for three purposes: 1) to find new
pharmacophore 3 2) to identify target bio-macromolecules *°, and 3) to understand the relation
between small-molecule and macromolecules through different non-covalent interactions . Here,
the study was performed to find the behavior of complexes 1-3 with CT-DNA and BSA protein.
All the results of binding energy are summarized in the Table 4. It was found that the complex 3
bind most strongly with DNA, where complex 2 showed highest binding affinity with the BSA
protein and their binding energy are -7.08 and -7.59 kcal/mole, respectively. The order of the
binding affinity of the complexes with CT-DNA and BSA protein are 3>2>1 and2>3>1,
respectively. The results matches well with the experiment.

Table 4: Binding energy of complexes 1-3 with CT-DNA and BSA

Entry | Complex-CT-DNA | AG°® (kcal/mol) Entry Complex-BSA AG® (kcal/mol)
1 Complex 1 -6.05 1 Complex 1 -7.11
2 Complex 2 -6.55 2 Complex 2 -7.59
3 Complex 3 -7.08 3 Complex 3 -7.31
Complex 1 Complex 2

Figure 8: Docking pose of complex 1 and 2 with CT-DNA.
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Figure 9: Docking pose of compound 1 and 3 with BSA.

The complex 3 was found to be minor groove binder to the CT-DNA. Here, the wide 3-
aminodibenzo[b,d]furan-2-ol moiety is involved as key in the binding process(Figure 10). The
sugar CH, of DNA base C21 with V=0 and aromatic CH with phosphate O interacted through
non-conventional H-bond. The phosphate ion of T7, T8, and C21 interacted with the complex 3

through =...anion interactions.

In the case of BSA, dibenzo[b,d]furan moiety of 2 play a major role in the binding process. The
compound bind at the hydrophobic pocket present at the surface of the protein (Figure Xb) with
the help of dibenzo[b,d]furan moiety. The molecule use hydrogen bonding and different n-stacking
interactions for binding process. The amino acid residues L115, D118 showed hydrogen bonding
with V=0 and O attached to dibenzo[b,d]furan. The n-stacking interaction by L115, L122, K136,
and Y160 with long n-surface of dibenzo[b,d]furan unit was observed and CH...n and amide...n

interactions was observed with K116.
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Figure 10: Docking pose of (a) compound 3 with CT-DNA and (b) compound 2 with BSA

Oxidative bromination of salicylaldehyde: Bromoperoxidase activities

Vanadium complexes are known to act as efficient model system for vanadium dependent halo-
peroxidases. Vanadium is present as co-factor in naturally occuring haloperoxidase. It is quite
logical to assume that the complexes may catalyse the bromination reactions of different organic
molecules in presence of H,O, and bromide anion.®’ In the present study oxidative bromination of
salicylaldehyde is carried out in presence of synthesized vanadium complexes (15 mg) as catalysts
in presence of H>O2 (120 mmol) and Water (40 mL) in each case. The catalytic oxidative
bromination reaction produces three compounds viz. 5-Bromosalicylaldehyde, 3,5-dibromo
salicylaldehyde and 2,4,6-tribromophenol as the end products. The addition of HCIO4 is done in

four equal portions during the progress of the reaction, which is found to be necessary to prevent
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the decomposition of the complex and to maximize the conversion of the substrate and to maintain
optimum pH of the solution. Using similar reaction conditions, maximum 99 percent conversion
is accomplished with complex 1 giving mono-bromo derivative as the main product. Selectivity
order is as follows; 5-Bromosalicylaldehyde (77%)> 3,5-dibromosalicylaldehyde (23%)> 2,4,6-
tribromophenol (1%). Complex 2 and 3 possess moderate conversion to dibromo derivative (56%
and 67% respectively) as the main product. It is also observed that, if complex 2 was used in the
bromination reaction; 2,4,6-triboromophenol was formed as bromination product with low yield
(8%).Table 5 provides the percentage conversion of salicylaldehyde and selectivity of the products
formed using equivalent reaction conditions for complexes 1, 2 and 3. Interestingly, when the
reaction is performed in the absence of catalyst, the reaction mixture gave very low conversion of
salicylaldehyde with the selectivity order of the products as: 5-Bromosalicylaldehyde (86%)> 3,5-
dibromosalicylaldehyde (28%)> 2,4,6- tribromophenol (13%).

OH OH OH
OH
CHO c¢atalyst CHO Br CHO  Br Br
- > + +
KBr/Hzoz/HClO4
Br Br Br

Scheme 1: Oxidative bromination of salicylaldehyde with vanadium complexes as catalyst.

Table 5: Different experimental findings of bromination reaction by vanadium complexes:

Complex KBr H-0, HCIO, | Complex | H,O % TON | TOF % Selectivity
(g,mmol | (g,mmol | (g,mmol as (mL) | Conv. (hh)
) ) ) catalyst
@ _ _
Mon | Di- Tri-
0 bro | bromo
bro | mo
mo
1 5.95, 15, 120 4.02, 0.015 40 99 2718 | 678 77 23 1
50 80
2 5.95, 15, 120 4.02, 0.015 40 99 3135 | 783 81 56 2
50 80
3 5.95, 15, 120 4.02, 0.015 40 99 3142 | 786 79 67 8
50 80
Blank Reaction 0.000 34 86 28 13
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IV.4. CONCLUSION

To summarize, we have successfully synthesized a new dibenzofuran based tridentate O"N~O
donor ligand to generate mononuclear oxovanadium (V and 1VV) complexes. The co-ordinating
behaviour of the ligand was used to synthesize three complexes bearing oxovanadium moiety
successfully with good yields and well characterized by single crystal X-ray diffraction studies
and spectral techniques viz. UV-Vis, IR, NMR, ESI-Mass etc. To support experimental values
DFT as well as TDDFT calculations were performed. The complexes under present work show
significant interaction with DNA and BSA. Intercalative mode of strong binding affinity is
dominated by complex 3 whereas strong interaction with BSA a-helix is observed by complex 2.
UV-vis and fluorescence spectroscopy as well as fluorescence quenching experiments are
performed to establish the intercalation of the title complexes with DNA and also BSA interaction
activity. The presence of n—r stacking stacking interaction between the aromatic moeities of the
complex and aromatic bases present in DNA is also proved my several experiments. Model
catalytic bromination reaction of an aromatic aldehyde, salicylaldehyde was performed using the
oxovanadium complexes to establish the halo-peroxidase mimicking activities of those. The
experimental findings presented herein provide valuable insights into the planning of the
preparation of strategically important complexes in the field of oxidovanadium chemistry. Further
research aimed at the synthesis of polynuclear vanadium complexes using different polydentate

ligands is currently under progress.
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Synthesis of Novel Oxidovanadium Complexes containing
Coumarin and Naphthalene moiety: Bromoperoxidase
activity and DNA/BSA binding Study.

