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ABSTRACT

This dissertation reports the results of a theoretical investigation on the conformational and
antioxidant properties of four chalcone derivatives, namely butein, homobutein, kanakugiol and
pedicellin, through their Fe coordination ability. Chalcone derivatives have been reported to
possess various biological activities such as anticancer, antimalarial and antioxidant. The
antioxidant activities of chalcone derivatives have been investigated extensively from an
experimental approach and from a theoretical approach using the hydrogen atom and electron
transfer mechanism. However, there is scarce information on the metal chelation ability of these
compounds as pertaining to their antioxidant properties; therefore, the study reported here
investigated the Fe™ chelation ability of four chalcone derivatives. The selection of the Fe™
cations is based on the fact that they have been utilised extensively in the experimental
investigation of antioxidant activity of biologically active molecules. The conformers of the
isolated chalcone derivatives were investigated with the aim of understanding factors influencing
their stability and as starting point for obtaining the lowest-energy conformer(s) that can be
utilised in the study involving the Fe" cations. The ligand---Fe"" complexes were investigated
with the objective of elucidating the nature of the complexes, Fe---ligand stabilities, metal ion
affinities and electronic properties of the cations before and after complexation. The study was
performed in vacuo and in water solution by utilising the DFT/B3LYP and DFT/BP86 methods.
The 6-31+G(d,p) basis set was utilised to describe the C, H, O atoms and the LANL2DZ basis
set was selected to describe the Fe™ cations. Final energies were obtained by running single
point calculations on the optimised geometries using the 6-311+G(2d,p) basis set.

The results suggest that conformational stability of the selected chalcone derivatives is
influenced by the presence of intramolecular hydrogen bonds, arrangement of the 2-propen-1-
one aliphatic chain and in the cases of homobutein, kanakugiol and pedicellin, the orientation of
the methoxy groups. The stability of the ligand---Fe"" complexes is influenced by the media (the
relative energy values in water are dampened relative to those obtained in vacuo), the nature of
the Fe™ cation and the nature of the ligand---Fe" interactions; the binding energies depend on the
media (they are higher in vacuo than in water solution), the site for coordination of the Fe"*
cation as well as the nature of the cation. The reducing ability of the chalcone derivatives were
assessed by the reduction of charge on the Fe"™ cation after complexation. All the selected
chalcone derivatives exhibited the ability to reduce the Fe"™ cation, which indicates that all the

investigated chalcone derivatives may play an important role as antioxidant molecules.
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CHAPTER 1

INTRODUCTION

1.1. Significance of the study of molecules with antioxidant activity

Antioxidants are substances that are able to either scavenge excess reactive species (e.g., reactive
oxygen species (ROS) and reactive nitrogen species (RNS)) or chelate excess free (i.e., non-
protein bound) transition metal ions present in biological systems, thereby preventing damage to
biological components. Examples of ROS include the superoxide, hydrogen peroxide and
hydroxyl radicals; examples of reactive nitrogen species include hormone nitric oxide and
peroxinitrite [1]. ROS and RNS may be present in the atmosphere as pollutants; they can be
generated during exposure to radiation (e.g., UV light, X-rays and gamma rays), metal-catalysed
reactions and mitochondria-catalysed electron transport reactions [2]. When reactive species are
produced in excess in the biological systems such that the cell’s antioxidant defence system
cannot regulate their production, the excess reactive species may oxidise all types of cellular
components (e.g., deoxyribose nucleic acid, RNA and mitochondria), which in turn may lead to
the onset of various diseases such as degenerative diseases (e.g., Parkinson's disease, Alzheimer
and aging), cancer, cardiovascular, and diabetes [3]. When the body’s antioxidant defence is not
able to regulate the production of excess reactive species, it becomes important to supplement
the body with antioxidant molecules from natural sources (e.g., plant material, fruits and
vegetables) or those that are synthetically produced [4,5]. Synthetically produced antioxidants
are often preferred in the food and pharmaceutical industries, however, they have several side
effects, including toxicity towards the body cells; as a consequence, there is currently a strong
trend to search for easily available, and efficient antioxidants from natural sources to replace the
synthetic ones, thus minimising damage to our body cells [6—8]. The study presented in this
dissertation focuses on the investigation of the antioxidant properties of chalcone molecules

derived from plant sources.

Antioxidants are known to exert their effect through several mechanisms, including free radical
scavenging, lipid peroxidation inhibition, stimulation of the natural protective mechanisms and
the metal chelation [9]. The most investigated mechanism is the ability of antioxidants to

scavenge free radical species either through the hydrogen transfer or the single electron transfer
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mechanism [10-15]. This study aims to investigate the ability of antioxidants to chelate
transition metal ions. The metal chelation has been selected for this study because of the scarcity
of information from theoretical perspective on this type of antioxidant mechanism [16—18]; the
study aims to provide theoretical data on the antioxidant properties of the selected chalcone
derivatives that might enhance the understanding of the metal chelation mechanism in general

and specifically for the chalcone derivatives.

The objectives of the overall work are to

e investigate the conformational preference of each of the chalcone derivative (isolated
ligand),

e determine the stability of the metal---ligand complexes,

e determine the metal ion affinities to the selected ligand molecules (i.e., butein,
homobutein, kanakugiol and pedicellin),

e determine the geometric and electronic properties (e.g., partial atomic charges and spin
density) on the metal ions in the isolated and in the complexed state,

e investigate the simultaneous interaction of the metal ions with the C=C double bond in
the 2-propen-1-one aliphatic chain and the neighbouring methoxy group,

e investigate the preferred aromatic ring for interaction with the metal ion.

1.2. Chalcone derivatives and their role as antioxidants

Chalcone (Figure 1.1) is a moiety made up of two benzene rings joined by a 2-propen-1-one
aliphatic chain [19, 20]. The aromatic ring closest to the keto group is conventionally referred to
as A and the aromatic ring closest to the C=C group is conventionally referred to as B [21].
Multitudes of functional groups are often appended on either of the aromatic rings giving rise to
chalcone derivatives; for instance, polyphenol chalcone derivatives are derived from appending
the chalcone moiety with multiple OH functional groups and methoxy-substituted chalcone
derivatives are obtained when the phenolic H atom on the polyphenol chalcone derivatives is
substituted by the methyl group. Polyphenol and methoxy-substituted chalcone derivatives are
derived from various natural sources such as plant materials, fruits and vegetables [22—24]; they
have been shown to exhibit a number of useful biological activities including antibacterial [25,
26], antimalarial [27], antifungal [28], antioxidant [29, 30], anti-viral [31], anti-cancer [24, 32]
and anti-diabetic [33].



Figure 1.1 A schematic representation of a chalcone moiety together with atom numbering.

The antioxidant property of polyphenol chalcone derivatives is related to the number of the
phenolic hydroxyl groups present in a given antioxidant molecule [34], the type of substituent
present on the aromatic rings (i.e., hydroxyl or methoxy group[21]) the presence of the 2-propen-
1-one chain [35] and the presence of the keto group [36]. For instance, studies have shown that
the higher the number of phenolic OH groups, the higher is the expected antioxidant activity
[37]. Several experimental studies have also confirmed the antioxidant activity of methoxy-
substituted chalcone derivatives [36, 38—40]. For instance, the antioxidant activity of curcumin
is related to the presence of the phenolic and methoxy groups on the phenyl ring as well as the
presence of the 1,3-diketone system [36]; 2,4,5-trimethoxy chalcones and analogues from
asaronaldehyde were found to possess greater nitric oxide scavenging activity than standard
antioxidants such as ascorbic acid and a-tocopherol [38]. An experimental finding established
that among the compounds with multiple o-methoxy substituents, for which the antioxidant
activity is weaker than in the case of compounds with high number of phenolic OH substituents,
the metal chelation mechanism is the preferred mode for controlling oxidative stress [41]. The
current study focuses on four selected chalcone derivatives possessing only phenolic OH
substituents, only methoxy substituent or a combination of both phenolic OH and methoxy

substituents, with the objective of comparing their antioxidant properties.



1.3. Chalcone derivatives selected for the study

The four chalcone derivatives selected for the study (Figure 1.2) are butein (2',4',3.,4-
tetrahyroxychalcone), homobutein (3-methoxy-2’,4',4-trihyroxychalcone), kanakugiol (2'-
hydroxy-3',4',5',6'-tetramethoxychalcone) and pedicellin (2',3', 4', 5', 6’-pentamethoxychalcone).
These compounds have been isolated from plant materials; for instance, butein is isolated from
Dalbergia odorifera [42] and Butea frondosa [43]; homobutein is isolated from Erythrina
abyssinica [44], Trifolium fruticosa [45], and Iryanthera polyneura [46], kanakugiol is isolated
from Lindera Erythrocarpa Makino plant [47], Lindera Lucida [48] and Fissistigma polyanthum

plant species [32] and pedicellin is isolated from Didymocarpus Pedicellatus [49-51].

Butein and homobutein are structurally similar with the difference being in ring B; in ring A,
both compounds have hydroxyl (OH) substituents at the para and ortho positions; in ring B,
butein possess the phenolic OH group at the meta position while homobutein possess the
methoxy group at the meta position. Kanakugiol and pedicellin can also be considered to be
structurally similar with a difference at the C2’ substitution; in kanakugiol, the C2’ position is
substituted with the phenolic OH group while for pedicellin the C2’ position is substituted with
the methoxy group. The major reason for selecting kanakugiol and pedicellin for the study is to
obtain information on the antioxidant properties of compounds with neighbouring methoxy
groups (i.e., methoxy—methoxy reactive sites) in the aromatic rings and compounds in which the
metal ion may interact simultaneously with the keto group and the neighbouring methoxy group
(methoxy—keto reactive site). Furthermore, the outcome of this study is expected to form a basic
foundation for understanding the antioxidant activity of other chalcone derivatives in which the
methyl of the methoxy groups may be substituted by a much larger group such as a glycone,
which would be computationally expensive to investigate. Therefore both kanakugiol and
pedicellin may serve as model structures for elucidating the antioxidant properties of chalcone
glycosides [52-54].



Figure 1.2 A schematic representation, together with atom numbering, of a) butein, b)
homobutein, ¢) kanakugiol and (d) pedicellin. The atom attached directly to the ring is numbered
with the same number as the C atom to which it is attached on the ring. The atom directly
attached to the O atom linked to the ring is numbered with the same number of the O atom but

with the double prime symbol (") next to the number.

Butein has 7 rotatable single bonds; they include two O—H bonds present in ring A, two O—H
bonds present in ring B and three C—C bonds in the 2-propen-1-one chain, homobutein has 7
rotatable single bonds; they include two O—H bonds present in ring A, one O—H bond and one
C—-0 bond present in ring B and three C—C bonds in the 2-propen-1-one chain, kanakugiol has 8
rotatable single bonds; which include five C—O bonds present in ring A and three of which are
the C—C bonds in the 2-propen-1-one chain and pedicellin similarly has 8 rotatable single bonds;
five C—O bonds present in ring A and three C—C bonds in the 2-propen-1-one chain. The
presence of the 2-propen-1-one aliphatic chain in chalcone derivatives suggests that the
compounds can exist as E and Z geometric isomers. The E configuration of chalcone derivatives
is considered to be the most thermodynamically as well as biologically favourable form [21].
More importantly, the isolated compounds of butein, homobutein [23], kanakugiol and pedicellin
are reported to be of the E form [32, 51]. For this reason, the study reported here focuses only on

the E geometric isomer of these compounds.



1.4. Metal ions selected for the investigation

The Fe?" and Fe®" cations have been selected for the investigation mainly because studies have
shown that an increase in the concentration of free (non-protein-bound) iron is associated with
oxidative stress in humans [55]. Excess free Fe (Il and Ill) cations are also implicated in
degenerative diseases (such as Alzheimer’s and Parkinson’s diseases) and cancer [56]. Several
experimental studies have shown the ability of polyphenol derivatives to chelate intracellular
non-protein bound iron [34, 37, 56, 57]. It is therefore important from a theoretical perspective to
investigate the polyphenol binding ability of Fe"™ cations with the aim of elucidating the origin
of the antioxidant properties of such compounds. The selection of the Fe" cations is also based
on the fact that butein has been confirmed (through both experimental [58] and theoretical
methods [59]) to chelate Fe (1), thereby playing a crucial role as a powerful antioxidant against
lipid and low density lipoprotein peroxidation by its iron (I1) chelation [58]. The selection of the
ferric and ferrous forms of Fe is based on the fact that a comparison of the affinity of the selected
chalcone derivatives can be assessed for coordination with the different oxidation states of the
Fe™ cations.

1.5. Overview of the dissertation arrangement

This work is organised in six chapters. Chapter two provides a detailed description of the
theoretical background; this includes the methods that are utilised for the study of molecular
properties, approaches to conformational analysis and geometry optimisation, information about
the metal chelation mechanism and population analysis. Chapter 3 provides information on the
specific methods utilised in the current study; this information includes the method utilised and
the reasons for the selected method, basis set selected and the criteria for their selection. Chapter
4 provides information on the results and discussion for the isolated butein and homobutein
ligands and their iron-complexes. Chapter 5 presents results and discussion on the isolated
kanakugiol and pedicellin ligands and their iron-complexes. The two chapters are separated such
that the first chapter (chapter 4) discusses the simplest chalcones selected for the study while the
second (chapter 5) describes the results for the more substituted chalcone derivatives. Chapter 6

provides conclusions to the overall study as well as recommendations for further studies.



CHAPTER 2

THEORETICAL BACKGROUND

2.1. Theoretical methods for the study of molecules

The study of molecular structures is often performed using either one of the two major

approaches: molecular mechanics or quantum mechanics.

2.1.1. Molecular mechanics

Molecular mechanics is based on the laws of classical physics [60, 61] which means that a
molecule is considered as a collection of atoms (made up of nuclei) connected by springs, which
represent chemical bonds (Figure 2.1). The energy of the molecular system is considered to be
due to potential energy contribution and is estimated by considering the ability of the molecule to
resist distortion from an ideal geometry; such distortions can be a result of bond stretching, bond
bending, torsional motion and non-bonded interactions caused by steric effect due to atom
crowding [60, 61]. This implies that changes in the bond lengths and bond angles, rotations
about single bonds as well as changes in the non-bonded interactions, such as van der Waals and

Coulombic interaction, directly lead to the change in the energy of the molecular system.

Ball representation of H and C atoms

Spring representation of chemical bonds

Figure 2.1 A schematic representation of a molecular system, where the atoms in the molecule
are connected by springs which represent the chemical bonds.




Mathematically, the contribution to the energy of the system as a result of bond stretching, bond

bending and steric effects due to atom crowding can be expressed through the equation [60, 61]:

E= Z Estretch + Z Ebend + Z Etorsion+ Z Enon—bonded ! (21)

bonds angles dihedrals pairs

where Estretch, Ebend, Etorsion ahd  Enon-bonded are energy contributions from bond stretching, angle
bending, torsional motion, and interactions between atoms or groups which are non-bonded,
respectively. In this way, energy obtained using this expression corresponds to the minimum-
energy geometry or, to the various possible potential energy surface minima. The energy

expression as written in equation 2.1 is referred to as a forcefield. The E,,., and E,,, terms

can be estimated by considering Hooke’s law, which states that the potential energy of a system
is directly proportional to the square distance between two points when a spring is either

stretching or bending [62]. Mathematically, E,.., and E, ., terms can be written as

stretcl

1
Estretch (r) = E kstretch(r - IFeq )2 ' (22)
1 2
Ebend ((X) = E kbend (O( - aeq) ! (23)

where r and a are the bond distances and bond angles after the stretching and bending effects, req

and oeq are the equilibrium bond lengths and bond angles respectively; K, ., and K., are the

stretc ben

force constants corresponding to stretching and bending motions respectively. The torsion
contribution term takes into consideration the fact that molecules with single bonds may undergo
rotations. The rotation of single bonds may repeat after 360° so that the energy of the molecule
may vary with the dihedral angle in a sine or cosine function forms. To take into consideration
the fact that the torsion angle repeats itself after 360° implies inclusion of periodicity. A general
expression for the torsion contribution term to the potential energy, that includes the periodicity
factor, has the form [61]

E oroon = ko + 3k, [L+ cOs(r6)] (2.4)

r=1



The non-bonded terms which contribute to the potential energy include the van der Waals
(VDW) and Coulombic type of interactions.