ABSTRACT

Two tridentate Schiff base ligands, L1 and L have been introduced in this current work towards
the synthesis of mononuclear oxidovanadium complexes with a co-ligand 1,10-phenanthroline.
Two mononuclear complexes [VO(L1)(1,10-phen)], 1; and [VO(L2)(1,10-phen)], 2 have been
effectively synthesized with high yields by reacting with [VO(acac).] in 1:1 ratio in methanol
under refluxing condition. Where 1,10-phenanthroline was used as co-ligands in the synthesis of
complexl and2. X-ray crystallographic studies unveil the structure of the complexes where
ligandsLiand L2bind with vanadium in O*N”O coordinating fashion. The synthesized complexes
were well characterized by using UV-Vis, IR, NMR and Mass spectral techniques. The
physiochemical properties have been well interpreted by density functional theory (DFT) and time
dependent density functional theory (TDDFT) calculations.The mimicking of vanadium
haloperoxidase was investigated by the bromination of the organic substrate phenol red by
vanadium complexes in the presence of bromide and H,O, and rate of the reaction is 2.68 x 10?
(mol/L)? s .The DNA and BSA protein binding interaction of vanadium complexes have been
explored by UV-Vis and fluorescence spectral methods and viscosity measurements reveal that
the complexes interact with CT-DNA through intercalation mode and follows the order
[VO(L1)(1,10-phen)](2.71x10*>[VO(L2)(1,10-phen)](9.67x10%) .The complexes exhibit binding

interactions with BSA protein.

[101]



V.1. INTRODUCTION

The chemistry of vanadium has been a great deal of attention for several decades due to its rich
presence in bio organisms as important enzymes like vanadium nitrogenase * and haloperoxidases
24, Vanadium also acts as essential biometal and is known to have several anti-diabetes, anti-
parasitic, anti-viral, anti-tuberculosis, and anti-cancer properties which assist in propagation of
biomedical science °’. Scientists have put an effort in mimicking the vanadium containing
biomaterials which helped in understanding the mechanism behind oxidative transformations.
Vanadium dependent enzymes like vanadium haloperoxidase (VHPO) which is often found in
marine microorganisms are important due to their catalytic property 81° towards halogenation of
organic compounds such as organic sulphides and alcohols. The peroxidative bromination is an
important route for the biosynthesis of many natural brominated organic compounds 3, Thus,
the development of novel vanadium based complexes mimicking VHPO is worth of active
research. Besides this, higher oxidation vanadium complexes show prodrug properties in various

biological media.

Bio active compounds like coumarin ** and hydroxy-naphthaldehyde are used in the ligand
architecture in this study to create a bio friendly atmosphere around the metal center. Specially,
coumarins are well known for their anti-inflammatory, anticoagulant, antibacterial, antifungal,
antiviral, anticancer, antihypertensive, antituberculous, anticonvulsant, antiadipogenic, and
antihyperglycemic pharmacological activities, as well as its antioxidant and neuroprotective

actions. Coumarins are found in many medicinal plants and their derivatives are thermally stable.

On the other hand, DNA is assumed to be the primary target for cytotoxicity *°. The vanadium
metal complexes bind with DNA mainly through covalent and non-covalent interactions such as
major and minor groove binding, intercalation and electrostatic interactions *°. There is also a
possibility that the interaction with various metal complexes leads to the destruction of DNA which
in turn helps to terminate the cancerous cell. In biological fluids, there is a major contribution of
serum albumin in circulatory system and has importance in physiological and pharmacological
functions. As Bovine serum albumin (BSA) contains 76% sequence homology with Human serum
albumin (HSA), ' it can be taken as a model protein. So, BSA binding study with metal complexes

is also important for the successful implementation of drug delivery.
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The present study consists of successful synthesis of two mononuclear oxidovanadium complexes
consisting of tridentate O"N”O schiff base ligands having dibenzofuran moeity. The crystal
structures of the complexes are confirmed through X-ray crystallography. The binding ability and
nature of interaction of these complexes with DNA/BSA has been evaluated by absorption
titration, emission titration and viscosity measurements studies. Moreover, the complexes used
here are able to show significant Bromoperoxidase activity with high yield in phenol red to
bromophenol blue formation.

Here, we also present a full density functional theory (DFT) and time-dependent density
functional theory (TDDFT) studies to get better understanding of the geometry, electronic
structure and optical properties of these complex molecules, with good accuracy. Geometry
optimizations of the singlet ground-state were carried out by means of DFT calculations. TDDFT
calculations of several singlet states have been performed to gain a better insight on the electronic
origin of the absorption spectra.The theoretically obtained results and experimental findings are
found to be in good agreement.

V.2. EXPERIMENTAL SECTION

A. Materials

Vanadyl sulphate was obtained from S D Fine-Chem Limited, 4-Methylumbelliferone,2-
hydroxynapthaldehyde and 1,10-Phenanthroline were bought from Sigma- Aldrich.p-napthol and
potassium Bromide was purchased from Fischer scientific and Hydrogen peroxide (30% V/V) was
obtained from Merck. Sodium salt of CT-DNA and ethidium bromide were purchased from Sigma-
Aldrich. BSA was purchased from sigma. Tris-(hydroxymethyl)-aminomethane, 99.9% ultrapure
grade was taken from Aldrich. HPLC water and phenol red indicator were purchased from Merck.
The metal precursor [V'VO- (acac),] was prepared as said by standard procedures described in the
literature ‘% 1-aminomethylnapthalen-2-ol and 7-hydroxy-4-methyl-2-oxo-2H-chromene-8-
carbaldehyde was prepared by literature reported methods 2°2*. Analytically pure solvents and
chemicals are used throughout the study. All the reactions with metal salts are carried out under

open air atmosphere.
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B. Preparation of Compounds

Ligands (L1 and L;)

The aminomethylnapthalenol based Schiff base compounds, (L1 and L2) were synthesized by the
condensation of 1-aminomethylnapthalen-2-ol in methanol with their respective aldehydes (2-
hydroxy-1-napthaldehyde for Li; and 7-Hydroxy-4-methyl coumarin for L) in equimolar
proportions. The targeted light yellow Schiff base compounds (L1 and L) were filtered, washed
with mother liquor, and dried over CaCl,. Elemental analysis and *H NMR and IR data for both

the compounds verified their composition. Characterization of L1 and L is listed below.