Enon—bonded (r) = EVDW (r) + ECoqumbic(r) (25)

Van der Waals interactions consist of the attractive forces (e.g., hydrogen bond) and repulsive
forces (e.g., dipole-dipole interactions or dispersive interactions) between two molecules or
between atoms within a molecule. The potential energy for the VDW interactions can be
expressed through the Lennard Jones (12, 6) potential equation (Figure 2.2, [63]):

Eyo () :4{[2’) —(r—‘)j } (2.6)
r r

where r is the non-bonded distance, ¢ is the depth of the well of the potential (i.e., it is the lowest
energy on the potential surface) and ro is the separation (between atomic or molecular entities) at

which energy is minimum (i.e., E,y,(r) = 0). The first term represents repulsions and the

second term attractions. At long range the interactions between separated atoms are attractive,
and are represented by the negative term (i.e., a decrease in the potential energy). At close range
the interactions between separated atoms are repulsive and there is sharp rise in the potential
energy, represented by the positive term (Figure 2.2).

i Total potential

25 :
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Figure 2.2 A graphical representation of the Lennard—Jones potential, and the parameters which
relate the curve to the Lennard-Jones expression.
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The Coulombic term takes into consideration the interactions between charged particles. If we
consider a particle (e.g., an atom) of charge g and another particle of charge q' separated by a
distance r, then the Coulomb potential has the form:

E (r)= , 2.7
Coulomblc( ) 4 r ( )

where ¢ is the dielectric constant (permittivity) in space or in the media of interest, for a neutral
molecule, the sum of the atomic charges needs to be equal to the total charge of the molecule

(i.e., the charges must be 0 if a neutral molecule is being considered).

A combination of equations 2.2—-2.5 provides a force field for a given molecular system. In this
way, the overall potential energy of a molecular system is found by developing a relevant
forcefield describing the motions of atoms within that particular molecular entity. Since
molecular mechanics does not consider the fact that molecules are made up of electrons moving
about stable nuclei configurations, this results in its inability to describe some features of
molecular systems [60, 61]. For instance, molecular mechanics cannot describe the reaction
mechanism that involves forming and breaking of bonds. In such chemical reactions, it is
necessary to have information related to the transfer of electrons. It is also not able to provide a
proper description of systems in excited states because such systems are formed through

promotion of an electron or pair of electrons [60, 61].

Despite a number of limitations, molecular mechanics has been found to provide a good
description for a number of ground state systems, for instance [60]:
e those requiring less of computation time than quantum mechanical methods;
¢ those that are very rapid when calculating molecules containing atoms of 1000-2000 and
more. This is because it does not have to calculate the terms associated with electronic

integrals.
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2.1.2. Electronic structure methods

Electronic structure methods such as quantum chemical methods are such methods that consider
a molecular system as a collection of stable nuclei and electrons and describe the properties of
molecular systems by taking into account the effects caused by electronic distribution. In this
way, much of the molecular properties are better described by electronic structure methods.
Among the different electronic structure methods, quantum mechanics is the preferred approach
for the study of molecular systems, provided that the size of the molecule allows for computation
[60—62]. This study utilises electronic structure methods because of the need to take into
consideration the electronic effects, which are important in describing the antioxidant properties
of biologically active molecules. Since the work reported in this dissertation utilises quantum
chemical approaches, it is considered useful that the next section (section 2.2) provides detailed
information on the foundation and fundamental basis in the development of such methods and on

how such methods are utilised to obtain various molecular properties.

2.2. Quantum mechanical approach to the study of molecules

The basis of electronic structure methods is the assumption that all chemistry can be described in
terms of the interactions between electronic charges within molecules. Quantum mechanical
approaches are based on the solution of the Schridinger equation for the molecule considered.
All properties of the molecule (e.g., geometry, energies, and electronic properties) are considered
to be derived from the solutions of the Schrédinger equation [60, 64, 65].

2.2.1. The Schrodinger equation
The Schrédinger equation related to the motion of a particle of mass m moving in space at time t

and experiencing an external potential V has the form

A _.. D
A (1,0 = h < (), (2.8)

where VW is the wavefunction that describes the state of the system and H is the energy operator,

called the Hamiltonian operator. Usually this is a more complete form of the Schrédinger

11



equation, however, for simplicity sake, the time-independent equation is often considered. When
the system is studied without explicit consideration of time-dependence, the time-independent
Schrodinger equation is written as follows

HWY () = EY, (2.9)

where E is the energy of the system. The Hamiltonian operator is built as a sum of all the
contributions to the energy of the particle (e.g., kinetic and potential energy contributions) and it

has the general form;

—1h?
"= om

i —az il \Y/ 2.10
—+ +— | + ,
el R (210

The first term on the right is the kinetic energy operator, while the second term is the potential
energy operator for the particle. When a system consists of many particles, the Hamiltonian
operator includes all the energy terms for each of the particles. For instance, consider a system
with r nuclei and s electrons to develop the corresponding Hamiltonian operator; we need the
kinetic energies for both the nuclei and the electrons and the potential energies for the nuclei and

electrons. The kinetic energy of the nuclei can be written as

2

mLORVE (2.11)

J
N )

Ek, nuclei =

where my is the mass of the nuclei and V? is the Laplace operator for the nuclei.

If we consider a total of r nuclei we can sum up the total kinetic energy term of all the nuclei;

r _hZ
Ex, nuclei = s (2.12)
nuclel Z; 2mN j ’

Similarly the kinetic energy for the s electrons, each with mass m, can be written as

— 1?2
e (2.13)
2m ’

e

Ek, electrons =

v

1
4N
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where me is the mass of the electrons and V7 is the Laplace operator for the electrons. The total

kinetic energy term is the sum of the kinetic energy of the electrons and the kinetic energy of the

nuclei

Exk = Ek, nuclei T Ek, electrons,

which in terms of the Hamiltonian operator can be written as

E—i U Z AR 2.14
k= £ [y i (2.14)

The potential energy term considers the interaction between nuclei, interaction between electrons
and interactions between the nuclei and the electrons. If we consider that the total potential
energy is V, then this potential energy is the sum of the electron-electron repulsion, nuclear-

nuclear repulsion and electron-nuclear attraction.

Potential energy between any two particles is usually written as

v=—1 24 (2.15)

Arg, 1

where Q and q are separate charged systems and r is the distance between them. If we consider
two electrons (i and i) and each having a charge of e and separated by a distance rii;, then the

repulsion potential energy (Vee) between them is

1 e?
dre, T (216)
T,

Vee =

If we consider two nuclei (j and j') and each having a charge of Ze and separated by a distance

rij, then the repulsion potential energy (Vnn) between them is

1 ZeZe 1 Z;Z.

4rs, r 4rs, r

(2.17)
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If we consider an electron i and a nucleus j, each having a charge of e and Ze respectively,

separated by a distance rij, then the attractive potential energy (Ven) between them is

1 eZge 1 Ze?

Ven = = 2.18
N 4re, N Are, i ( )
The total potential energy for the system is the sum of equation 2.16-2.18
1 e? 1 Z;Z.¢€ 1 Z¢
Viotal = — + 4+ — 2.19
toel 2 Argy T, 7T 4rs, g ,Z;‘ drey, T i ( )

The total Hamiltonian term includes the total kinetic energy term (equation. 2.14) and the total

potential energy term (equation. 2.19)

123 e VieY peviey L
= 2M ! ~ 2m ' T v/ 2= (2.20)
1 Z,Z,¢ 1 Zge
+
i 472'80 rjj. ij 47[80 rij

The solution of the Schrddinger equation is the wavefunction W and the corresponding energy
values, E. Both the Hamiltonian operator and the wavefunction depend on the coordinates of all
the particles constituting the system; therefore, for a molecule, they depend on the coordinates of
all the nuclei and all the electrons [60, 64, 65] (equation. 2.20). However, it is not possible to
obtain solutions of the Schrédinger equation for systems with more than one moving particle. In
order to solve the Schrddinger equation, as given in equation 2.20, there is a need to introduce
approximation procedures. The first approximation is to consider that the motion of the nuclei
and the electrons are separated by assuming the nuclei to be stationary and electrons moving
about the nucleus. This approximation is known as the Born-Oppenheimer approximation [66]

and it is described in brief in the next section.
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2.2.2. The Born-Oppenheimer approximation

The Born-Oppenheimer approximation simplifies the Schroédinger equation for molecular
systems by assuming that the nuclei are not moving with respect to the motion of the electrons
(i.e., the motion of electrons is considered with respect to a fixed framework of nuclei). This
assumption is based on the high ratio between nuclei and electronic masses [60—62]; the motion
of electrons is much faster than the motion of nuclei, because of the much heavier mass of the
nuclei. The approximation therefore makes the assumption that changes in electronic distribution
occurs with no nuclei disturbance. The total wavefunction is the product of the electronic
wavefunction and the wavefunction of the nuclei [60—62]:

Yiotal (X, Y) = Welectrons (X) Wnuclei (Y), (2.21)

where X represents the coordinates of the electrons and y represents the coordinates of the nuclei.
The total energy of the system is the sum of the potential and kinetic energies of the electrons

and repulsion potential energies of the nuclei:

Etotal = Eelectrons *+ Enuclei (2.22)

Electronic calculations are performed for different frameworks of fixed nuclei. Different
frameworks correspond to different energy values. Frameworks corresponding to minimal

energy values are the equilibrium geometries of the molecule.

2.2.3. The Hartree Fock (HF) approximation

This is another approximation method for the solution of the Schrodinger equation related to the
multi-electron nature of molecular systems [60, 67, 68]. The HF approximation assumes that the
simplest way of writing the wavefunction for a multi-electron system is by considering the
electrons as being independent. This means that the motion of one electron is not influenced by
the motion of the other electrons [60]. According to Pauli’s Exclusion Principle each molecular
orbital (p) can take a maximum of two electrons. Furthermore, electrons have intrinsic spin;
therefore it is appropriate for each electron to have both the space coordinates (molecular orbital)

and the spin coordinates (spin orbital). The overall molecular orbital is known as the molecular
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spin orbital, and is hereby denoted as . Then, the total wavefunction can be written as a product

of functions (), each of them depending on the coordinates of one electron.

Y =wy1 (1) w2 (2)... yn (N), (2.23)

where electron 1 occupies molecular spin orbital w1 and electron 2 occupies molecular spin
orbital 2. It is essential that the molecular spin orbital follows the anti-symmetric condition, i.e.,
for any system with N-electrons, the sign of the wavefunction must change when the electrons

are exchanged.

For instance, if we have a wavefunction having the coordinates of two or more electrons, the
signs should change if we switch their positions; as a result of the change in the signs the
molecule is said to be unsymmetrical (equation 2.24); in the case where the signs don’t change

the molecule is considered to be symmetric (equation 2.25)
vl 2)=-v(21) (2.24)

v(L2)=y (21 (2.25)

Once all the possible exchanges of particles (permutations) are considered, a better anti-
symmetric wavefunction (corresponding to equation 2.23) is obtained when the total

wavefunction is a linear combination of permutations [65, 66];

Y12, n)=%z(—1)pw1(kl>wz(kz) ..... vo(k,) (2.26)

where p is the number of transpositions performed on the starting w1(1) y2(2)... wa(N) to obtain

the given term in the linear combination; ki, kz..., kn are the coordinates resulting after the

. 1 . N .
permutations and — is the normalization factor. The factor (—1)P ensures that the wavefunction

Jn!

does not change sign for an even number of transpositions, but only changes sign for an odd

number of transpositions.
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Another approximation that is related to the Hartree-Fock approximation involves the
replacement of the many-electron Hamiltonian operator with an effective one-electron
Hamiltonian called the Fock operator. The Fock operator contains all the one-electron terms of
the Hamiltonian operator (kinetic energy and nuclei-electron attraction potential terms), and
considers an effective potential perceived by one electron as a result of Z-1 electrons around it. A
problem that arises in considering an average value of the potential due to the presence of the
other (Z-1) electrons is that one needs to know the electron distribution in order to evaluate that
potential energy accurately, but the electron distribution can be known only after solving the
Schrédinger equation. This demands an iteration procedure for the solution of the Schrédinger

equation, commonly called the Self Consistent Field (SCF) procedure.

The SCF procedure is applied both to the study of atoms and to the study of molecules. This
method is ideal for use in computational analysis because it can be written as an algorithm.
Initially, a "guess"” average potential is utilised in the Hamiltonian operator, and the Schrddinger
equation is solved, the solutions obtained are then used to evaluate the average potential energy.
If this differs significantly from the initial guess value, the new value is utilised to write the
Schrddinger equation. This equation is then solved and the solutions are used to evaluate the
average potential energy. The values are compared and if they differ extensively the procedure is
repeated. The procedure is repeated until the difference between the value found at the end of a
cycle and the value utilised at the beginning of that cycle is less than a pre-fixed value called the
cut-off value. This is the meaning of an iterative procedure, commonly called the Self Consistent
Field (SCF) procedure

2.2.4. Linear combination of atomic orbitals (LCAQO) approximation

To perform a molecular-orbital theory calculation, one needs to determine each of the molecular
orbitals, i present in equation 2.26 as well as calculate the energy associated with the total
wavefunction. The standard procedure for determining the molecular orbitals and their
associated energies is to express the molecular orbitals as a linear combination of atomic orbitals
(LCAO) and then determine the coefficients in the LCAO by a self-consistent field method. The
linear combination of atomic orbitals (LCAO) approximation is based on the assumption that
molecular orbitals can be constructed by the combination of simpler functions, such as the

atomic wavefunction from which the molecule is made up. Consider for instance an electron
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found in an atomic orbital belonging to atom X and also in an atomic orbital belonging to atom

Y, the overall wavefunction is a superposition of the two atomic orbitals:
v = N(X2Y), (2.27)

where N is the normalisation factor. A common term for superposition expressed in this equation
is linear combination of atomic orbital. Wavefunctions (e.g., atomic wavefuntions) that are
combined to give a molecular function are known as basis functions. A set of basis functions
from which a molecular function is constructed is known as a basis set [69]. An approximate
molecular orbital from a linear combination of atom orbitals is called the LCAO-MO. When
more than two basis functions are utilised to generate a molecular orbital, it is more appropriate
to utilise the equation

Wi = Zcili , (228)

where y are the basis functions (usually centred on atoms) and c; are the expansion coefficients.
Generally, basis sets are formed from atomic orbitals, for instance, in the case of the H:
molecule, the molecular orbital can be formed as a linear combination of the sigma (S) atomic
orbital on one H atom (Ha) and the sigma atomic orbital on the other H atom (Hg). In this way,

the molecular orbital (y) for the hydrogen molecule can be written as:
y~ 1S, +1S,, (2.29)

The larger the number of basis functions selected to form molecular orbitals the more accurate is
the approximations to the molecular orbitals. It is important to note however that the selection of

a suitable basis set is dependent on the size of the molecule being considered for the study.

Usually the basis functions are formed from the Slater-type functions (STO) and the Gaussian-
type functions (GTO, [69]).
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The Slater-type function (Figure 2.3a) has the mathematical form:

2P0 (XY, ) =N Xty 2 e (2.30)
while the Gaussian- type functions (Figure 2.3b) has the mathematical form:

170 (xy, 2) =N Xt yP 2o e ", (2.31)

where N is the normalization constant, a, b and c are parameters that control the angular
momentum, ¢ controls the width of the orbital (i.e., the large  gives tight function and smaller
gives diffuse function). STO are better for computations than the GTO’s because for a large
value of r, the GTO (which are exponential in r?), decays much faster than the STO [61].
Another advantage of the STO orbitals is that at the nucleus (r = 0) an STO orbital has a cusp
(corresponding to zero slope) similar to hydrogen-like atomic orbitals. GTO, on the other hand,
is differential at r = 0, indicating that it does not have a cusp. Because of these characteristics,
STO orbitals are likely to provide correct descriptions for the short-range and long-range
behavior of a molecular system. However, STO is much more computationally expensive. In
order to overcome the problem of computational affordability, the STO-type orbitals are
approximated by linear combination of GTOs, forming what is referred to as contracted
Gaussian basis function. Basis sets may be classified into different types depending on the
number of GTO’s utilised to emulate an STO. These include hydrogen like orbitals, minimal
basis set, split valance basis sets and diffuse basis set [60, 69—72]. Some of these basis sets are

described in the next paragraphs, giving information on their applicability and weaknesses.