L1 Yield: 2.61g (80%), *H NMR (CDCls, 400 MHz): & 14.216 (s, 1H); 10.310 (s, 1H); 9.364 (s,
1H), 8.198-6.587(m, 12H), 5.284 (s, 2H, for —CH>), Elemental anal. calcd. for C22H17NO2: C,
80.71; H, 5.23; N, 4.28, 0, 9.77. Found: C, 80.69; H, 5.25; N, 4.26, O, 9.79. IR (KBr, cm™): v (O-
H): 3047; v (imine C=N): 1619, 2540 (-CHy).

L.. Yield: 2.5g (70%), *H NMR (CDCls, 400 MHz): & 10.35 (s, 1H); 9.09 (s, 1H); 8.13 (s, 1H),
7.84-7.52 (m, 5H), 7.33 (s, 1H), 7.25 (d, 1H, J=8.8 Hz),6.68 (s, 1H)6.48 (d, 1H, J= 9.2Hz), 6.11
(s, 1H), 2.48 (s, 3H, for —CH3), Elemental anal. calcd. for C22H17NOa4: C, 73.53; H, 4.77; N, 3.90,
0, 17.81. Found: C, 73.48; H, 4.69; N, 3.95, O, 17.84. IR (KBr, cm™): v (O—-H): 3047; v (imine
C=N): 1634, 2506 (-CH>).

Complexes

[VVO(L1)(1,10-phen)], Complex 1: [V'VO(acac),] (1.33g, 5 mmol) was added to the hot
solution of the ligand L1(1.64g, 5 mmol) in methanol (10mL). The mixture was heated under
refluxing condition for 2h. Then 1,10-phenanthroline (0.75g, 5 mmol) was added to the resulting
clear light green coloured solution and stirred for 6h and the colour changed to deep red which
was kept in air for slow evaporation. After a day red crystals suitable for X-ray diffraction analysis
were generated. Yield: 1.23 g (79%). Elemental anal calcd for CssH23N3O3V: Theo: C, 71.33; H,
4.05; N, 7.34, O, 8.38. Found: C, 71.29; H, 4.02; N, 7.36; O, 8.39. IR (KBr, cm™?): v (O-H): 3034
(crystal associated MeOH moiety); v (imine C=N): 1617, 956 (V=0 stretch).
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[VIVO(L2)(1,10-phen)]. Complex 2: [V'VO(acac)2] (1.33g, 5 mmol) was added to the hot
methanolic solution of Ligand (L2) (1.5g9, 5 mmol) after that 1,10-phenanthroline (0.73g, 5
mmol) was added and heated under refluxing condition for 8h. The deep red coloured solution
was appeared and kept for slow evaporation. Red coloured crystals suitable for single crystal
X-ray diffraction analysis were obtained. Yield: 0.36g (75%) Elemental anal. calcd. for
Cz4H23N30sV: C, 67.55; H, 3.83; N, 6.95, O, 13.23, Found: C, 68.98; H, 3.95; N, 6.35; O,
12.12;.1R (cm-1): v (imine C=N): 1622, 1599 (lactone), 963 (V=0 stretch).

C. X-Ray Structure Determination

The single crystals suitable for X-ray crystallographic analysis were obtained by slow evaporation
of methanolic solution of the complexes. A summary of crystal data and refinement details for
complex 1 and 2 is provided in Table 1. The X-ray intensity data were collected on Bruker AXS
SMART APEX CCD diffractometer (Mo K,, A =0.71073 A) at 293 K. The detector was placed at
a distance 6.03 cm from the crystal. Total 606 frames were collected with a scan width of 0.3° in
different settings of ¢. The data were curtail in SAINTPLUS %2 and empirical absorption correction
was applied using the SADABS package *°. Metal atoms ware located by Direct Method and the
rest of the non-hydrogen atoms were emerged from successive Fourier synthesis. The structures
were refined by full matrix least-square procedure on F2. All non-hydrogen atoms were refined
anisotropically.

All the calculations were done using the SHELXTL V 6.14 program package ?*. Molecular
structure plots were drawn using the Oak Ridge thermal ellipsoid plot (ORTEP) ?°. The CCDC
numbers are 1944354 and 2129106 for the complex 1 and 2 respectively.

D. Physical Measurements

All physical measurements that included elemental analysis, IR, *H NMR, Absorption spectra,

ESI mass spectra, emission spectra, were done as described in Chaptrer 1.
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Table 1: Crystal data and structure refinement parameters of complexes 1 and 2:

Complex 1 Complex 2
Formula CasH26N4O4V  Cazs HazN3OsV
M, 604.53 606.49
Crystal system  monoclinic triclinic
Space group C1l2c1 P-1
al A 27.642(2) 8.9472(11)
b/ A 14.4783(11) 9.4068(11)
o A 14.9790(11) 16.764(2)
/° 90.00 93.790(3)
p/° 90.559(2) 99.542(3)
y/° 90.00 92.294(4)
v/ A3 5994.5(8) 1386.5(3)
Z 8 2
Deated /g cm’ 1.373 1.453
w/mm™ 0.379 0.409
0/° 2.086- 27.127 2.173-27.494
TIK 273(2) 273 (2)
Reflns collected 6614 6354

RY, WR?
[I>20(D)]

GOF on F?