110w =e 0=

Slater-type 1s orbital Gaussian-type 1s Orbital
(a) (b)

Figure 2.3 Graphical representation of the Slater-type orbital and the Gaussian-type orbital.
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Minimal basis set: This type of basis set describes only the most basic aspects of the orbitals,
one basis function for each atomic orbital angular momentum component. It has the minimum

number of basis functions ( x) that is needed to describe the ground states of the component

atoms in a molecule. An ammonia molecule (NH3) would require eight basis functions (either
STO or GTO types) in place of the eight atomic functions present in the ammonia molecule
which include, three 1s orbitals for each of the hydrogen atoms plus a 1s, 2s, 2py, 2py and 2p;
atomic orbitals for the nitrogen atom. In a similar manner, the carbon dioxide (CO2) molecule
would require 15 basis functions in place of the 15 atomic functions present in the molecule. A
Slater type orbital may also be approximated by a combination of two or more Gaussian type
orbitals leading to such basis functions as STO-2G, STO-3G, etc. [60, 69-72].

All minimal basis sets however have some weakness including the fact that all the basis
functions are either themselves spherical or come in sets that when taken together describe a
sphere. This means that minimal basis sets are suited to describing molecular systems with
spherical molecular environment and are not suitable for description of atoms with aspherical
molecular environment. The second weakness of minimal basis sets is that the basis functions are
atom centred instead of being between atoms [60, 69—72]. This shortcoming implies that the
minimal basis sets are not able to describe accurately the electron distribution between nuclei

(i.e., a chemical bond), which is a major factor in chemical systems.

Double zeta basis sets: These basis sets are formed in such a way that each atomic orbital within
a molecule is expressed as the sum (linear combination) of two Slater-type orbitals [60, 69—72].
For instance, the case of water, which has seven atomic orbitals, the double zeta basis set is built
in such a way that there are 14 basis functions, with two basis functions describing each of the
atomic orbitals in the water molecule. The addition of two Slater-type functions to describe the
molecular orbital is meant to add flexibility in the molecular orbital so as to be able to describe
the electron distribution within the molecule [73] (e.g., atoms with positive charge can be
described with a contracted type of orbital while atoms with negative charge can be described
using diffuse type of orbitals). In order to achieve a better description of the different molecular
environments, the two Slater-type functions employed in the basis set (to represent each atomic
orbital) do not have to have the same size because they are constructed from different  orbital
exponents [73]. For instance, a 2s function can be constructed by means of linear combination of

two STO functions, with orbital exponents ¢, and &, :
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Z2s () = 250(r, &) +dg500(r, &) (2.32)

where the constant d accounts for the contribution of the second STO in the constructed basis
function. Since the two atomic orbitals may be of different size, the double zeta basis set has to
some extent reduced spherical character which can be described as having anisotropy character

with respect to minimal basis sets [60, 70—73].

Split valence basis set: In a split-valence basis set the inner-shell atomic orbitals are represented
by one basis function and the valence orbitals are represented by two or more basis functions
[60, 72]. For example, the 3-21G basis set has one contracted Gaussian function that describes
the inner core orbital (1s). This contracted Gaussian function is formed as a linear combination
of three primitive Gaussian functions [72]. In the valence atomic orbitals we distinguish between
the inner (2s) and the outer (2p) valence atomic orbitals; the inner valence atomic orbital is
described by one contracted Gaussian function which is a linear combination of two primitive
Gaussians; the outer valence atomic orbital is described by one primitive Gaussian function [60,
72]. For instance, in the case of the O atom, the inner core orbital is a 1s and is described by
linear combination of three primitive Gaussian functions, the inner valence atomic orbital is the
2s and is described by linear combination of two primitive Gaussian functions and the outer
valence orbitals are the 2px, 2py and 2p,, each is described by one primitive Gaussian function.
Therefore the overall basis set for the O atom is made up of eight primitive Gaussian functions.
The 6-31G basis set informs that each inner-core orbital is represented by one contracted
Gaussian function that is a linear combination of six primitive Gaussian functions and each
valence orbital is represented by two basis functions, one contracted Gaussian function that is a
linear combination of three primitive Gaussians describing the inner valence electrons and one

primitive Gaussian function describing the outer valence electrons [60, 69—72].

Polarization functions: Both minimal basis sets and spit-valence basis set functions are atom
centred, which means that they cannot provide a good description of the region between atoms
[69, 72]. This implies that the increase in the number of contracted Gaussian functions per
atomic orbital does not necessarily result in a good quality basis set. A better description of
chemical bonds requires that other types of basis functions be included in the construction of the

overall basis set. Usually, polarised basis functions are utilised to account for the region
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between atoms [69]. Polarization refers to the distortion of an electron cloud of a system as a
result of the neighbouring species. Therefore contracted Gaussian functions that take into
account the fact that the electron cloud of chemical species can be distorted need to be selected
and included in the basis set meant to describe molecular systems. Such contracted Gaussian
functions are called polarisation functions and are constructed by adjusting the angular
momentum parameters (equations 2.30 and 2.31). The polarisation basis functions are
represented by the asterisk (*) at the end of the notation of the basis set, for instance, the 6-31G*
(also denoted as 6-31(d)) represents that polarisation functions of the d type that are added for
each of the heavy atoms. When the polarisation functions are also added on the H atoms the
basis set is denoted as 6-31G** (also denoted as 6-31G(d,p)), where the second * represents the
p functions added on the H atom [69]. These types of functions are important in describing
various phenomena such as hydrogen bonding where the orbitals on the H atom are not

necessarily spherical but are distorted because of the electron cloud of the neighbouring O atom.

Diffuse functions: Diffuse functions are constructed to take into account the fact that in some
cases (e.g., anionic systems) the electron distribution may be further away from the nucleus. In
order to take into account the features which are away from the nucleus, diffuse functions are
needed. These functions are formed by adding very small zeta exponents to a basis set. These
basis sets are represented by the + signs. One + sign means that diffuse functions are added on
orbitals of the heavy atoms [69], while ++ signals implies that diffuse functions are also added to
the s orbitals of the H atom. For instance consider the 6-31G(d) basis set; when the diffuse
functions are added to the s and p atomic functions, to describe the character of heavy atoms, the
basis set is denoted as 6-31+G(d); when diffuse functions are also added to the s orbital on
hydrogen atom, the basis function is denoted as 6-31++G(d) [69].

Effective core potentials (ECP) basis set: The basis sets described so far are suitable for
description of molecules containing main group elements, where the number of core electrons is
not sufficiently large. When the number of core electrons is very large, as is a case with
transition metal atoms (e.g., Fe, Co, Cu, etc.,) the utilisation of such basis sets becomes
computationally unaffordable. In order to overcome the limitation of standard basis sets in
describing transition metal atom/ions, basis sets that use an effective potential to describe the
nucleus and core electrons/orbitals and pseudo-potentials to describe the valence electrons are
often utilised for description of transition metal atoms/ions. The justification for utilisation of

such basis sets is based on the fact that core (inner) orbitals are in most cases not affected
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significantly by changes in chemical bonding. These basis sets, while mimicking the presence of
the core electrons by means of an effective potential, treat explicitly only the valence electrons or
the two outermost electron shells of the atom [60, 74]. The valence orbitals are replaced by
pseudo-orbitals, which are smooth and node-less orbitals capable of reproducing the correct
behaviour in the valence region [75]. The fact that the core electrons are not computed explicitly
provides an explanation for the reduction in computational time for the calculation of systems
containing transition metal atoms [74—76]. Another useful feature of ECP basis sets is that they
include relativistic effects, which are important for description of heavy atoms such as transition

metal atoms and thus cannot be neglected for accurate investigations.

Unlike standard basis sets, ECP basis sets are not considered as orbitals but rather as
modifications to the effective Hamiltonian. An issue related with the ECP basis sets is their
inability to eliminate electron density in the core region, although they are able to remove the
density due to core orbitals, and replace the core-region density of the true core orbitals by the
core-region density of the pseudovalence orbitals (i.e., these are node-less valance orbitals
determined in the presence of an ECP and the absence of the explicit core orbitals [74]).

When studying a molecular entity that contains main group elements as well as transition metal
ions, thereby forming a coordinated complex, it is often preferred to utilise a mixed basis set of
standard basis sets, for the description of main group elements and ECP basis set, for the
description of transition metal atoms/ions. Some examples of the ECP basis sets include the Los-
Alamos National Laboratory 1 double zeta basis set (LANL1DZ), Los-Alamos National
Laboratory 2 double zeta basis set (LANL2DZ), the multi-configuration-Dirac—Hartree—Fock
(MDF10) in which only 10 core electrons are replaced by the ECP and the Stuttgart/Dresden
(SDD) ECP basis set [74—77]. Since the work that is reported in this dissertation considers the
formation of complexes involving the Fe" ions with selected chalcone derivatives, a mixed type
of basis set is used for the optimisation of the complexes; where the metal ion is described by the
LANL2DZ basis set and the ligand molecule is described by the 6-31+G(d,p) standard basis set.
Further description on the selection of the basis sets specifically for the work reported in this

dissertation is given in Chapter 3.
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2.2.5. Roothaan-Hall equation and the Hartree-Fock Method

The development of the Roothaan-Hall equations is based on the fact that for the description of
the spherical nature of atoms the HF approximation has to be solved numerically for the spin-
orbitals; however these numerically solutions cannot be attained in sufficient computational time
for the description of molecular properties. The Roothaan-Hall equations are modifications of the
HF approximation and were developed by the application of the Hartree-Fock together with the
LCAO approximations to the electronic Schrodinger equation [60, 78]. The Hartree-Fock
equations on which the procedure is based are obtainable if we consider the Hamiltonian
operator of the form [78]

2

A l .e
=T+ oY , (2.33)

where h is a hydrogenic Hamiltonian (called the core Hamiltonian) for electron i in the field of a
bare nucleus of charge Ze. The factor of %in the double sum is meant to prevent the double

counting of interactions. The prime on the summation is meant to exclude the terms for which i =
i as electrons are considered not to interact with each other. The Hartree-Fock equation can then

be developed for a space orbital () that is occupied by one electron

{hl +>°(23, - K, )}wa M) = .M, (2.34)

where the sum is over all occupied spatial wavefunctions, J, is the Coulomb operator, K, is the
exchange operator and ¢, is the one-electron orbital energy. The coulomb operator (J,)
representing the Coulomb interaction of electron 1 with electron 2 in the orbital y and is

defined as

WANE { [v: (2)( 472 r jwu (2)dz, }wa @ (2.35)

The exchange operator (K, ) is defined similarly
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Eol1o

K, @ = { [v: (2)( 2 Jwa (2)dz, }wu ) (2.36)

Let us for a moment consider equation 2.34 for the spatial function and write it such that
fv.() = e, D), (2.37)

where f, is the Fock operator expressed in terms of the spatial wavefunctions
fr=h+3(23,0-K,0).

Next we make use of a set of M basis functions y, (equation 2.28)

M
ZEDNNN (2.38)
i=1

where n is the number of molecular orbitals developed from i number of basis functions orbitals.
From a set of M basis functions we can obtain M linearly independent spatial functions. Since the
nature of the M basis wavefunctions is known (taken either as Gaussian-type functions or Slater-
type functions), the problem of calculating the wavefunctions transforms to one of computing for

the coefficientsc,,. We can substitute equation 2.38 into equation 2.37, taking note of the fact

that in equation 2.37, n = a, and write
M M
fl zcia;{i (1) = ga Zcia}(i (l) (239)
i=1 i=1

Multiplying on both sides of equation 2.39 by the conjugate of another set of basis function

7. (1) acting on electron 1, and integration over space function dri1, we can write

Y [ Whr@dri= g, Y, [ 7070 dr (2.40)
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The term on the right hand-side can be replaced by the overlap matrix S (which is not in general

a unit matrix because the basis functions are not necessary orthogonal) with elements
Sy = [1n @@ dry (2.41)

and the term on the left hand-side can be replaced by the Fock matrix (F), which is the matrix

formed from the Fock operator [45]
Fo= [0 @ f@dry (2.42)

Substituting equation 2.41 and 2.42 into equation 2.40 we get
Zcia I:ni = &, Zcia Sni (243)

This expression is one in a set of M simultaneous equations (one for each value of n) that are
known as the Roothaan-Hall equations. The entire set of equations can be written as a single
matrix equation [73]

FC = SCe, (2.44)

where C is an M x M matrix composed of elements c,, and ¢ is a diagonal M x M matrix of the

orbital energies ¢,. The results obtained here correspond to the Hartree-Fock method for

consideration of molecular systems. Hartree-Fock (HF) calculations must also specify the
treatment of electron spin, that is, whether the molecule can be described using an open-shell or
a closed shell model. Most molecules have singlet electronic ground states because they contain
an even number of electrons, which can be formally assigned to orbitals in pairs of opposite
spins. The model for these cases is referred to as closed shell Hartree-Fock model. However,
several cases, which require explicit consideration of unpaired electrons, are better described by
open-shell, spin-unrestricted models that generate separate molecular orbitals for the electrons

with different spin (o or B).
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HF procedures utilised for open shell calculations can be of Restricted (RHF) or Unrestricted
(UHF) type; the open shell RHF or UHF methods [79] are used for:

e molecules with odd number of electrons;

e excited states;

e molecules with triplet or higher-spin ground states (e.g., O2);

e processes that separate electron pairs (e.g., bond dissociation);

e delocalisation orbitals for resonant system.
2.2.6. The Variational Principle
The orbital energies (expressed in equation 2.44) can be obtained by considering the variational
principle. The variational principle states that the energy value for a trial wavefunction

(molecular system) is always higher or equal to the true energy of the exact solution [73]. To

show this, we consider the ground state of some arbitrary molecular system of wavefunction v,

and energy E, . The corresponding Schrodinger equation for the system is given by the equation

Hy, = Ew, (2.45)
Multiplying equation 2.45 by the conjugate of the function we obtain

wo Hy, = vy Egw, (2.46)
If this expression is integrated overall space we obtain

Jl//éﬁ v, dt = Il//S E,w, dt (2.47)

Since E, is a constant, it can be taken out of the integral sign and then set as a subject of a

formula

B ‘//gl:h//odf

E =
O J-l//;l//odf

, (2.48)
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where dzt represent the appropriate volume element. This energy value is termed the expectation

value for a given wavefunction w,. Now consider that we have a trial wavefunction ¢, the

expectation value for such wavefunction is given by the equation

_ Il//;I:I w,dr

E =
Jvivdr

, (2.49)

According to the variational principle the relationship between the two energy values is such that

, > E,, (2.50)
where the equality holds only if ¢ = w,,.

2.2.7. Ab initio and semi-empirical methods

Ab initio is a Latin word meaning “from the beginning”. This term is used to describe the
methods which are based on solving the Schrddinger equation directly, without inclusion of
experimental data. The ab initio methods are therefore very rigorous and tend to be quite
expensive in comparison to methods that introduce some experimental values. Different ab initio
methods are distinguished based on the way in which the approach is applied to solve the
Schrodinger equation. Semi-empirical methods follow directly from the Hartree-Fock method.
These methods do not solve the Schrodinger equation directly but rather neglect or replace some
integrals in the Schrddinger equation with empirical/experimental parameters. Examples of the
integral terms that are neglected include the differential overlap integrals, equation 2.41. The

remaining integrals can be [80]:

e Used to determine the functional form of atomic orbitals;
e Converted into parameters and given values on the basis of few experimental data;

e Made into parameters and given values based on the fitting to many experimental values.
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Different semi-empirical methods are formulated based on the type of neglect of differential
overlap. The three types of neglect of differential overlap that are often utilised include the
Neglect of Diatomic Differential Overlap Approximation (NDDO), Complete Neglect of
Differential Overlap Approximation (CNDO) and Intermediate Neglect of Differential Overlap
Approximation (INDO). Some semi-empirical methods developed based on the NDDO
algorithm include the AM1 (Austin model 1, [81]), PM3 (Parametric method version 3 [82]);
semi-empirical methods developed based on the INDO algorithm include the modified
intermediate neglect of differential overlap (MINDO, [83]) and Zerner intermediate neglect of
differential overlap (ZINDO, [84]).

Because of the neglect of some integrals in the Schrédinger equation, semi-empirical methods
are quicker and less accurate than ab initio method [67, 68]. However, when considering large
molecular systems, they are the only options for providing reasonable results. When describing
systems with small to medium-size molecules, it is possible to use methods that go beyond the
HF decscription. There methods that take into account electronic correlation effects are known as
Post HF methods.

2.2.8. Correlation effects and Post HF methods

The Hartree-Fock method solves the electronic Schrédinger equation by considering the motion
of the multi-electrons as being independent of each other; it assumes that the wavefunction can
be written as one Slater determinant and that each electron interacts with an average charge
distribution due to the other electrons (i.e., it replaces the electron-electron repulsion potential
energy with an average electron charge cloud). The first assumption introduces errors in the
wavefunction and the second assumption introduces errors in the energy of the molecular
system. The error in the energy is called the correlation energy. The correlation energy is defined
as the difference between the true energy (where the interactions between the electrons is taken
into account) and the Hartree-Fock energy (where the interactions between electrons are

neglected) in a complete basis [73]:

Ecorrelation = Eexact — EHF. (2.51)

Electron correlation effects are necessary for describing many molecular properties [60, 67, 68]
and therefore it is necessary to consider methods beyond HF method that can take into
consideration these effects. Such methods are referred to as post Hartree-Fock methods and

include the Mgller—Plesset (MP) perturbation theory method and the Density Functional Theory
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(DFT) method [60, 61, 67—69], configuration interaction [78] and multi-configuration methods

[78]. For the purpose of this work, we provide an explanation of how the Mgller—Plesset second

order (MP2) perturbation theory method and Density Functional Theory (DFT) methods take
into account the electron correlation effect. The MP2 method is explained here because, like HF,
it is a wavefunction based method and therefore can provide a good comparison with HF
method. However, because the molecules investigated in this dissertation are medium-sized
molecules, it is not computationally feasible to utilise the MP2 method for calculations. DFT
method is used throughout the study and it is therefore necessary that a detailed explanation of

the method is provided.

2.2.9. Mgller—Plesset second order (MP2) perturbation theory
The Mgller—Plesset perturbation theory is formulated on an attempt to find approximate

solutions of the Schrédinger equation for a system with Hamiltonian H for which it is difficult
to find exact solutions. We can write the Schrodinger equation for this system as [73, 85]

A

Ay, = Ew,. (252)

We assume that we know the exact solution ” for a simpler system of Hamiltonian H©,

n

which is not very different from H ;

F©)y© = E0, 0 (2.53)

We also take into consideration the assumption that the states y® are non-degenerate, which

n

implies that

E@% E® ifn=k. (2.54)

The small difference in the two Hamiltonians ( H and |3|(°)) is considered as a perturbation on

H© such that all quantities of the system described by H can be expanded as a Taylor series
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starting from the unperturbed quantities of the wavefunction with Hamiltonian H©. The Taylor

series expansmn is done in terms of a parameter A.

H=HO+HY + 2A® + 2RO + (2.55)

The corresponding wavefunction and energies have the form

WISO) + ﬂ,(//r(ll) + 121//[(12)+ /131//?) + ... (2.56)

v,
E. = E©@+ 1EY + 2EP + EV. (2.57)

The superscript refers to the order of the perturbation theory. The term Y is called the first

order correction to the wavefunction and term E® is called the first order correction to the
energy. The term 2 is called the second order correction to the wavefunction and term E'? is
called the second order correction to the energy and so on. The purpose of perturbation theory is
to approximate the energies and wavefunctions of the systems of interest by calculating
corrections up to a given order, in our case, the second order. If equation 2.55 and equation 2.56
are substituted on the left hand side of equation 2.52, and equation 2.56 and equation 2.57 are
substituted on the right hand side of equation 2.52 we get (considering only up to third order

terms)

(HO+HY + 20 + 2HO) O + ap ) + 2y P+ 2y )) =

(EY + 2EY + ZEP + EP) (W + Ayl + X2y P+ 2Py ). (2.58)
Let us consider the left hand side of equation 2.58 and simplify it to the second order term

(HO+2HY + 2H® + 2Ry + /Wﬁ” + 2y Ry =
00 1+ 280 0 221002 20,04 247 0,04 2230,
RO 24110, 1 20,00, 21 (z)wﬁ” AR @04 5 @), )

n

+ B0 1 220,04 510,04 5176),0

Grouping like terms on the left-hand side we can write
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(HO+20Y + ZH + 2ROy + 2y + 2y P+ 2p) =

F O 0 4 2(H Oy ® 4 05 0) + 2 (0@ 4 H 0,0 4 F@,0) 4 (2.59)
We now consider the right hand side of equation 2.58 and simplify it to the second order term

(B + 2EY + PEP+ 2EP) (w? + ap) + 2y P+ 2y) =
Evy 0+ EVy )+ AE Py D+ 22E Oy P+ PE Py P4 AE Py 0+ PE Ny P+ PE Dy P+
Z4Er(11)l//(3)+12E,(12 l// )+ﬂ,3E )l//

n

§)+14E( )Wr(lz)+15E£2)W£3)+13Er(13)‘//( )+/I4E( )Wn)

°E ‘// )+26E(3)1//(3).
Collecting the like-terms we can write

(By + AEY + ZEF+ PEY) (v, + ap) + 2yi?+ AyY) =

n

2.60
ECw® + AEVy Y +EVy ) + ZEPY? + EPy Y + EFy ) + (260
Combining these two sides of equation 2.58 (i.e., equation 2.59 and 2.60) we obtain
H O + 2(H % ® + HY% )+ 22 (RO + Oy W 4 § @y, 04 =
(2.61)

Ey 0’+/1(E p +EVy ) + 2 ECY D +EDp Y + EPyp V) +

In order for equation 2.61 to be true for all values of A, it is necessary that the coefficients of A
on both sides of the equation be equal

H Oy © = 0,0 (2.62)
(H Oy L 0,0 = (EO, B L O, 0, (2.63)
(H Oy @ 4 0,0 4 @,0)= (E0),0) | E0, 0, gC),0) (2.64)

Rearranging equation 2.63 by collecting like terms

H Oy 0 EC), 0= E0, 00,0

n
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and taking a common factor on each term, we can write

yO(AO -E=yOEY -HY). (2.65)

Rearranging equation 2.64 and collecting like terms

H 2 0 @, 04 0, 0_E 0,0 = E0),0)_0,0)

n I'] I']

and taking a common factor on each term, we can write

YO —ED) 4y BED D) = D(ED - HO). (266

Combining equation 2.62, 2.65 and 2.66 we can write

~

O+ (O ED) (A - EL) +y(H ~ED) =

E0 0+ OED ~HO) 4y D(EO - HO)

(2.67)

The first terms on each side of equation 2.67 cancel because of the condition in equation 2.53, so

that the remaining terms can be written as

w(HO —EP) +yI(HP —ER) +y I (HY -EY) = }
wvOEY-RY) + pEY -AC). (268)

The first term on each side of the equation corresponds to first order correction and the second
term on each side corresponds to second order correction to the energy and wavefunction. First
we consider the first order correction terms (assuming the second order terms negligible) and

write
pORD D) =y O(ED -AO). (269

Multiply both sides of equation 2.69 by y©" and integrate overall space we get:

[ " RO-EPw?yde= [ () (B -Hw?) dr
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[wrAOyOde—[ yrE Y Pdr = [ yTEDyVde—[ w2 H Yy dz. (2.70)

The integral in the first term on the right hand side of equation 2.70 is unity because wﬁo) is taken

to be normalised, i.e., for any normalised function

N Tl//*l// dx =1.

More importantly, the first term on the left side of equation 2.70 is zero, as shown below;

)

[wrACyPdr - yYEVYVdr = [y HOWPde —EC[ 47y de

=Er | viwlde —EP[ ylyde

=0.
If we substitute the known information in equation 2.70 we can write
D[ v Ry Ode,
which we can rearranged to
= [ yrA Yy

We now consider the second order correction terms (assuming the first order terms negligible).
First we write the first order wavefunction and second order wavefunction as a linear

combination of ground state of other functions

= 2.aWn - 2.71)

= > b (2.72)
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Substituting equation 2.72 on the right hand side of equation 2.66, we can write

y O —ED) +yYAY —EY)= Sy’ (EY~H®), which simplifies to
wO(HY —ED) +y P HY —EY)= 3 (b, o E? —b, H 2.

Since H©y? = E%°
we can write

v (A —EP) +y (R ~ED)=3 (b.ynE) ~b,Eqwy).

Collecting like terms on the right hand side, we write

v (R —ED)+y /(Y —ED)= 3 b, (E) ~EgJyy. (273)

If we now substitute equation 2.71 in the second term on the left hand side of equation 2.73 we

can write

pO D —EP)+ Ta p (HY-ED)= b, (EC - E, )y, which simplifies to

v (Y —Ef)+ Y a,(HY —EDwp = 2ob, (E) ~Eoyy. (2.74)
If we multiply both sides of equation 2.74 by °" and integrate overall space we get:

| v (R —E) p T de+ | Sap, (HY -EM)p) de= (2.75)

| >0, (ES —Eo)wa v dr.
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We can expand this expression such that

[ wOR®y T de—ED [ Oy (Tdr +

Ya, [ yaRYde->a,[ waEMy dr = (2.76)
> b, (Ef —E))[ wowr dr,
and taking E!" and E'? outside the integration sign we can further write
OH @y dr—ED[ Oy dr+5a [ w°H O %dr —
[ wloR®y SRZS7% ) o[ waR Yy 21

Y aEN[ woptde = Y b, (B —E,)| wowy dr.

If we simplify this expression by considering that y is normalised and that the different

wavefuntions are orthonormal, and therefore satisfy orthonormality condition,
[ wowide =6, (2.78)
we note that the right hand side of equation 2.77 can be equated to zero

[wVAPy T dr—ED +> a [ yoHYyrde - a,EV [ yoyyde =0,

from which, if we apply the orthonormality condition, we can write

EV = [ wPHOyTde+Ya, [y Wy de -3 a,EVs,,, (2.79)

which simplifies to
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)= [ WOR e -3 a, (E06,, - [ waR i ds). @80

We let the first term on the right be equal to I—Alrfn and consider only the case when n=m
E® = I-Alfn + z 'amj.wr?ql:l(l)y/rgo*)dr. (2.81)

The prime on the summation sign indicates the omission of the state withn=m

The coefficient a,, is given by the equation [78];

A

o)
a, = EH_m"E . (2.82)

n m

If we substitute equation 2.82 into equation 2.81 and write the integral term on the right as H -

E@ = {2 + : mn__ @ 1 2.83
n nn ; En _ Em mn ( )
which simplifies to
R . |:| (1))2
@ =2 4 3 (Hm) 2.84
" " ; En - Em ( )

which is the expression for the second order correction to the energy. It is possible in a similar
manner to derive the corresponding first and second order correction terms for the wavefunction.
However, in this work, we restrict ourselves to the derivation of the first and second order

correction terms corresponding to the energy of the system.

2.2.10. Density Functional Theory (DFT)

Density functional theory considers the ground state electron density as the main property to

consider in the Schrodinger equation, rather than the wavefunction. The “functional” part of the
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name comes from the fact that the energy (E) of the molecule is a function of the electron density
(p) and the

density is a function of position; in mathematics, a function of a function is known as a
functional. Electron density is the measure of the probability density of an electron being present

at a specific location and is given through the equation;

p(r) = ill/fi O (2.85)

where n is the number of electrons and y, are the wavefunctions (orbitals) of the system of

interest. If the summation of the electron density is done overall occupied molecular orbitals the

probability density is written as

PO =23y (r) (2.86)

Electron density determines the Hamiltonian operator, and thus all the properties of the system
[86—88]. The overall equation for the energy of the system of an n electron molecule can also be
considered to be derived from the Hartree-Fock energy. The Hartree-Fock energy (section 2.2.5)
is the sum of kinetic energy (ET), electron-nucleus attractive potential energy term (Ev) and two
terms arising from the electron-electron repulsion terms, which are Coulomb potential energy
term of interaction between the charges (E;) and the exchange energy term (Ex), which is a

guantum mechanical correction to the Coulomb energy [78]:

EHF = Etr + Ev + E; + Ex. (2.87)
The DFT energy is differs from the HF energy on the last term only, in which the exchange
energy term (Ex) is replaced by the exchange/correlation energy term (Exc). In this way, the DFT

energy can be written as

EPFT = Er + Ev + E; + Exc. (2.88)
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With the exception of the kinetic energy term (that depends on the position), all other terms

depend on the total electron density [69]. The kinetic energy term has the form;

basis functions

1
er=3 3 o605V @ 239)
Y7 v
where ¢, (r) and ¢, (r) are the atomic spinorbitals associated with a single electron and —%Vz

is the Kkinetic energy operator. The electron-nucleus attractive potential energy term (Ev) present

in equation 2.88 is given by the expression

basis functions nuclei Z e2
Ev = P A dr, 2.90
vEL 2 Pu M(r){ yPo er) r (2.90)

where P, is the electron density matrix, whose elements involve a product of two molecular

14

orbital coefficients:

occupiedmolecular
orbitals

P,=2  2CiCi - (2.91)

2
The Y term in equation 2.90 is the potential energy operator, with Z being the
e, |r—R4 |

nuclear charge and r-Ra s the distance between the nucleus and the electron.
The two-electron Coulomb energy term (which is a measure of the repulsion between two
electrons in regions of space defined by a basis set), present in equation 2.88, is given through

the expression

basis functions

E, = %ZZ ; zﬁ:pwpw (uv| 20), (2.92)
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where (,uvlia) are the two-electron integrals (¢#(r) and ¢, (r) are the atomic orbitals

associated with electron 1; ¢4,(r) and ¢_(r) are the atomic orbitals associated with electron 2),

which can be expressed as:

1

(uv120)= [[4,06,© { } $,(2) ¢,(2)dr, dr,, (2.93)

r-12

1. . : . . :
where {—} is the repulsion potential energy operator. The last term (Exc) in equation 2.88 is the
r12

sum of the exchange Ex (p(r)) and correlation functional Ec(p(r)) terms;

Exc (p(r)) = Ex(o(r))+ Ec(p(r)). (2.94)

Exc (,o(r)) which is the exchange-correlation energy per particle of a uniform electron gas of
density po(r), is a function of the electron density (o(r)) and the gradient of the electron density
(Vo(n);

Exc (p(r)) = [ f(p(r). Vo(r).)dr. (2.95)

It is this term that differentiates the energy obtained from DFT methods from the energy
obtained from HF methods. However, this term cannot be evaluated exactly because the form of
the functional f is not known and therefore it has to be approximated. Different approaches have
been developed to solve for the exchange-correlation energy term. The approach utilised to
obtain the approximate functional for the exchange-correlation term characterise the type of the
DFT method [87, 89]. Below is a brief description of the local density, generalised gradient and
hybrid approximation functional methods.

Local Density Approximations (LDA) functionals: The local density approximation (LDA) is
the basis of all approximate exchange-correlation functional. This type of approximation makes
the assumption that the electronic density slowly varies and that the inhomogeneous density of a
solid or molecule can be calculated using the homogeneous electron gas functional model [90].

For the LDA approximation Exc can be written as:
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Exclp] = [ p(r) exclp(nldr, (2.96)

where g,.[p(r)] is the exchange-correlation energy per electron in a homogenous electron gas of

constant density. This equation represents an approximation because in real systems, neither the
nuclei nor the electronic charges are uniformly distributed. This type of method can be improved
by including the gradient of the density into the functional (because the original definition of the
functional f (equation 2.95) includes the gradient of the density); an example of the LDA
functionals is the Local Spin Density Approximation (LSDA) functional [91].