0.0746, 0.1686

0.998

0.0685, 0.2019

0.996

RL=Z| |Fol- [Fel [12] Fol.®wWR2 = [S[W(Fe? - F&)?] / Z[w(Fe2)*]]*
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V.3. RESULT AND DISCUSSION
1. Synthesis

The ligand, Liand L>was synthesized in two steps. Initially, amino-methylation of naphthalene-
2-ol was carried out to form 1-(aminomethyl)naphthalene-2-ol hydrochloride by using 2-chloro-
N-hydroxymethylacetamide in dry ethanol solvent and concentrated HCI at refluxing condition.
Finally, condensation reaction was performed between 1-(aminomethyl)naphthalene-2-ol
hydrochloride and 2-hydroxynaphthalaldehyde forming ligand (L:) and between 1-
(aminomethyl)naphthalene-2-ol hydrochloride and 4-methyl-7-hydroxy coumarin forming ligand
Lo.

2-Chloro-N- CH,;NH, HCI
hydroxymethylaceta

OH OH
mide O
EtOH , HCI

1-(aminomethyl)naphthalen-2-ol hydrochloride

Scheme 1a: Synthesized method for 1-(aminomethyl) naphthalene-2-ol hydrochloride.

____(]H
.
CHsNH; HCI CO ™
_OH - 0OH
MeOH, Reflux,8h }, '\

Scheme 1b: Synthesized method for ligand (L1). L1

[107]



H;C

CH;

MeOH, Reflux,8h

QQ

L2

Scheme 1c: Synthesized method for ligand (L>).

The stoichiometric reaction of L;and L, with [VO(acac).] and the co-ligand 1,10-phenanthroline
in methanol produces compounds 1 and 2. The synthesized ligand and complexes 1 and 2 (Scheme
2) were well characterized using different spectral techniques (UV, NMR, IR, Crystal Structure

etc). In 1 and 2, the altering binding sites produced V(1) complexes.

=

N

OH

L1

O

A O\L/N/ \

o

Complex 1

CH,

$

OH

o M o= S

025 o |

[ \N{>V\\C8
7 N\

’ @O

L2

—

Complex 2

Scheme 2: The tridentate ligands and the synthesized complexes.
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2. Characterization

Infra-red spectroscopy: The IR spectra of the ligand and its corresponding metal complexes
were recorded in a KBr disk. The IR data of the ligand and the complexes were documented in the
experimental section. In L, sharp peaks appeared at 1619 cm™ and at 3047 cm™ which clearly
proves the presence of imine (C=N) bond and free OH group and the peak at 2540 cm* indicates
the —CH, group. In L, peaks appeared at 1634 cm?, 3047 cm™ and at 2506 cm™ which aproves
the presence of imine (C=N) bond, free OH group and the —CH> groups respectively. All the
vanadium complexes exhibited spectral bands in the range of 1630-1620 cm™ arising from the
stretching vibrations of the imine moiety. The spectral bands in the range of 1000 cm™- 850 cm
lindicates the presence of V=0 bond in the Vanadium (IV) complexes.The relevant electronic

spectra are depicted in (Fig. 1).

S -
? Complex 1 954 Complex 2

904

85 904

%T 80 0
4T g |

75

704 80 1622 cm’
963 cm’
65
LA R A B AN B R RS R AL A 7 +rr1trT1T 1711
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
¥ -1
Wavenumber (cm ) \\avenumhcr(ﬂn")

Figure 1: IR spectrum of complex 1 and 2.

NMR Spectra of ligand: Both the ligands L1 and L are diamagnetic in nature and show well
determined NMR spectra in CDClIs solution. The spectral data are given in the experimental
section. The NMR peaks are assigned on the basis of the intensity and spin—spin splitting pattern.
The appearance of singlet peaks at 14.216 and 10.310 ppm for L; which disappears upon the
addition of D20 approves the presence of phenolic hydrogen. A singlet corresponding to the imine

hydrogen atom was observed at 9.364 ppm and 5.284 ppm for the —CH> group in the ligand (L1).
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In L> also shows characteristics peak at 10.35, 9.09 and 8.13 ppm approves the phenolic —OH
hydrogen and the imine hydrogen atom respectively. The singlet peak appeared at 2.48 ppm for
the three hydrogen of coumarin moiety. Both the complexes are paramagnetic in nature for that
reason EPR is done. The NMR data are shown in SI (Fig. S5-S6).
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Figure 2: 'H NMR spectra of ligand 1 and 2.
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EPR spectra of complexes: Both the complexes (1 and 2) exhibit one unpaired electron due
to the presence of vanadium metal in it’s +IV oxidation state. Generally, the paramagnetism
corresponds to 3dx,* configuration. Both the complexes are EPR active in CH,Cl. solution at room
temperature and the representative spectrum of the EPR study is given in Fig 3. The average
hyperfine splitting for complex 1 is 95.28 G and central field g-value is 1.9682 and for complex 2
is 95.37 G and central field g-value is 1.9882 with line width of 2.09 mT,

T ¥ T i L] ¥ Al = Ll & r v T T T T 1
1.6 1.8 2.0 22 24 1.8 1.9 2.0 2.1 2.2 23

g value g value

Figure 3: EPR spectrum of complex 1 and 2 in DCM/Toluene.

Crystal structure: The molecular structures of the complexes [VO(L1)(1,10-phen)], 1 and
[VO(L2)(1,10-phen)], 2, have been resolute by using single crystal X-ray diffractometer. The

molecular structures of 1 and 2 are shown in Fig.4.

Complex 1 crystallizes in the monoclinic crystal system with C 2/cspace group. Here the ligand
binds with the metal centre asan O"N"O coordinating dianionic ligand in tridentate mode. The
ligand possesses two phenoxide groups and imine nitrogen, which are directly bound to the metal
centre in a meridional fashion. The fourth coordination site of vanadium is occupied by oxo oxygen
atom. The remaining two vacant coordination sites of vanadium are occupied by N,N-didentate
1,10-phenanthroline moiety owing to the formation of distorted octahedral geometry 26", The V1-
01 bond length (1.587 A) characterizes the presence of V=0 moiety. Complex 2 also crystallizes

in the triclinic crystal system with space group P -1. Here also the six coordination sites of the
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metal were occupied in the similar fashion. The metal complex thus attains distorted octahedral

geometry as in the previous case.

Figure 4: ORTEP plot of complex 1 & 2, showing essential numbering; H atoms and solvent
moiety are omitted for clarity.