Generalized Gradient Approximations (GGA) functionals: This approximation considers the
variations in the density by not only accounting for the local density but also by inclusion of the

gradient of the density (i.e., first derivative of the density with respect to position) in the

functional;
gxe [p(N] = &x [p(N] + Agx{lvﬁ(r) |]’ (2.97)
p3(r)

where the second term is a dimensionless reduced gradient and indicates that the density is not

uniform but varies slowly. £$S*[p(r)] is usually split into its exchange and correlation

contributions which are then approximated separately;

exc [P(N] = X" [p(N] + &% p(N]. (2.98)

Some of the earlier gradient exchange functionals such as the Becke exchange (B88, [92]),
Coulomb attenuated method (CAM, [86]) and Perdew and Wang’s 1991 (PW91, [93])
functionals were developed by having a mathematical form that could correctly reproduce the
behaviour of the systems at long range for the energy density and were further developed by in-
cooperating a single empirical parameter, the value of which was optimised by fitting the exact
known exchange energies of the six noble gas atoms [94]. Some examples of the correlation
functionals that are, for instance, stored in Gaussian 09, include the Perdew 86 (P86), Perdew,
Burke and Ernzerhof (PBE) functional of 1996 [95] and the correlation functional of Lee, Yang,

and Parr (LYP), which includes both local and non-local terms [96]. BP86 functional is an
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example of a functional that has both the exchange component and the correlation component (as
given in equation 2.98). This functional is a GGA functional combining the Becke 1988
functional and the Perdew 86 correlation functional [97].

Hybrid functionals: Hybrid functionals are formed by mixing the exact (single-determinant)
exchange, Ex (obtained from HF calculations) and the approximate E. contributions from Kohn-
Sham orbitals (i.e., from DFT method). Mathematically this can be written as [72];

Exc Hybria = E°" + E°. (2.99)

The link between these two terms of the exchange correlation term is called the adiabatic

connection formula (ACF)
1ea
Exc [o] = | Exilpld2, (2.100)

where A is the coupling strength parameter and its values range between 0 and 1; E,, is the non-

classical contribution to the electron-electron interaction for the different values of A. Some
examples of the hybrid functionals include the Becker three parameter Lee,Yang and Parr
(B3LYP) exchange correlation functional [98], the hybrid functional of Truhlar and Zhao (M06
[99] and M062X [100]).

2.3. Computational study of molecules in solution

The significance of performing calculations in solution is based on the fact that most biological
activities are exhibited in physiological media (e.g., polar or non-polar media). The presence of a
solvent is important for the functioning of biological systems both directly, by actively
participating in biological processes and indirectly, by stabilizing biologically active
conformations of proteins and nucleic acid [101]. The properties of the molecule, such as the
geometic properties (e.g., bond lengths, bond angles, torsion angles, possible hydrogen bonds)
and electronic properties (e.g., charges on the atoms and dipole moments) are not expected to be
similar in different media. Therefore it is important to know the properties of the molecule in

both vacuum and in solvent media. The influence of the solvent on the solute geometry can be
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determined by comparing the geometic parameters of the solute molecule in vacuo and in the
solvent medium. In the next sections, the discussion of the solvation process as well as the
possible solvation models that are utilised to study molecules are described in detail.

2.3.1. The solvation process

Solvation is a process in which a solute molecule is transferred from the gas phase to the
condensed phase. The insertion of the solute within a solvent necessitates a significant change in
the energy of the system overall and on the energy of the individual solute and solvent
molecules. Within the isolated solute system, there are solute---solute interactions and within a
solvent medium there are solvent---solvent interactions. When the solute is transferred into the
solvent medium, the geometry of the solute as well as the geometry of the nearby solvent
molecules polarise each other. The polarisation of the solute molecule implies distortion of the
geometry of the solute from the optimum gas phase geometry (e.g., lengthening of the bond
length and significant changes in some torsion angles within a molecule), implying that the
internal energy of the solute is increased with respect to the internal energy of the solute in
vacuo. Furthermore, some of the solute---solute and solvent---solvent interactions should be
broken to allow for the formation of the solute---solvent interactions. The nature and the strength
of solute---solvent interactions depend on the nature of both the solute and the solvent [102]. The
solute---solvent interactions are electrostatic and non-electrostatic in nature. The electrostatic
contribution to the solute---solvent interactions is a result of the interaction between the solute
charge distribution and the electric polarization field of the solvent minus the energy contribution
due to the cost of polarizing the solute and the solvent [103]. The non-electrostatic nature of the
interactions arises from two components; the first component is the van der Waals interactions
which can include induction (also known as polarization i.e., which is the attractive interaction
between a permanent multipole on one molecule with an induced multipole on another) and
dispersion and hydrogen bonding [104, 105]. The dispersion interactions may be a result of
favourable dipole---dipole interactions between the solute and the surrounding solvent molecules
as well as interactions between induced dipoles in adjacent solvent molecules. When the
solute---solvent interactions overcome the solute---solute and solvent:--solvent interactions, the
structure is considered to be completely relaxed (i.e., the solute is completely dissolved in a
solvent). The second component to the non-electrostatic interactions is the cavitation energy,
which is the energy required to create a cavity for the insertion of a solute molecule within the

solvent medium [102, 106—109]. The solvation process implies an increase in the entropy of the
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system whose major contributing factor is the local changes in the arrangement of the solvent

molecules as a result of the insertion of the solute molecules [110].

The solvation free energy (AGson) is then expressed as the sum of electrostatic contributions

(AGele) and the non-electrostatic contributions (AGnon-ele);

AGsoly = AGele + AGron-ele. (2.101)

The electrostatic term (AGele) is the difference between the electrostatic potential term in solution
(which is a sum of the potential energy between the nuclei and electrons within the solute and the
potential energy as a result of polarisation of the solvent and solute) and the electrostatic term of

the isolated solute;

AGele = AGele, soin — AGele, vac. (2.102)

The non-electrostatic term (AGnonele) IS @ sum of dispersion (AGdis), repulsion (AGrep) and
cavitation energy (AGcav) terms. If we substitute these terms into equation 2.101, we can write it

as

AGsoly = AGele + AGis + AGrep + AGcav. (2.103)

2.3.2. Modelling solvent effect: explicit solvation models

The most realistic way to model the solvent effect is to surround the solute with sufficiently large
number of solvent molecules in order to get information on bulk solvent effects. However,
modelling such a system at a quantum mechanical level requires large computational efforts. In
order to overcome this shortcoming, two approaches have been developed to describe the

solvation process; explicit solvation models and implicit solvation models.

Explicit solvation models provide a discreet representation of the solvent molecule, where the
molecular details of each solvent molecule are considered individually [111, 112]. In this
approach, a limited number of solvent molecules are added to specific regions of the molecule in
order to simulate the effect of the solvent on the specific regions of the molecular system. For

instance, when studying metal---ligand systems, it is necessary that explicit solvent molecules are
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included in the coordination sphere because the metal ions are not expected to be "naked” [113,
114]. The number of solvent molecules that can be added depends on the size of the molecule
and the specific site of interest on the molecule which is being investigated. The system formed
by adding solvent molecules to the central molecules is known as a supermolecular or adduct
structure (hence the approach is also sometimes referred to as supermolecular approach). Once
the supermolecular structure is prepared, the Schrédinger equation is then solved in order to
obtain information on its most favourable geometrical arrangements (i.e., the favourable
arrangement of the central solute molecule as well as the most favourable geometrical
arrangements of the solvent molecules around the solute molecule). Explicit solvation models
give a better description of various aspects such as the explicit solute---solvent interactions [115,
116], for instance the type of hydrogen bond involved (i.e., whether it is intramolecular or
intermolecular hydrogen bonding, [102]). However the explicit consideration of the solvent
molecules increases the number of atoms present in the system under study, consequently

causing an increase in computational time [102, 112].

2.3.3. Modelling solvent effect: implicit solvation models
Implicit solvation models simulates the effect of the solvent on the solute molecule without
considering individual solvent molecules, but by considering an overall effect called the bulk
solvent effect. In these models, the solvent is replaced by a continuum dielectric medium (i.e., a
polarisable non-conducting medium); the solute is considered to polarise the dielectric medium
and the solvent in turn polarises the solute [117]. The consideration of the solvent molecule as a
dielectric medium keeps computational time affordable [118]. There are various models that can
be utilized to study solute---solvent effects in a continuum medium. These models include the
Onsager models [119], the conductor like screening model [120], the polarizable continuum
model [119, 103], isodensity polarizable continuum model [119] and solvation model density
(SMD, [103]), The models differ in a number of aspects including [121]:

e size and shape of the solute cavity,

e method of calculating the cavity creation and the dispersion contributions,

e how the charge distribution of solute model is represented,

o whether the solute model is described classically or quantum mechanically.
The paragraphs that follow describe only the features of the SMD model because it is the model

that is selected for the study reported in this dissertation.
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Continuum solvation model density (SMD) is based on interaction of the charge density of a
solute molecule with a continuum description of a solvent molecule [103]. The "D" in the name
of the model stands for density to show that the full solute electron density is utilized and the
"continuum” explains that the solvent molecule in this model is not considered explicitly but
rather as a dielectric medium [103]. In the SMD model, the free energy of interaction between a
solute molecule and a solvent molecule is separated into two components, the first component
being the bulk-electrostatic contributions and the second component being the non-electrostatic

contribution comprising of the cavity-dispersions terms [70, 122].

The bulk-electrostatic contributions to the free energy of solvation in the SMD arise from a self-
consistent reaction field (SCRF) treatment which involves the solution of the non-homogenous
Poisson equation for electrostatic terms [103, 123], as outlined in the basic integral equation
formalism (IEF [124]). The homogenous Poisson equation (inside the cavity) and the Laplacian

equation (outside the cavity) for electrostatic term has the form

AV = —4mp, inside the cavity (2.1041)
AV =0, outside the cavity (2.104i1)
The non-homogeneous Poisson equation as implemented in the IEF approach has the form
Li V = —4npm, inside the cavity (2.105i)
LeV =0, outside the cavity (2.105i1)
[V]=0, on the cavity surface (2.105iii)
[oL V] =0, on the cavity surface (2.105iv)

where pwm is the charge density of the solute, V is the total electrostatic potential, L is the
operator, which is defined with a subscript i inside the cavity and subscript e outside the cavity.

Equation 2.105i corresponds to the non-homogenous Poisson equation.

The SMD model defines the cavity for the solute by superpositions of nuclear-centred spheres
and by the use of semi-empirical surface tensions that are utilised to determine the non-
electrostatic terms such as cavitation and dispersion-repulsion energies [103]. The non-
electrostatic component terms are collectively referred to as the cavity-dispersion solvent-
structure term (CDS) and arise from short-range interactions between the solute molecule and the

solvent molecule in the first solvation shell.
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2.4. Conformational analysis and geometry optimisation

2.4.1. Isolated molecule

The first stage in the study of the molecular properties of a given molecule (both in vacuo and in
solution) is to identify its conformations. Molecular conformations are the different nuclear
arrangements which a molecule can be transformed into by the rotation of one or more geometric
parameters (i.e., bond length, bond angle and torsion angles). Conformations play an important
role in prediction of not just physico-chemical properties [125-129] but also the biological
activity of compounds [129-133]. Different conformers have different energies on the molecular
potential energy surface. A molecular potential energy surface is a plot of energy versus the
spatial degrees of freedom of the molecule (i.e., X, y and z coordinates in a Cartesian coordinate
system or the bond length, bond angle and torsion angle in an internal coordinate system). The
different energies of the molecular system are obtained by varying the geometric parameters of
the molecule, (i.e., bond lengths, bond angles and torsion angles [126]). The potential energy
surface has maxima, minima and saddle points (Figure 2.4). All these points on a potential
energy surface are collectively referred to as stationary points. A stationary point is one at which
the first derivative of the potential energy with respect to each geometric parameter is zero [62]:

CE_E_CE_ -0 (2.106)
oR, 0A 0D,

where R represents the bond length parameter, A represents the bond angle parameter and D
represents the torsion angle parameter. The partial derivatives are written here rather than the
ordinary differential derivatives to emphasize that each derivative is with respect to just one of

the variables of which E is a function.
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Figure 2.4 Illustration of the stationary points on the molecular potential energy surface [119].

The geometric parameter can be bond length, bond angle or torsion angle.

The minima points correspond to the most stable geometries of the molecule. They are identified
through geometry optimisation [119]. Geometry optimisation is the process of finding the
arrangement of nuclei for which the potential energy is a minimum (i.e., it is a process of
locating local or global minimum for a given molecular system). The optimised input structure(s)

are referred to as geometries/conformations of the molecule.

Geometry optimisation analysis on a molecule can only be performed once a basis set has been
selected. The procedure initially determines the wavefunctions and the energy corresponding to
the given arrangement. It then proceeds to a new geometry, most likely to give a lower energy.
The alterations in the conformer continue until a lowest-energy possible geometry, relative to the

starting one, is obtained.

Different molecular conformations (geometries) of a given molecule may have different
molecular properties and, therefore, they may have different biological activities. The biological
activities of a molecule are often associated with the lowest-energy conformers because these are
the conformations that the molecule exists in for most of the time. Therefore, it is important to

identify all the energetically preferred conformations for the molecular system of interest.
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2.4.2. Ligand---metal complex

Once the conformations of a given molecular system are determined, the conformers with
relatively low energy are utilized in the preparation of the metal---ligand complexes. The
conformer corresponding to the lowest-energy is not necessarily the only conformer associated
with the biological activity which is why conformers which may be populated are considered
[102], because these are conformers with relative energy of approximately 3.5 kcal/mol.
Considering relative energy of = 3.5 kcal/mol ensures that no conformer which might be

populated is overlooked.

Once all the conformers that might be populated are determined, the next step is to identify all
the electron density (charge density) rich sites in a given conformer. Electron density rich sites
are often all the sites in a ligand molecule where there is a high electron density and include such
regions as the aromatic rings, multiple bonds (e.g., C=C double bonds and C=C triple bonds) and
lone pair of electrons on heteroatoms (e.g., O or N atoms). The aromatic rings are electron rich
centres as a result of the presence of = electrons above and below the ring. The multiple bonds
are electron rich centres also because of the presence of = electrons. The heteroatoms are
electron rich centres because of the presence of lone pair of electrons that are considered to be
further away from the nucleus and therefore can easily be donated to the metal ion.

Transition metal ions are more likely to bind at the electron rich sites of the ligand because they
are electron deficient species; they have vacant or partially-filled d orbitals. In order to determine
the preferred complex, the input structures should be prepared in such a way that the transition
metal ion is arranged in the vicinity of the available electron rich sites. Each input structure
should have a single metal ion on a given electron rich site. The prepared input structures should
then be optimised separately to determine the preferred complex. The preferred complex is the
one with the lowest total energy. A comparison of the stability of the different complexes can be
determined by estimating the relative energy values with respect to the lowest-energy complex.
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2.5. Hydrogen bonding

2.5.1. Relevance of hydrogen bonds in biological systems

A hydrogen bond is an electrostatic attraction between a highly electronegative atom and a
hydrogen atom attached to a relatively electronegative atom [134, 135]. It is denoted using the
symbol X—H---A, in which the functional group X-H is an electronegative atom (usually oxygen,
nitrogen, fluorine etc.) referred to as the ‘donor’, the dotted sign (---) represents the hydrogen

bond and A denotes the ‘acceptor’ atom.

Hydrogen bonds are known to influence many biological processes [136, 137] and to play a
significant role in determining conformational stability of biological molecules [138-140],
molecular complexes [141] and crystal structures [142]. In biological systems, hydrogen bonding
is responsible for structural features like protein folding or the bonds between the two strands of
DNA,; the influence of hydrogen bonds on biological activities may range from molecular
recognition [143-145], to antitumor activity [146], antioxidant activity [147, 148] and selective
binding [145, 149]. Hydrogen bonds also influence physico-chemical properties like chemical

shifts, vibrational frequencies, density, dielectric constants and vaporization enthalpy.