Geometrical studies: Geometrical optimizations for complexes 1 and 2 are performed in
presence of solvent. The main geometrical optimized parameters (Bond length and bond
angle) of complexes 1, and 2 are given in the (Table 2). The optimized geometry reveals
that the complexes have a distorted octahedral arrangement around the vanadium (V) metal
centre. The optimized structures of these complexes are in good agreement with the
experimentally observed structures and results, which were determined using single crystal
XRD studies. A slight variation in structural parameters may occur due to crystal lattice

distortion in real molecules %2,

- ,;“O’J ’?: 2o
JI".J " J, ’_‘,‘*J 'J‘ ‘,’J
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Complex 1 Complex 2
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Table 2: Optimized and experimental geometrical parameters of complexes 1 and 2.

Bond Length (A)
Complex 1 Complex 2

Bond type Expt. Theo. Bond type Expt. Theo.

V1-01 1.971(3) 1.971 V1-02 1.983(2) 1.982

V1-02 1.971(3) 1.971 V1-04 1.950(2) 1.949

V1-03 1.593(2) 1.593 V1-05 1.593(2) 1.592

V1-N1 2.048(3) 2.047 V1-N1 2.072(2) 2.072

V1-N2 2.357(3) 2.357 V1-N2 2.359(3) 2.359

V1-N3 2.130(3) 2.129 V1-N3 2.143(3) 2.143

C12-N1 1.292(4) 1.271 C1-N2 1.286(4) 1.285

Bond angles (°)
Complex 1 Complex 2

Bond type Expt. Theo. Bond type Expt. Theo.
01-V1-02 163.17(11) 163.175 05-V1-02 102.07(13) 101.992
01-V1-03 98.32(13) 98.329 05-V1-04 101.49(13) 101.555
01-V1-N1 88.65(11) 88.702 04-V1-02 156.40(11) 156.420
01-V1-N2 81.77(10) 81.755 02-V1-N1 86.08(9) 86.108
01-V1-N3 91.04(10) 91.014 02-V1-N2 76.57(10) 76.570
02-V1-N1 87.04(11) 86.990 02-V1-N3 87.99(9) 87.956
02-V1-N2 81.80(11) 81.815 04-V1-N1 89.09(9) 89.105
02-V1-N3 87.74(11) 87.764 04-V1-N2 80.92(10) 55.897
03-V1-02 98.50(13) 98.492 04-V1-N3 92.20(9) 92.198
03-V1-N1 103.68(12) 103.649 05-V1-N1 98.86(12) 98.770
03-V1-N2 168.80(11) 168.833 05-V1-N2 165.54(12) 165.560
03-V1-N3 95.38(12) 95.419 05-V1-N3 92.57(12) 92.657
N1-V1-N3 160.79(11) 160.770 N1-V1-N2 95.42(10) 95.477
N1-V1-N2 87.53(10) 87.518 N1-V1-N3 168.01(10) 168.001
N2-V1-N3 73.43(10) 73.423 N3-V1-N2 73.04(10) 72.979
C12-N1-V1 127.2(3) 127.237 C1-N1-V1 127.7(2) 127.826

The V-N and V-0 bond lengths are in the range of 1.56-2.50 A in both the theoretical
calculation and experimental observation. A partial molecular orbital diagram with the
HOMO and LUMO for all the three complexes is shown in Fig. 5. In the ground state (S0),
the HOMO of complexes 1 and 2 are quite similar in energy. But we can see the variation
in the energies of LUMO for the complexes in their ground state. The LUMO of complex
1 is energetically much higher than complex 2. The HOMO - LUMO energy gaps in the
complex 1is 3.22 eV and for complex 2 is 3.14 eV. The corresponding orbital contribution

for the two complexes is given in ESI (Table 3). The electron density in the HOMO of the
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complex 1 mainly resides on the (iminomethyl)-napthalenenol moiety and a few electron
densities on the napthalaldehyde moiety and in case of complex 2 the electron density
resides equally on (iminomethyl)-napthalenenol and coumarin moiety. On the other hand,
for the LUMO, the electron density mainly resides on the vanadium centre and the
phenanthrolene moiety for both the complexes. This data depicts a very low density around

the metal centre.
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Figure 5: Partial molecular orbital diagram with the HOMO and LUMO for the complexes.

UV-Vis spectra and DFT studies: The UV- Visible spectral behavior of the ligands and its
corresponding complexes were recorded in methanol. The spectral parameters with the
experimental molar extinction coefficient (g) value of all the compounds are listed in Table 2The
Ligand 1 and ligand 2 show characteristic peaks in the range of 300-420 nm. The peaks near 300
nm arise due to intramolecular n—n* transitions and peaks near 418 nm is responsible for n—n*
transition. The complexes 1 and 2 display strong peaks at 406 nm and 325 nm respectively having

molar extinction coefficient in the range of 35000 — 61000 M*cm™.
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Table 3: Optimized geometries, HOMO-LUMO contour plots of metal complexes at the

B3LYP/6-31G* level.

Complex 1 Complex 2

Optimized 2 . 3 2
. . - > .

geometries at cedoe | *‘f,:», ,.’.;t 2o ,,3;33:
the 20,3022, o el Nt i
B3LYP/631G* Cole et .
level ke - Sy
LUMO+2
LUMO+1
LUMO
HOMO
HOMO-1
HOMO-2
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The bands in the longer wavelength region of these complexes can be attributed to the ligand to

metal charge transfer [HoL1—V(dn)] transition. Only complex 2 shows low intense intra-ligand

charge transfer transition. The corresponding spectra of the ligand and the complexes are shown

in figure 6.
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Figure 6: UV-Visible spectra of Ligands (L1 and L) and corresponding complexes (1and 2) in

methanol solution with a fixed concentration [2x107].

To get a better insight in the UV-Visible spectrum of the metal complexes, detailed theoretical

calculations were performed in presence of solvent (DFT studies) and the results are depicted in

Table 3.
Table 3: Calculated optical transitions for complexes 1-2
Complex | Electronic | composition | Excitation | Oscillat | ClI Assign | Aexp in NM
transition Energy(eV | ion (€inMm?
) Strengt cm?)
h(f)
1 So—S16 H-1-L+1 | 3.0574(405 | 0.0647 | 0.68232 | LLCT | 403(34950)
nm)
So—S32 H-4—L 3.6871(336 | 0.0560 | 0.69242 | LMCT | 332(66000)
nm)
2 So—S3 | H-L+4 3.5759(346 | 0.0151 | 0.61773 | LLCT | 343(61000)
nm)
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3. Catalytic Activity

Bromination of alkenols using the complex as catalyst: To test the activity of the
vanadium complexes as catalyst, the peroxidative bromination of phenolsulfonaphthalein (phenol
red) to tetra-bromo-phenolsulfonaphthalein (bromophenol blue) was used. This is a facile method
and easy to monitor by a UV-vis spectroscopic technique. 2° Amax values of pure phenol red and
bromophenol blue were first determined from the UV-vis spectra of the substrates. The reaction
was carried out in a mild acidic medium at a constant temperature of (30 £0.5) °C in presence of
H20, and KBr. An aliquot of 30% H»O; (final concentration 2.0 mM) was added to a 4:1 H>O-
DMF solution of catalysts subsequently the addition of 4.0 mol L-1 of KBr maintaining PH at 5.8
after addition of NaH.PO4—Na>HPOs. By the addition of 0.1 mmol of phenol red the reactions
were initiated. The increase in the absorbance at 580 nm for the bromination of phenol red was
monitored at a specific time points The spectral data show the gradual disappearance of the peak
at 443 nm due to the loss of phenol red and an increase in the absorbance of the peak at 580 nm
due to the formation of bromophenol blue and spectral changes were recorded at 5 min intervals
of time.From the spectral data (shown in Figure 7), it is evident that as the reaction proceeds, the
peak at about Amax = 432 nm corresponds to the phenol red decreases whereas the peak at about
Amax = 592 nm corresponds to the bromophenol blue increase, thus indicating the progress of the
reaction. After ~4 h, no further changes in the absorption peaks were observed, confirming the
completion of the reaction. The spectra were recorded over 1hr as shown in fig 7. The rate of this
reaction is described by the rate equation: dc/dt = kc1xc2yc3z, from which the equation “log(dc/dt)

=log k +x log c1+ y log c2 + z logc3” was obtained, corresponding to
“-log(dc/dt) = -x log c1 - b (b %s=log k + y logc2+ z log ¢3)”,

where Kk is the reaction rate constant; c1, c2, ¢3 are the concentrations of the oxidovanadium
complex, KBr and phenol red respectively; while x, y, z are the corresponding reaction orders. The
rate of the reaction for complex 1 was found to be 2.68 x 102 (mol/L)-2 s-1. The plots for the
Kinetic studies of the conversion of phenol red to bromophenol blue are shown in Fig. 8 and 9. The
same reaction was observed without addition of the oxidovanadium complex whereby no
appreciable change could be observed. During the catalytic process, the catalyst (complex 1) might
be converted to a bound peroxide intermediate in presence of peroxide in mild acidic medium.

This intermediate in turn oxidizes the bromide (Br°) ion to bromonium ion (Br+) which exists in
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reaction medium as Br3, Br. or HOBr. Attack of a bromide ion at one of the peroxo atoms (V)
and the uptake of a proton from a surrounding water molecule leads to the generation of
hypobromous acid (HOBr) followed by restoration of the native state. [29] The in situ generated
bromonium ion reacts with the organic substrate (phenol red) to form corresponding brominated

derivatives. In case of complex 2 the reaction is too fast to calculate the data.
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Figure 7: Oxidative bromination of phenol red catalysed by oxidovanadium complexes (0.04
mmol). Spectral changes at 5 min intervals. Spectral data taken of aliquots in pH = 5.8 aqueous

phosphate buffer, C(phosphate buffey= 50 mmol L, cken= 0.4 mol L™, Cphenol reqy = 10*mol L.
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Figure 8: -log(dc/dt) dependence of -log c (c is the concentration of the oxidovanadium complex
1); conditions used: c(phosphate buffer) = 50 mmol L, pH = 5.8, ¢(KBr) = 0.4 mol L, ¢(phenol
red) = 10“mol L2,
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Figure 9: The measurable absorbance is depending on time for the oxidovanadium complex 1.
Conditions used: pH = 5.8, ¢(KBr) = 0.4 molL™?, ¢c(H20,) = 2 mmol L, ¢(phenol red) = 10“*mol
L. c(complex/mmol L) = a: 2 x10%; b: 4 x 10?2, ¢: 6 x 102, d: 8 x 102, e: 1 x 107,

4. Biological Activity

DNA interaction studies: As vanadium complexes are well-known for their interaction with
DNA, various spectroscopic experiments were done to explore the DNA binding affinities of the
synthesized complexes. The equilibrium binding constants (Kp) of complex 1-2 were evaluated by
UV-vis titration experiments with CT-DNA. Generally, bathochromic and hypochromic shifts in
the UV-vis absorption spectra indicate intercalating binding, while hyperchromic shifts in the
titration curve indicate minor groove binding of the complexes with CT-DNA. The hypochromic
shift mainly occurs due to the interaction of the organic bases of DNA and chromophores attached
with vanadium complexes via intercalation mode of binding. On gradual addition of CT-DNA, a
hypochromic shift was observed in the range 330 nm 403 nm and a hyperchromic shift was
observed in the range 258 nm, having isobestic point at 300 nm for complex 1. For complex 2,
hypochomic shift at 257nm and hyperchromic shift at 341 nm with isobestic point at 290 nm. The
observed hypochromic and hyperchromic shifts may indicate that complex 1-2 interact with DNA
through either intercalation or electrostatic groove binding. From the fig. 10, it is observed that

complex 1-2 undergo both hypochromism and hyperchromism without much shift in Amax Value.
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Figure 10: UV-Vis absorption spectral titration of complex 1 [25 uM] and complex 2.in presence
of increasing concentration of CT-DNA [0-50uM] in Tris-HCI buffer solution. The plot of Ao/
[A-Ao] vs. 1/[DNA] for calculation of Ky, (Ratio of intercept to slope); plot for complex 1 and 2

are shown here.
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Binding constant (Kp) is a useful parameter to evaluate the binding capability of the complex to the
DNA and can be determined from the variation in the electronic spectra before and after the addition
of complex (25 uM) into the buffer solution with increasing concentration of DNA solution (0-

50uM) by applying Benesi-Hildebrand equation **! (equation 1) given below:

AO Ef Sf 1
A—AO Eb_gf Eb—Sbe[DNA]

where A is the initial absorbance of free complex, A is the absorbance of the complex in the
presence of DNA, &f corresponds to the extinction coefficient of the complex in its free form
and ep refers to the extinction coefficient of the complex in the bound form. The plot
of Ao/(A — Ao) versus 1/[DNA] gives a straight line with an intercept of ei/(en — &f) and a slope
of e/Kn(en — &f). The value of Ky, is calculated from the ratio of the intercept to the slope. The binding
constant values of the DNA-complex interaction is in the order of 10°-10*M™ (Table 4). This values
suggests moderate interaction between complex and DNA.