Hydrogen bonds are classified into two groups; intramolecular and intermolecular (Figure 2.5).
In intramolecular hydrogen bonds, the X and A atoms pertain to the same molecule, while in
intermolecular hydrogen bonds the X and A atoms pertain to different molecules of the same or
different compounds. Intramolecular hydrogen bonds are important in the stabilisation of the
individual conformers of molecules, while intermolecular hydrogen bonds are important in the
stabilisation of the condensed phases of pure substances [150] as well as interactions between
solvent and solute molecules capable of forming them [151]. Intermolecular and intramolecular
hydrogen bonds have also been observed to occur simultaneously, both in solution and in the

solid state, for several systems [152].
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Figure 2.5 Schematic representations of a) intramolecular hydrogen bond in salicylic acid and b)
intermolecular hydrogen bonds between the water molecules. The hydrogen bond is denoted
with the dotted lines.

2.5.2. Strong, moderate and weak hydrogen bonds

The energy of hydrogen bonds spans a broad range of values [153], to an extent that there are
hydrogen bonds that are so strong that they resemble covalent bonds in most of their properties,
others that are so weak that their energy is close to the range of van der Waals interactions and a
variety of intermediate situations. For this reason, the classification of the hydrogen bonds as
strong, moderate and weak does not imply sharp borderlines between the various categories, but
it rather has "border regions™ and, therefore, it should not be taken as a restrictive one [153, 154].
Strong hydrogen bonds have energies ranging from 15 kcal/mol and above, with the H-bond
length being 1.2-1.5 A [155]. Moderate hydrogen bonds have energy ranging between 4 and
15kcal/mol and bond length 1.5-2.2 A [155]. Weak hydrogen bonds have energy less than
4kcal/mol and the bond length is 2.2-3.2 A [155]; their directionality is less marked than for
strong hydrogen bonds; they include some bifurcated and multi-centred hydrogen bonds as well
as unconventional hydrogen bonds. For instance, the typical strength of n-hydrogen bonds is <
Skcal/mol [156].
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2.5.3. Unconventional hydrogen bonds
Unconventional hydrogen bonds are examples of weak hydrogen bonds involving less polar
groups. These include [157]:

e hydrogen bonds with unconventional hydrogen donors like C—H, or unconventional
acceptors such as n charge distributions. In both cases, the H atom plays the role of the
electron acceptor.

e dihydrogen bonds involving two H atoms, one of which accepts electrons and the other
provides them. The bond is denoted as X—H-----H-Y, where X—H is the proton donating
bond and Y is usually boron or a transition metal. The hydrogen bonded to X donates
electrons; while the H atom bonded to Y accept electrons.

e inverse hydrogen bonds, i.e., hydrogen bonds in which the H atom is partially negative.
This occurs in particular complexes involving hydrides with highly electron deficient
atoms, such as LiH, or BeH. Then the H atom acts as a bridge between two partially
positive atoms.

The most relevant types of unconventional hydrogen bonds in the selected chalcone derivatives
are the one involving unconventional hydrogen donors like C—H. C—H---O unconventional
hydrogen bonds are known to play significant roles ( which may sometimes become dominant
[158-161]) in determining molecular conformations, in several chemical and biological
processes [138] including molecular recognition [162], in the stabilization of inclusion
complexes [163, 164] and in the activity of biological macromolecules [165].

2.6. Population analysis

Systems containing metal complexes usually have distribution of charge density between the
central ligand molecule and the metal cation. One approach that is often utilised in the
understanding of the distribution of the charge density within the metal-ligand complex system is
the use of the population analysis schemes [94, 166]. The principle of population analysis studies
is to accurately model the magnitude of the partial charge and its location within a molecule [94,
166]. There are various methods that are utilized in population analysis; these methods include
the popular Mulliken analysis, the Léwdin population analysis, the natural bond order (NBO)

analysis and the atom in molecules (AlIM) analysis [167, 168] schemes.
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The subsections that follow will provide more information on these methods, reflecting on how

these methods function and some of their advantages and disadvantages.

2.6.1. Mulliken and Léwdin population analysis schemes

The Mulliken analysis method is one of the oldest methods utilised in the study of molecular
charge distribution and is a default method for estimation of partial atomic charges in several
quantum chemical software programs, such as Gaussian program, Spartan [169] and Mutliwfn
[170]. This method is based on the linear combination of atomic orbitals obtained from

wavefunction of a given system [171, 172]:

Na= 3 N* (2.107)

HEA

where N;‘ Is the atomic orbital contributions to the molecular orbital.

The Mulliken analysis is advantageous for utilisation in the determination of charge distribution
in molecular systems because [30, 94, 166]:
e itis computationally affordable;
e it works well for comparing changes in partial charge between two different geometries
when the same size basis set is used.
However, the Mulliken population analysis scheme has several caveats that include the strong
dependence of the results from the level of theory (basis sets or kind of calculation method
selected) and the occurrence of inappropriate occupation numbers [80, 171]. As a result of these
limitations, other alternative methods are explored which are able to improve on some of the

shortcomings of the Mulliken analysis method.

The Léwdin population analysis method is constructed with the objective of improving upon the
weaknesses of the Mulliken method (i.e., to correct the instability of predicted charges with
increasing the basis set size). The correction is achieved by transforming the atomic orbital basis
functions (equations 2.107) into an orthonormal set of basis functions prior to the population
analysis. The transformation of atomic basis functions into orthonormal basis functions
guarantees that they do not overlap (i.e., the overlap integral for the orthonormal wavefuntions is
zero, [173]). The Lowdin population analysis scheme is more stable than the Mulliken
population analysis with changes in the basis set, although with very large basis sets it may also
have problems [174].
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2.6.2. Natural Bond Orbital (NBO)

NBO analyses transpose the quantum-mechanical wavefunction into a more natural Lewis
structure. This approach introduces the concept of natural orbitals and occupation-based
symmetric orthogonalization [175-177]. In this scheme, the total density is differentiated into
localized contributions associated with individual atoms giving rise to natural charges and
further into 1-center (lone pairs) and two-center (bonds) pieces. NBO also allows one to

determine hybridization of the atomic orbitals contributing to a particular bond.

The NBO analysis has been incorporated into quantum chemical packages like Gaussian,
Gamess, Q-Chem, Spartan, etc. In the Gaussian program calculation of NBO include the
command “pop=nbo”. This command gives information about the natural population analysis
(NPA) and the atomic-atomic spin densities. The advantages of the NBO include [175, 177]:
o ability to differentiate between the orbitals that will overlap to form a bond and those that
are too near the core of an atom to be involved in bonding,

¢ smaller dependence on the basis set in comparison to Mulliken analysis

The disadvantages of the NBO population analysis include [175, 177]:
e being more computationally expensive than both Mulliken population analysis and
Lowdin population analysis,
e predicting larger charges than several other population analysis methods, so like
Mulliken charges NPA is best used for comparing differences rather than determining

absolute atomic charges.

2.6.3. Atoms in molecule (AIM) analysis scheme

The atom in molecules (AIM) analysis is a population analysis scheme which provides a
universal partitioning of the electron density function (p (r)) into fragments of the molecule [178,
179]. This population analysis scheme is often utilised to assess the formation of intermolecular
interactions such as hydrogen bonds and such weak interactions as dative bonding and
metal—-ligand interactions [180-184]. The AIM analysis scheme is based on the topological
analysis of the electron density distribution [180]. It is therefore a method in which chemically
significant information is obtained from the electron density [185]. In topological analysis, the
critical points (CP) are those points where the first derivative of the electron density with respect
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to position is zero [186]. The characteristics of these points are determined by the second
derivative of p and the Hessian matrix of p [187]. The Hessian is the (3 x 3) symmetric matrix of

partial second derivatives.
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In order to obtain the three principal axis of curvature (i.e., the second derivative of p), the
Hessian matrix is diagonalised, which results in setting the off-diagonal terms to zero. The sum

of the diagonal terms is called the Laplacian of p and denoted as V?(p);

2 2 2
2}(’20 - Zy’j T aazf . (2.109)

V¥(p) =

At a critical point, the eigenvalues of the Hessian matrix are all non-zero real values. Each
critical point is characterised by two parameters, namely the rank and the signature; the rank is
defined as the number of non-zero eigenvalues at a given critical point and the signature is
defined as the total sum of the signs of the eigenvalues. For topologically stable critical points,
the rank has a value of 3 [179, 186]. This means that there are four possible critical points [187],
namely the nuclear critical point (3, -3), ring critical point (3, +1), bond critical point (3, -1) and
the cage critical point (3, +3). In the (3, —3) nuclear critical point (NCP), all three eigenvalues of
the Hessian matrix are negative. This point corresponds to a local maximum. The ring critical
point (RCP) has only one eigenvalue of the Hessian matrix negative, and two eigenvalues of the
Hessian matrix being positive. The bond critical point (BCP) has two negative eigenvalues for
the Hessian matrix and one positive value for the Hessian matrix [188]. The cage critical point

(CCP) point cage point has all its eigenvalues for the Hessian matrix positive.
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The number of critical points (CP) found for a particular molecular system must be in agreement
with the Poincare—Hopf rule, which states that the total number of the nuclear critical points (n),
the bond critical points (b), the ring critical points (r) and cage critical points (c) is equal to 1 and

can be represented mathematically as [186];

n-b+r-c =1 (2.110)

Beside the valuable information from bond critical point properties, AIM analysis provides
information on the local energy density properties (potential, kinetic and total density energies)
for the bonded interactions. Such information can be obtained if we consider the ground state
energy of a molecular system of interest. The potential energy density, V(r), is the average
effective potential field experienced by a single electron at point r in a multi-electron system
[189]. If we consider that the antisymmetric many-electron wavefunction is represented as ¥,

then the gradient kinetic energy density (G(r)) is given by the expression

2
G(N) = - N[vw*vwdr . (2.111)
2m

The Laplacian of the charge density is related to the local contributions to the total energy
through the expression [178]

%vz p(r) = 2 G(r) + V(r). (2.112)

The kinetic energy term is always positive while the potential energy term is always negative,
taking these precautions into consideration it can be seen from equation 2.112 that at the BCP,
interactions for which V?p < 0 are dominated by a local reduction of the potential energy and
interactions for which V2p > 0 are dominated by a local excess in the kinetic energy. In chemical
systems, V2p(r) provides a measure of the local charge concentration (indication of bond
formation) or depletion. The Laplacian (V?p) of the electron density provides information on the
type of bond formed between the atoms of interest in a given molecular system. For instance, in
the case of metal--ligand complexes, V?p provides information on the type of bonding (e.g.,
covalent, ionic or dative bonding) between a given atom of the central ligand molecule and the

metal cation. A negative value of the Laplacian indicates that the bonds between a given atom in
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the ligand molecule and the cation are covalent in nature while a positive value indicates closed-

interactions such as hydrogen bonds or dative bonds [190, 191].

Equation 2.112 does not show a clear representation of the relationship between the total energy
and the individual contributions. A better comparison of the kinetic and potential energy

densities contributions to the total energy is provided by the Cremer and Kraka expression [192];

Hscp = Gacp + Vacr. (2.113)

The values of H and its components (i.e., G and V) provide valuable information on the nature of
the chemical bond. For instance, these parameters are often utilised to determine the strength of a
particular bond [193, 194]. For stronger bonds such as the covalent bonds V is usually negative
and relatively large, while G is positive and H is negative. In such systems, both interacting
atoms are sharing electrons, which are considerably localized in the inter-nuclear space between
the atoms of interest. Strong bonds are characterised by negative values of V2p and are referred
to as shared interactions. Weak bonds, such as H-bonding interactions, are characterised as
closed-shell interactions. In this type of bonding, H has a positive value and is close to zero, G
has positive value and V has negative value. However, the positive value of G predominates over
the negative value of V, since the electrons are energetically less stable in the region between two
closed-shell systems.

The relationship between the electron density at BCP and the bond strength has been found for
strong bonds (e.g., covalent bonds), and for weak interactions, such as metal-ligand interactions
and hydrogen bonding [193, 195]. The potential energy density estimated in BCP has large
values because the electrons are relatively stable energetically in the inter-nuclear region.
Closed-shell interactions are also accompanied by V2p > 0 estimated at the corresponding BCP.
The metal-ligand interaction has characteristics that represent the mixture of shared and closed-
shell interactions. For instance, the value of H is usually negative and close to zero, as found for

shared interactions, but with a positive value of V?p, as found for closed-shell interactions.
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2.7. Antioxidant properties: a theoretical perspective

Antioxidants are molecules that are able to slow down or alternatively prevent the oxidation of
macromolecules (e.g., DNA) in biological systems. In the oxidation process, free radicals may be
produced which start chain reactions that damage cells; antioxidants act as the body’s protective
mechanism by terminating these chain reactions through their ability to remove free radical
intermediates [196]. Antioxidants are found in various natural sources including plant roots
[197-199], stem [200-202] and leaves [203-205] and in foods such as fruits, vegetables and
meats [196, 206]. There are various mechanisms which antioxidants utilise as a mode of action
in the biological processes; these include [207-210]:

o free radical scavenging,

e lipid peroxidation inhibition;

e metal chelation.

2.7.1 Free radical scavenging

Free radicals are species with unpaired electrons and are unstable and highly reactive. In order to
attain stability, free radicals tend to react with other species which are able to provide electrons
to the radicals. When they react with cellular components in biological systems they are likely to
cause damage, which results in several degenerative diseases such as cancer, aging,
neurodegenerative diseases, heart-attacks etc. The free radical scavenging mechanism is often
discussed through four mechanisms, the hydrogen atom transfer (HAT, [211-213]), the single
electron transfer (SET, [214]), the single electron transfer followed by proton transfer (SET-PT,
[215]) and the sequential proton loss electron transfer (SPLET, [216]) mechanisms. The HAT,
SET-PT and SPLET mechanisms depend on the presence of free phenolic OH group(s). The
HAT mechanism is related to the ability of the molecule to donate its phenolic H atom to the

radical species:
R*+ ArOH — RH + ArO*® (2.114)

The termination of further chain reactions depends on the stability of the neutral radical
intermediates (ArO*® radical species) formed. This means that factors enhancing the stability of
the ArQO® radical species, such as the resonance delocalisation of the electron within the aromatic
ring and the formation of the quinine structure, increase the antiradical activity. The ability of
phenolic antioxidants to donate a hydrogen atom is mainly governed by the homolytic O—H bond

dissociation enthalpy (BDE).
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The SET mechanism is governed by the capacity of an antioxidant compound to transfer an
electron and reduce any other compound including metal ions and radical species. In the case of
antioxidant reactions involving radical species, the antioxidant compound (ArOH) transfers a

single electron to the radical species (R*®):

R® + ArOH — ArOH** + R (2.115)

Relative reactivity in SET mechanism is primarily determined by adiabatic ionisation potential
(AIP) value [217, 218] of the reactive functional group. The lower the AIP value, the more

favourable the electron transfer reaction [213, 219].

The single electron transfer followed by proton transfer (SET-PT, [214]) is a two-step reaction
mechanism. In the first step a phenolic antioxidant molecule reacts with the free radical giving
rise to the cationic radical form of the phenolic antioxidant and an anionic form of the radical.

R*® + ArOH — ArOH*" + R~ (2.116)
This reaction is a thermodynamically significant step of this two-step mechanism. In the second
step the cationic radical form of the phenolic antioxidant decomposes into a phenolic radical and
a proton.

ArOH®" — ArO® + H* (2.117)

The numerical parameters related with the SET-PT mechanism are the Adiabatic lonization

Potential (AIP) for the first step and Proton Dissociation Enthalpy (PDE) for the second step.

The sequential proton loss electron transfer reaction is also a two-step reaction mechanism. In

the first step the phenolic antioxidant dissociates into an anionic form and proton,

ArOH — ArO™ + H* (2.118)
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In the second step, the ions created in the first reaction react with the free radical giving rise to

the radical form of the phenolic antioxidant as well as a neutral molecule.

ArO™ + X* + H* — ArO® + XH (2.119)

The numerical parameters related with this mechanism are the Proton Affinity (PA), for the first
reaction step, and Electron Transfer Enthalpy (ETE) for the second step.

2.7.2. Lipid peroxidation inhibition

Lipid peroxidation is the radical chain oxidation of unsaturated fatty acids, sterols and their
esters in biological systems. Studies have found that lipid peroxidation is a consequence of toxic
metabolites (e.g. CCly) that produce highly reactive radical species, disruption of the intracellular
membranes and cellular damage [220]. Lipid peroxidation proceeds by a free-radical mediated
chain reaction that includes initiation, propagation and termination reactions. If we denote a lipid
molecule as R-H and the reactive radical species as In°®, the various stages of lipid peroxidation

can be written as;

Initiation R-H+ In®* > R*+InH
Propagation R°®+ O, —» ROO°*
ROO*+R-H — ROOH +R*

Termination R°®+ R* — non-radical products

The termination stage is achieved when two free radicals conjugate each other (mutual
termination) or by addition of chain-breaking antioxidant. In this way, lipid peroxidation
mechanism is governed by the ability of the antioxidant molecule to inhibit a free radical from
extracting electrons from the cell membrane of lipids (e.g., unsaturated fatty acids) in biological
systems [221].
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2.7.3. Metal chelation mechanism
The metal chelation mechanism is governed by the ability of the antioxidant molecule to reduce
the transition metal ion (by donating electrons to the metal cation) and forming a stable metal-

ligand complex. This process can be represented by the expression:

MY+ LS [MOD .. L] (2.120)

The formation of the complex structure, as a result of the interaction of the antioxidant with the
transition metal ion, prevents the metal ion (e.g., Fe(ll), Fe(lll), Cu(ll),..) from participating in
free radical generation. While the metal ions could be toxic in nature, their complexes with
chelating agents may be less toxic in nature.

The interaction between the metal ion and the ligand can be described in terms of the number of
positions for which the metal is binding to the ligand, what is referred to as dentate attachment
(Figure 2.6). The metal ion can have a single position of attachment to the ligand and this is
referred to as monodentate arrangement, an example of a monodentate ligand is ammonia. The
ligand can have two interaction sites with the metal, and this is referred to as bidentate; an
example of a bidentate ligand is ethylenediamine, where the metal may have several positions for
interaction with the ligand molecule — this is referred to as multi- or poly-dentate attachment. An

example of a multidentate ligand with tridentate attachment is tripyridyl.

H H

H
\,l] a H,C——CH,
.o / \
: HoN NH,
Vi S
monodentate ligand bidentate ligand multi-dentate ligand

Figure 2.6 lllustration of the formation of metal---ligand complexes through the mono, bi and
tridentate ligands.
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Metal ions have the ability to induce reactive oxygen species resulting in the depletion of
antioxidant cell defences and this has a consequence in the disruption of the pro-
oxidant/antioxidant balance in tissue, modifications to DNA bases, enhanced lipid peroxidation,
and changes in calcium and sulphydryl homeostasis [222]. Some examples of biological
reactions through which metal ions are known to cause the generation of free radical species is
the Fenton reaction and the Haber—Weiss cycle reactions. The metal ions (e.g., Fe(ll) and Cu(ll)

ions) catalyse the Fenton reaction to produce hydroxyl radicals [223]:

Fe?*(Cu")+ H,0, 5 Fe*(Cu?*)+ OH + "OH (2.121)

Fe3*(Cu?") + AscH™ — Fe?*(Cu™) + Asc™ + H* (2.122)

The Fe3*(Cu?*) ions, which are biologically inactive forms of the ions, can be recycled back to
Fe2*(Cu™) through interaction with cellular reductants such as ascorbate (AscH™) and NADH
(equation 2.118). Therefore, in the presence of excess biological peroxides (such as H20, which
form naturally during cellular respiration [224]), the reaction can be considered catalytic, leading
to the production of excess free OH radicals which can result in lipid peroxidation, protein
modification and DNA damage [67]. The chelating agents may sequestrate metal ions and

potentially inhibit the biologically metal-dependent Fenton reactions.

Superoxide (O2™*) radicals are able to reduce aqueous Fe** or Cu?* to Fe?* or Cu* ions;

02 + Fe**(Cu?") —» Oy + Fe?*(Cu") (2.123)

the reduced form of Fe3* or Cu?* ions are then available for reactions with hydrogen peroxide
(H202) in a Fenton reaction (equation 2.117). A combination of the Fenton reaction and the
reduction of Fe* or Cu?* by superoxide (equation 2.119) give rise to the net Haber—Weiss cycle

reaction;

O02*+H0, > 0O2+0OH +°'OH . (2.124)

The Haber—Weiss reaction is therefore associated with the generation of toxic free hydroxyl
radicals from the less reactive superoxide and hydrogen peroxide that could be generated

enzymatically [223].
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Transition metal ions (i.e., the Fe(ll) and Fe(lll) cations) are present at low concentration levels
in biological systems and it has been suggested that the Haber—\Weiss reaction may account for
the in vivo generation of the highly reactive "OH [225].

One of the approaches that is utilised to prevent metal ions from inducing oxidative damage to
body cells or tissues is by increasing the cells antioxidant defences through endogenous
supplementation of antioxidant molecules [226]. Most natural phenolic compounds are known to
have high antioxidant activities and are increasingly utilised as antioxidant supplements. One of
the reasons for their utilisation as antioxidant is because of their ability to chelate/coordinate free
transition metal ions found in biological systems, thereby preventing metal ions from

participating in free radical generation [227-230].
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CHAPTER 3

COMPUTATIONAL APPROACHES

3.1. Selection of the computational method

This chapter provides an explanation of the computational approaches utilised in the
investigation of the antioxidant property of selected chalcone derivatives. As described in
chapter 2, the study of molecular systems requires a selection of suitable basis sets, suitable
functionals and suitable computational methods, which are expanded enough to take into
consideration the important features of the molecular system under study. The different
computationally methods have been discussed in section 2.2 of chapter 2. These methods include
the Hartree-Fock method, post—Hartree Fock methods such as the Maller—Plesset perturbation
theory (MP2) and the density functional theory (DFT). The criteria in the selection of the method
utilised is based on the fact that the selected method has to give a good compromise in being
both computationally available and giving significantly accurate results (i.e., results that are
comparable with studies that have already been reported for similar biological systems). For this
reason the Hartree-Fock and MP2 methods were considered not suitable for this work, because
the Hartree-Fock methods do not take into consideration electron correlation effects [60].
Although they are computationally affordable, their lack of consideration of electron correlation
makes them unsuitable for use in the work reported in this dissertation; the description of the
interaction between a ligand and a metal ion requires inclusion of electron correlation effects.
The use of MP2 method, which is known to include correlation effects [60, 61], in this study is
also not feasible because these methods are computationally expensive for investigations of
medium to large size molecules (i.e., molecules with more than 20 atoms). Therefore, to have a
better assessment of the antioxidant property of the selected chalcone derivatives, the DFT
method was utilised throughout this study; the selection of the DFT method is based on two
reasons [60]:

e itis less expensive because it scales better than both HF and MP2 methods,

e itincludes correlation effects and can describe well many features of complex molecules,

including the geometry and the electronic properties.
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3.2. Preparation of the input structures for the isolated ligands

Input structures of the isolated ligands (butein, homobutein, kanakugiol and pedicellin) were
prepared using GaussView5 program and the schematic representations were drawn using the
ChemOffice package in the UltraChem 2010 version [231] for both the neutral and deprotonated
species. The m-conjugation of the C7=C8 double bond to benzene ring B requires that the
aliphatic chain lies on the same plane as the plane of benzene ring B; the conjugation of C7=C8
double bond to the carbonyl C=0 group requires that the C=0 lie on the same plane as the plane
of the C7=C8 double bond. Therefore, although the selected ligands have a number of rotatable
single bonds (i.e., butein and homobutein both have 7 rotatable bonds while kanakugiol and
pedicellin both have 8 rotatable bonds respectively); the number of possible rotations leading to
low-energy conformers is limited to such arrangements as can result in the formation of
intramolecular hydrogen bonds, minimisation of steric effects between neighbouring OCHz3
groups and planar arrangement in accordance with the m conjugation nature of aromatic ring A
and ring B, C7=C8 double bond and C=O group in the 2-propen-1-one aliphatic chain.
Therefore, the preparation of the input structures took into consideration these three factors. For
all four ligands, input structures were prepared in which the number of possible intramolecular
hydrogen bonds present were maximised and steric hindrances between neighbouring OCH3
groups (in kanakugiol and pedicellin) were minimised. In order to maximise the number of
intramolecular hydrogen bonds and to minimise the steric effects, input structures were prepared
by rotation of the C—O bonds in the aromatic rings and the rotation of the C1'—C9 bond. Input
structures corresponding to the rotation of the C1’-C9 were meant to determine the preferred

orientation of the O9 carbonyl atom with respect to the plane of ring A.

Inputs structures corresponding to the rotation of the C—O bonds in butein were prepared
considering the rotation of the C2'-02’ bond (corresponding to the C3'-C2'—02'-H2" torsion
angle), the C4'-04’ bond (corresponding to the C3'-C4'—04'—H4" torsion angle), the C4-04
bond (corresponding to the C3—-C4—-04—H4" torsion angle) and the C3—0O3 bond (corresponding
to the C2—C3-03-H3" torsion angle). Similarly, input structures for homobutein were prepared
through rotation of the C2'-02’ bond (corresponding to the C3'-C2'-02'-H2" torsion angle),
the C4'—04' bond (corresponding to the C3'—C4'-04'-H4" torsion angle), the C4-04 bond
(corresponding to the C3—C4—-04—C4" torsion angle) and the C3—03 bond (corresponding to the
C2-C3-03-C3” torsion angle). Preparation of the kanakugiol input structures involved the

rotation of the C2'-02’ (corresponding to the C3'-C2'-02'-H2" torsion angle), C3'-03’ bond
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(corresponding to the C4'-C3'—03'—C3" torsion angle), the C4'-04’ bond (corresponding to the
C5'-C4'-04'-C4" torsion angle), the C5'—05’ bond (corresponding to the C6'-C5'—05'-C5"
torsion angle) and the C6’-06’ bond (corresponding to the C5'-C6'—06’—C6" torsion angle) and

pedicellin input structures were prepared by rotation of similar bonds as in kanakugiol.

Inputs structures corresponding to the rotation of the C—C bond in the 2-propen-1-one aliphatic
chain corresponded to the rotation of the C9—C8 bond (C1'—C9-C8-C7 torsion angle); two types
of input structures were generated as a result of this rotation, structures with the bent chain
(C1'-C9-C8-C7 torsion angle of ~ 0) and structures with the non-bent chain (C1'-C9-C8-C7

torsion angle of ~180).

The input structures for the deprotonated species considered the optimised conformer of the
neutral species as the starting structure. Each input structure was prepared by removal of a single
phenolic proton before optimisation. Previous studies have shown that metal chelation
mechanism is more effective situations in which multidendate coordiantion is achieved.
Therefore, it is interesting to consider sites at which a removal of the proton will still results in
multidendate coordianation of the Fe"™ ion. In line with this, butein has three phenolic OH
protons that can be deprotonated, which are H2’, H3” and H4"” protons. Homobutein has two
phenolic OH protons, which are H2" and H4". The deprotonation of kanakugiol corresponds to

the removal of the phenolic H2' proton.

3.3. Optimisation of the input structures for the isolated ligands

Geometry optimisations on the isolated ligands were carried out without consideration of the
symmetry constraints. The 6-31+G(d,p) basis set was utilised for the geometry optimisations
while the 6-311+G(2d,p) basis set was utilised for single points calculations on already
optimised conformers. The single point calculations were performed with the aim of improving
final energies on all optimised conformers. The selection of the 6-31+G(d,p) basis set is based on
the fact that it is considered a standard basis set and is therefore able to describe main group
elements efficiently. The calculations were performed utilising the DFT/B3LYP and DFT/BP86
method. The two functionals were selected for this work because they have been utilised in many
theoretical investigations of molecular systems [232-235]. Frequency -calculations were
performed, at the same level of calculations as the geometry optimisation, on fully optimised

conformers, to determine the nature of the stationary points. The study was performed in vacuo
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and in water solution. Similar computational methods were considered for the study in water
solution as to those in vacuo. The study in water was meant to mimic the environment in
biological systems, where these compounds are likely to interact with biological free transition
metal ions. Solvent effects on the optimised conformers were described using continuum
solvation model density SMD model (section 2.3.3). Geometry optimisation calculations on the

input structures were performed using the Gaussian09 program [236].

3.4. Input structures for the ligand---Fe"" complexes

The lowest-energy conformers (for either the neutral or deprotonated species) of the selected
chalcone derivatives were utilised in the preparation of the inputs for the ligand---Fe"*
complexes. The preparation of the inputs took into consideration possible sites on the ligands
where interactions with the Fe"* cation would be likely to occur; the possible sites on the ligand
are known as the electron rich centres. The electron rich centres on the ligands were identified as
the keto group (because of the presence of lone pair of electrons on the O9 atom), the O2'H2’
hydroxyl group, the r system of the two aromatic ring A and B, the methoxy groups (because of
the presence of lone pair of electrons on these centres) and the C7=C8 multiple bond. Each Fe"
cation was then coordinated between two neighbouring electron rich centres in order to form a
bidentate or multi-dentate complex; the coordination positions for the Fe(ll) and Fe(l1l) cations
on the ligand are referred to as reactive sites. The possible reactive sites (section 1.3) include the
hydroxyl—keto site, methoxy—keto site, hydroxyl-methoxy site, methoxy—methoxy site,

methoxy—a., 3-unsaturated site and the aromatic rings site.

Input structures for the micro-hydrated complexes of butein and homobutein were prepared from
the corresponding optimised non-hydrated ligand--Fe complex (in which the ligand is the
deprotonated species). The four water molecules were added in the vicinity of the coordinated
Fe™ cations in order to complete the octahedral arrangement requirement for the hydrated Fe™
cations [113]. This investigation was performed only for butein and homobutein because the
calculation with explicit water molecules on kanakugiol and pedicellin were considered to be too
computationally expensive to be affordable by our current computational capability. It is
however envisaged that the results of the study on butein and homobutein may be considered

transferrable to other chalcone derivatives.
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3.5. Optimisation of the ligand---Fe"* complexes

Geometry optimisation on the ligand---Fe" input structures were performed without considering
symmetry constraints. The main group elements; C, H and O atom were described using the 6-
31+G(d,p) basis set (as a reasonable compromise between result accuracy and computational
affordability) and the Fe"™ cations were described using the LANL2DZ basis set. The “6-
31+G(d,p) + LANL2DZ” combination has been extensively utilised and found efficient in the

assessment of the energetic properties of various ligand—metal complexes [113, 227, 230].

The B3LYP and BP86 functionals were selected together for the study of the complexes because
they have been utilised in the study of the isolated ligand. The selection of the B3LYP and BP86
functionals was also meant to assess the ability of the hybrid and non-hybrid density functional
based methods in the estimation of the antioxidant properties for the selected chalcone
derivatives. These functionals have been found to provide adequate information in the study of
other metal-ligand complexes with implication on the antioxidant properties [113, 227, 228,
230, 237].

Single point calculations on the optimised complexes were performed using the 6-311+G(2d,p)
basis set (on all the atoms of the complex molecule) with the aim of improving final energies of
the complexes. Solvent effects on the properties of the geometries and energies were considered
using the continuum solvation model density (SMD). All calculations were performed with

Gaussian09 and optimised isolated conformers as well as ligand---metal complexes were drawn

using GaussView5 program.

3.6. Estimation of the interaction energies

The ligand---Fe"" interaction energy with the bare Fe"* cation was estimated using the equation:
Einter = EL..M"" — EM™ — EL, iso (3.1)
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where EL...M™ is the total energy of the optimised complex, EM"" is the total energy of the

isolated Fe™ cations, and E  iso is the total energy of the isolated ligand molecule.

The interaction energy for the complexes involving the hydrated Fe™ cation was estimated using

the equation:

Einter = EL..M™ — (EL iso + Em™, iso + Edaq, is0) (3.2)

where EL...M™ is the total energy of the optimised complex, EM"" is the total energy of the
isolated Fe™ cations, and EL, iso is the total energy of the isolated ligand molecule and Eaag, iso IS

the total energy of four isolated water molecules.

The binding energy of the complexes is then estimated as the negative of the interaction energy

estimated in equation 3.1 and equation 3. 2.

AEbinding = — AEinter (33)

However, after complexation the conformer utilised in the preparation of the complexes
undergoes deformation. Therefore, the binding energy estimated using equation 3.3 contains
deformation energy (Eder) of the ligand molecule. Eqer was estimated as the energy difference
between the energy of the ligand in the complex (EL, complex) Minus the energy of the isolated
ligand (i.e., optimised conformer (EL, iso)).