Table 4: Ky, Ksv, Kq values of complexes 1 and 2 from complex-DNA interactions.

Complex | Binding Correlation | Stern- Volmer | Quencher rate | Correlation
constant (Kp), | coefficient constant (Ksv), | constant (Kg)? | coefficient
M (R? M (R?)

1 2.71x10* 0.9947 1.1x10* 1.1x10*? 0.9932

2 9.67x10° 0.9987 1.5x10* 1.5x10*? 0.9869

Competitive binding experiments in the presence of Ethidium Bromide:
Competitive DNA binding is an efficient technique to investigate the interactions of small
molecules with DNA. Ethidium Bromide (EB) can be applied as a fluorescence probe in the study
of competitive binding experiments of DNA with the complexes as it has well conjugated aromatic
system. The fluorescence intensity of EB is usually very weak in aqueous solution but it increases
to a significant extent when EB binds with DNA double helix through intercalation. So, the
competitive DNA binding experiment is an efficient tool to understand the binding behaviour of
the vanadium complexes with DNA. The fluorescence intensity of the EB-bound DNA complex

decreases with an increase in the concentration of the complexes (0—70 uM) because of the
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displacement of EB from CT-DNA. This quenching ability of the complexes depicts their ability
to displace EB and binding capability with DNA double helix through intercalation mode of
binding. Representing spectra defining quenching effect of these complexes is shown in Fig.11
and Stern -Volmer constant and rate constant are calculated using linear Stern—VVolmer equation
2:

Fo/F=1+Kg[Q] =1+ K,7, [Q] Eq. 2
Here Fo and F are the fluorescence intensities in the absence and presence of the quencher (Q)
[Vanadium complex in this experiment respectively. Kq is the bimolecular quenching constant and
7o is the lifetime of the fluorophore in the absence of the quencher (108 M for EB). The results are
included in Fig.11 and Table 5.
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Figure 11: Ethidium bromide displacement assay of CT-DNA [50 uM] in Tris-HCI buffer with
gradual increase (5 uM) in complex 1 and complex 2.

Viscosity Measurements of DNA: Viscosity, which is very sensitive to molecular length increase,
is considered as least ambiguous and most critical tests for discovering the binding mode of
complexes with DNA. Viscosity measurements were used to further interpret the nature of the
interactions between the complexes and DNA. Ethidium Bromide (EB) is a classical intercalation
probe, causes a significant increase in the viscosity of DNA solution due to increased separation

of the base pairs resulting in an increase in overall DNA length. In contrast, partial, non-classical
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intercalation of ligand could crook the DNA helix, resulting in shortening of DNA length and

concomitantly reducing its viscosity.

Viscosity experiments were allowed on the Ubbelohde viscometer at a fixed temperature
(30+0.1°C). Complexes were added by a micropipette to the DNA solution (10 xmol-L™1). With
the increasing concentration of the compounds (0-10 xM) the flow time was recorded and data
were graphically represented as (1/50)Y® versus the binding ratio of the concentration of
compounds to DNA. Where n was the viscosity of the DNA in the presence of the complex and 7,
was the viscosity of the DNA alone. The relative viscosity  was calculated using the following
equation:
= —(t — b Eq.3
to

Where, t and t, shows the flow time of the buffer solution throughout the capillary and the observed
flow time for the DNA in the presence and absence of complexes correspondingly. The mean of
replicate measurements was used to evaluate the viscosity of the samples.

The thickness of CT-DNA increases with increase in the ratio of complexes to CT-DNA which is
associated with the specific intercalation binding mode. Fig.12. depicts the plot of (n/Mo)1/3 vs
[complex]/[DNA] where those curves show the effective relative viscosity of all the complexes.
In the plot, it is observed that EB-DNA curve exhibits high viscosity whereas complex-DNA
curves reduce the viscosity in the order of complexes1>2. So, the binding capacity of the complex
1 is relatively higher than complex 2. The intensity of complexes is lower than the EB-DNA
interaction. This implies the groove binding with DNA molecules and it can be assumed that the
CT DNA length is shortened in a non-classical way of intercalation mode of binding with the

complexes.

BSA interaction studies: The BSA binding affinities of complex 1-2 were determined by
fluorescence quenching experiments with 2 mL of (5x10-5 M) BSA (50 mM Tris-HCI buffer, pH
7.4) on a Horiba Fluoromax-4 spectrofluorometer. The mixture was allowed to equilibrate for 5
min after each addition. The fluorescence spectra were obtained from 280 nm to 450 nm using the
excitation wavelength of 295 nm and with increasing complex concentrations (0—100 uM) at room

temperature.
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Figure 12: Effect on relative viscosity (0.1) of CT-DNA under the influence of increasing
amount of compounds at 26 + 0.1°C in 5mM Tris-HCI bu.er (pH 7.4).

The absorption spectra of protein (BSA) with complex 1-2 were carried out to predict the type of
quenching process. Addition of vanadium complexes to BSA protein, the absorption band is
increased without any shift, which indicates the static quenching process. BSA is often selected as
a model protein to examine the interaction of the amino acid residues i.e., tryptophan, tyrosine and
phenylalanine which are mainly responsible for the intrinsic fluorescence property of BSA. It

displays tryptophan fluorescence at an excitation of 295 nm with an emission maximum at 350

nm.
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Figure 13: Electronic absorption spectra of BSA protein with complex 1-2.
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When complex binds with BSA, certain conformational changes in the protein influence the
fluorescence emission of the tryptophan residues of BSA. After gradual addition of complexes into
the solution of BSA, fluorescence intensity decreases at 350 nm showing a red shift which indicates
that the complexes interact with the BSA leading to some change in the tryptophan moiety of BSA.
For both the complexes the fluorescence intensity decreases depicting the interaction between BSA
and complexes. In complex 2, the decrease in fluorescence intensity accompany with 30 nm red
shift whereas complex 1 shows 10 nm.

In order to determine the mechanism of BSA-complex interaction, different binding parameters
(Stern- Volmer Constant, Binding constant, kesa and number of binding sites,n) were calculated
using Stern- Volmer equation and Scatchard equation®? respectively.

Fo/F =1+ Kg/[Q] Eq.4 Stern— Volmer equation
log [%— 1] = log kgs4 + nlog|Q] Eq.5 Scatchard equation

Here Fo and F are the fluorescence intensities of BSA in absence and presence of the complex (Q),
respectively. Kgsa is the binding constant of the complex to BSA and n is the number of binding
sites per albumin molecule. The following table shows the experimental results, which reveals that
complex 1 gives better results in terms of binding efficiency with protein which is also reflected
from the Ksv value as well as the value of binding stoichiometry with the BSA. Complex 1 is
showing binding stoichiometry 1:1.28 which is greater than the complex 2 (1:1.12). The results
are depicted in Table 5 and Figure 13.

Table 5: Binding parameters of BSA using fluorescence quenching of Complex 1 and 2:

Complex Stern-Volmer Quenching Binding Number of
constant, Ksy, (M) | constant, Kg, | constant, Kgsa, | binding sites (n)
(Ms) (M%)
1 2.09x10° 2.09x10% 2.2x10° 1.28
2 1.98x10° 1.98x10* 2.7x10° 1.12
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Figure 14: Fluorescence emission spectra of BSA [50uM] in the absence and presence of
increasing amounts of complex 2 [0-70 nM] at 298K (left). Corresponding linear fit of Fo/F vs.

[complex] and the Ksyv value was calculated using Stern-Volmer Equation (right).

Energy transfer from BSA to the complexes: FRET is a spectroscopic technique that
can detect the energy transfer between fluorophores *°, It is observed when the emission spectrum
of donor molecule overlaps with the absorption spectrum of the acceptor molecule. Upon
absorption of energy, the donor transfers the absorbed energy to the acceptor. ** According to
FRET, energy transfer will be observed when: (1) the donor acceptor is less than 8 nm *°. The

average distance r and energy transfer can be calculated according to Forster’s theory

Pt F RS
" F, RS +re

Where Fo is the fluorescence intensity in absence of complex and F is the fluorescence intensity

Eq.6

of BSA in presence of complex. Ro is the critical distance when the transfer efficiency is 50% and

r is the distance between donor and acceptor. Ro can be calculated by the following equation *°:
RE = 8.79x105K2N4J®  Eq.7

In the above equation, the term K2 is the orientation factor of the dipoles; N is the refractive index
of medium, J is the extent of overlap between the emission of donor (BSA) and absorption of

acceptor and @ is the fluorescence quantum yield of the donor.
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In general, K> = 2/3, N =1.336 and ® = 0.15 for BSA. The value of J can be calculated as follows

_ YF(M)e()A*Aa
Y F)AA

Eq.8

Here, F(2) is the fluorescence intensity of the donor in the absence of the acceptor at wavelength
A and ¢ is the molar absorption coefficient of the acceptor at 4.

The overlap integral of BSA fluorescence emission and electronic spectra of complexes 1-2 are
shown in Fig. 15, where the concentrations of BSA and complexes were kept same (¢ =2 x 107°
M). The values of all the energy transfer parameters are evaluated for the BSA-complex interaction
and summarized in Table 6. According to the Forster resonance energy transfer theory, the binding
sites r must be within the range of 2-8 nm in a state where 0.5Ro< r <1.5Ro. The values of r (r =
3.58 and 4.18) for the complexes are less than 8 nm and suggesting that the energy transfer from
BSA to the complexes occurs with high probability. The values obtained from the study also

suggest the presence of static quenching interaction of BSA with complexes.
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Figure 15: FRET between BSA and complexes 1 and 2. The normalized donor emission spectra
is shown in red, the acceptor molar extinction coefficient spectrum is shown in black, and the aqua

blue shaded area represents the spectral overlap.
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Table 6: FRET Parameters for the BSA—Complexes 1 and 2 at 26 °C

Protein Probe J(cm3.L.MOL?) Ro(nm) E r(nm)
BSA Complex 1 2.03x10% 2.88 0.46 3.58
Complex 2 3.69x101 3.17 0.40 4.18

V.4. CONCLUSION

To summarize, we have fruitfully synthesized two tridentate O"N”O donor ligand to produce
mononuclear oxidovanadium (IV) complexes. The co-ordinating behaviour of the ligands were
used to synthesize two complexes bearing oxidovanadium moiety successfully with high yields
and well characterized by single crystal X-ray diffraction studies and spectral techniques viz. UV-
Vis, IR, NMR, ESI-Mass etc. To attain a better insight on the electronic transition properties as
well as to theoretically interpret the most stable structural features, detailed density functional
theoretical (DFT) as well as time dependent density functional theoretical (TDDFT) calculations
were performed. The results are in good agreement with the experimental observations.

Present work has been aimed to generate pentavalent mononuclear complexes bearing an
oxidovanadium core which are known to have outstanding mimicking property of naturally
occurring halo-peroxidases. They also efficiently interact with DNA through intercalation which
occurs due to the presence of strong n—x stacking stacking between the aromatic moeities of the
complex and aromatic bases present in DNA.UV-vis and fluorescence spectroscopy as well as
fluorescence quenching experiments are performed to establish the intercalation of the title
complexes with DNA and also BSA interaction activity. Model catalytic bromination reaction of
an aromatic aldehyde, salicylaldehyde and alkenol, phenol red were performed using the
oxidovanadium complexes to establish the halo-peroxidase mimicking activities of those. The
experimental findings presented herein provide valuable insights into the planning of the
preparation of strategically important complexes in the field of oxidovanadium chemistry. Further
research aimed at the synthesis of polynuclear vanadium complexes using different polydentate

ligands is currently under progress.
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