Edef = EL, com — EL, iso (3-4)

EL com for each complex was estimated by removing the Fe" cation and running single point
energy calculation on the ligand structure [227, 238]. In this way, the binding energy that is free
of deformation energy is estimated as

AElbinding, = —(Einter - Edef) (3.5)

The greater the computed value of the binding energy, the stronger the affinity of Fe"" cation to
bind to the ligand [227, 238]. All energies obtained were converted from Hartree to kcal/mol

using the 1 Hartree = 627.509 kcal/mol conversion factor.
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3.7. NBO and AIM population analysis

Natural Bond order (NBO) analysis and atom in molecule (AIM) population analysis schemes
were utilised in the investigation of the electron density transfer, the spin density, the strength of
the bonds and the type of bonding between the metal and the ligand in the ligand---Fe"™
complexes. Natural population analysis (NPA) charges were determined from the NBO
calculations, using the “pop=nbo” keywords in the route section during the optimisation

procedure with the Gaussian09 program.

The atom in molecules (AIM) analysis was performed using the AIMAII program [239]. The
number of critical points (CP) for the systems under study has to be in agreement with the
Poincare—Hopf rule (which is explained in chapter 2). The following parameters of the bond
critical point (BCP) were analysed, the electron density (p) and its Laplacian (V2p), the total
energy density of electrons (H), and its two components, the Lagrangian kinetic electron density
(G) and the potential electron density (V). The total energy density, H, was estimated as the sum

of the kinetic electron density and potential energy density [192]:

Hecp = Gacp + Vecr. (3.6)
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CHAPTER 4

RESULTS AND DISCUSSION: ANTIOXIDANT PROPERTIES
OF BUTEIN AND HOMOBUTEIN

4.1. Introduction

This chapter provides results and discussion on the antioxidant properties (from the metal
chelation perspective) of butein and homobutein, the two simplest chalcone derivatives selected
in this study. The results in vacuo are presented first followed by the results in water solution.
The results in vacuo are reported first because they provide valuable information necessary for
further steps of the study. Within each media, the results on the isolated butein and homobutein
ligands, for both the neutral and deprotonated species are reported first followed by the results of
the complexes of the ligands with the Fe"™ cations. The results of the isolated ligands are
reported first because the study on the complexes depends on the information obtained from the
study of the isolated ligands (i.e., isolated conformers of the ligands were used in the preparation
of the complexes). The results on butein are reported before the results on homobutein because
by presenting butein first it becomes easier to investigate the influence of the methoxy
substituent in homobutein on the antioxidant property. The study on the two compounds is inter-
related, a comparison of the results on the complexes of butein and homobutein with either Fe(ll)
or Fe(l) cations is discussed in the text, where necessary, without introducing a specific section.
At the end of the chapter a section is given where a comparison is made between the results

obtained with the different computational approaches selected for this work.

Conformational stability is discussed in terms of the relative energy (AE, kcal/mol) among the
conformers of a given ligand. The stability of the complexes of butein---Fe"™ and
homobutein---Fe™ are also discussed in terms of the relative energy; the ability of the ligand to
coordinate the Fe™ cations is discussed in terms of metal ion affinity (MIA). Final energies were
obtained by running single point calculations on the already optimised conformers and
complexes therefore, results obtained with the 6-311+G(2d,p) basis set are utilised for

discussions throughout the chapter.
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The results reported in this chapter (and in the next chapter) also include the geometrical
properties (e.g., metal---ligand bond distances) and electronic properties (e.g., partial atomic
charges and spin density). The discussion on the partial charges on the atoms provides
information on the oxidation state of the Fe" cation in the complexes. Data from spin density
and orbital occupancy are expected to provide information on the nature of the electronic
distribution in the complex molecule. The discussion on the differences in the bond lengths
between the Fe(ll) and the Fe(lll) as well as the discussion on the electron density and related
properties (such as Laplacian of the electron density) may provide information on the type of
interaction involved between the ligand and the cation (i.e., whether the interactions are covalent
or ionic in nature). The presentation of the results on the geometrical properties will be discussed
where necessary throughout the chapter without introducing a specific section. All the bond
lengths, charges, spin densities and electron density properties reported in the text are obtained
from DFT/B3LYP calculation results with the 6-31+G(d,p) basis set unless indicated otherwise.

Naming of the conformers and complexes: The naming for the conformers of butein and
homobutein is such that the letters B and hB are utilised to denote butein and homobutein
respectively, followed by the Arabic number to indicate the different conformers. Conformers
that do not have the first hydrogen bond (i.e., the H-bond involving the O9 atom and the O2’
atom) are denoted with the acronym noHB1 while conformers that do not have the second
hydrogen bond (i.e., the H-bond at the catechol moiety) are denoted as noHB2. The same pattern
utilised for the neutral species is adopted for the deprotonated species, however the acronym
"an" is used to indicate deprotonation and the Arabic number is utilised to indicate the different
possible conformers. The naming of the complexes of the ligands with the Fe" cations involves
the name of the conformer from which it was obtained followed by the atom(s) to which the Fe™
cation is coordinated, with the oxidation state of the cation indicated in round brackets. For
instance, the B-1noHB1-O2'-Fe(I11)-O9 complex implies that the B-1noHB1 conformer was
utilised in the preparation of the complex and that the Fe" cation of oxidation state +2 is
coordinated at the 02" and O9 reactive site. The naming pattern utilised for complexes with
neutral butein and homobutein ligands has been adopted in the naming of the deprotonated

species however the acronym “an” is utilised to denote deprotonation.

72



4.2. Results in vacuo

4.2.1. Conformational stability and geometries for the butein conformers

The in vacuo optimised conformers are shown in Figure 4.1 and their corresponding relative
energy values (AE, kcal/mol) are reported in Table 4.1. A total of 12 conformers were obtained.
The lowest-energy conformers are those stabilised by the presence of intramolecular hydrogen
bonds (i.e., B-1, B-2 and B-3); this result is in agreement with the fact that intramolecular
hydrogen bonding plays a crucial role in stabilising conformations (Chapter 2). The results
further imply that conformers are better stabilised by the presence of both the first intramolecular
hydrogen bond and the second intramolecular hydrogen bond as opposed to the presence of only
one intramolecular hydrogen bond (i.e., the higher the number of intramolecular hydrogen bonds
the greater is the stability of the conformer). For instance, the AE gap between B-1 and B-1-
noHB2 pair of conformers corresponds to 3.931 kcal/mol which supports the fact that the more
intramolecular hydrogen bonds present in a conformer the better the conformational stability.
Among the first three conformers of butein (i.e., B-1, B-2 and B-3) the AE gap between the
conformers is negligibly small (< 1 kcal/mol) and in all these conformers both intramolecular
hydrogen bonds are present. The minimal difference in the AE value of these conformers
suggests that they may be considered to co-exist in vacuo. The major difference in the geometric
features of the first three conformers is related to the orientation of the hydroxyl groups which
suggests the orientation of the substituent group has minimal effect on conformational stability.
A comparison of the B-3 and B-3noHB1 conformers suggests that the removal of the first
intramolecular hydrogen bond corresponds to relative energy of 14.454 kcal/mol. This result
further suggests the latter conformer cannot be considered to exist in vacuo (because its energy is
too high for the conformer to be considered populated). Conformers which corresponds to the
removal of either the first or the second intramolecular hydrogen corresponds to large relative
energies such that these conformers are considered to not exist in vacuo. Removal of the first
intramolecular bond corresponds to an energy range of 14.454—14.964 kcal/mol and the removal

of the second intramolecular hydrogen bond corresponds to 3.931-4.503 kcal/mol.
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Figure 4.1 B3LYP/6-31+G(d,p) optimised conformers for neutral butein arranged in order of
increasing relative energy (AE, kcal/mol). B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p) relative
energy results. Similar geometries were obtained using the BP86/6-31+G(d,p) calculation
method.
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Table 4.1 In vacuo relative energy values (AE, kcal/mol) for the neutral conformers of butein

Ad B®
Conformer total energy (Hartree) | AE (kcal/mol) | total energy (Hartree) AE (kcal/mol)
DFT/B3LYP results
B-1 -955.0038798 0.000 -955.2415803 0.000
B-2 -955.0037070 0.108 -955.2414131 0.105
B-3 -955.0027050 0.737 -955.2406068 0.611
B-4 -954.9988635 3.148 -955.2367096 3.056
B-1noHB2 -954.9972074 4.186 -955.2353167 3.931
B-3noHB2 -954.9961008 4.881 -955.2344050 4.503
B-5 -954.9920295 7.436 -955.2302970 7.080
B-3noHB1 -954.9802830 14.807 -955.2185461 14.454
B-6 -054.9801423 14.895 -955.2184122 14.538
B-1noHB1 -954.9794951 15.301 -955.2177333 14.964
B-2noHB1 -954.9787955 15.741 -955.2171858 15.309
B-3noHB2HB1 -954.9736717 18.955 -955.2123389 18.349
DFT/BP86 results
B-1 -955.0104938 0.000 -955.2502046 0.000
B-2 -955.0100632 0.270 -955.2498194 0.242
B-3 -955.0093082 0.744 -955.2492520 0.598
B-4 -955.0055362 3.111 -955.2453590 3.041
B-1noHB?2 -955.0041888 3.956 -955.2442717 3.723
B-3noHB2 -955.0030678 4.660 -955.2433538 4.299
B-5 -954.9920295 11.587 -955.2302970 12.492
B-3noHB1 -954.9839196 16.676 -955.2242155 16.308
B-6 -954.9835380 16.915 -955.2238623 16.530
B-1noHB1 -954.9831456 17.161 -955.2234042 16.817
B-2noHB1 -954.9824361 17.606 -955.2227718 17.214
B-3noHB2HB1 -954.9776762 20.593 -955.2183383 19.996

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from the optimised geometries.

B-4, B-5 and B-2noHB1 are formed as a result of the rotation of the C7—C8 bond in B-1, B-
1noHB2 and B-1noHB1 respectively, so that the C1'-C7-C8—C9 torsion angle is nearly 0°. The
results suggest that the orientation in which the C1'-C7—C8-C9 torsion angle is nearly 180° is
favoured compared to the orientation in which the C1'-C7-C8-C9 torsion angle is nearly 0°.
Moreover, the energy difference among the pair of conformers suggests that it is higher (» 3
kcal/mol) when the first intramolecular hydrogen bond is present, as seen in the B-1 & B-4 and
B-1noHB2 & B-5 pairs, than when the first intramolecular hydrogen bond is absent, as seen in
the B-1noHB1 and B-2noHB1 pair (where the energy difference is 0.345 kcal/mol). The energy
difference between B-1 and B-4 conformers and between B-1noHB2 and B-5 conformers may be
related to the off-plane arrangement of the O9 atom in the conformer in which the
C1'-C9-C8-C7 torsion angle is nearly 0°; for instance, the C2'-C1'-C9-09 torsion angle is =
0°in B-1and -13.1° in B-4.
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The off-plane arrangement of the O9 atom implies significant elongation in the first
intramolecular hydrogen bond (it is 1.591 A in B-1 and 1.635 A in B-4).

The optimised conformers of the deprotonated butein ligand are shown in Figure 4.2 and the
corresponding relative energies are reported in Table 4.2. Butein has three possible sites for
deprotonation, namely H2', H3” and H4". The lowest-energy conformer (B-2-an) corresponds to
the deprotonation at the O4 site. It is characterised by the formation of the intramolecular

hydrogen bond between the deprotonated O4 atom and the neighbouring O3H3" phenolic group.

It is also possible to assess the ease with which the proton can be removed from butein by
investigating the deprotonation energy (i.e., the energy required to remove a proton from the
starting conformer); the higher the deprotonation energy the more difficult it is to remove the
proton at a particular site and the lower the protonation energy, the easier it is to remove that
proton from a particular site. If for simplicity sake we consider that the electronic energy of the
proton to be zero (i.e., a proton does not contain an electron), then we can estimate the
protonation energy as the energy difference between the deprotonated and the neutral butein. The
protonation energy (kcal/mol) as a result of the removal of the H2', H3"” and H4"” protons in B-
1noHB1, B-1 and B-2 conformers is 341.696, 329.128 and 322.029 respectively, which indicates
that the phenolic proton that is easily removed is H4" in B-2. Therefore, both the deprotonation

energy and the relative energy values indicate that O4 is the preferred site for deprotonation.

The AE energy gap between B-2-an and the rest of the deprotonated conformers of butein is
significantly large (with energy range of 6.994-36.292 kcal/mol). Application of the Boltzmann
population analysis to the relative energy of all the deprotonated conformers suggests that all

other deprotonated conformers, with the exception of B-2-an, may not exist in vacuo.
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Figure 4.2 B3LYP/6-31+G(d,p) optimised conformers for deprotonated butein arranged in order
of increasing relative energy (AE, kcal/mol). B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p)
results. Similar geometries were obtained using the BP86/6-31+G(d,p) calculation method.
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Table 4.2 In vacuo relative energy values (AE, kcal/mol) for the deprotonated conformers of
butein

A2 BP
Conformer total energy (Hartree) AE (kcal/mol) | total energy (Hartree) AE (kcal/mol)
DFT/B3LYP results
B-2-an -954.4907948 0.000 -954.7282262 0.000
B-1-an -954.4796480 6.995 -954.7170805 6.994
B-1noHB2-anl -954.4726196 11.405 -954.7102082 11.306
B-4-an -954.4660713 15.514 -954.7037386 15.366
B-1noHB2-anll -954.4546761 22.665 -954.6923995 22.482
B-5-an -954.4483095 26.660 -954.6862199 26.359
B-1noHB1-an -954.4356455 34.607 -954.6732052 34.526
B-6-an -954.4328948 36.333 -954.6703918 36.292
DFT/BP86 results
B-2-an -954.5065722 0.000 -954.7458832 0.000
B-1-an -954.4969017 6.068 -954.7362142 6.067
B-1noHB2-anl -954.4876032 11.903 -954.7269364 11.889
B-4-an -954.4815315 15.713 -954.7208277 15.732
B-1noHB2-anll -954.4699756 22.965 -954.7095033 22.829
B-5-an -954.4639083 26.772 -954.7035148 26.587
B-1noHB1-an -954.4450458 38.608 -954.6845026 38.517
B-6-an -954.4424430 40.242 -954.6818259 40.197

@ Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries

4.2.2. Relative stability and binding energies for butein...Fe"™ complexes

formed from neutral butein and bare Fe" cations

The optimised structures of the butein---Fe"" complexes are shown in Figure 4.3 for the
DFT/B3LYP method and Figure 4.4 for the DFT/BP86 method; the corresponding relative
energy values (AE, kcal/mol) are reported in Table 4.3. The stability of the chelate ring formed
usually follows the order 4<<5 > 6 > 7 or larger [240], however, when the ring formed contains
conjugated double bonds, the six-member ring may be more stable than the five member ring.
Among the butein---Fe"™ complexes with the neutral butein ligand the most preferred
coordination site for the Fe"™ cation is the hydroxyl—keto site (the complexes are B-1noHB1-02'-
Fe(I1)-09 and B-1noHB1-02'-Fe(l11)-09). The stability of the lowest-energy complexes may be
related to the formation of the six membered chelate ring. The bond distance (A) values between
the Fe™ cation and the ligand in the lowest-energy complex is 1.836 and 1.821 for O9---Fe?* and
09---Fe*" bonds respectively and 2.045 and 2.067 for O2'---Fe?* and 02'---Fe3* respectively.
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0.000 13.449 17.106 23.584
B-1noHB1-02'-Fe(11)-09 B-1noHB2-03-Fe(11)-04 B-1-ring-Fe(l1)-A B-1-ring-Fe(I1)-B

0.000 30.174 38.118 40.676
B-1noHB1-02'-Fe(111)-09 B-1noHB2-03-Fe(111)-04 B-1-ring-Fe(l11)-A B-1-ring-Fe(l11)-B

Figure 4.3 B3LYP/6-31+G(d,p) optimised butein---Fe"* complexes (arranged in order of
increasing relative energy (AE, kcal/mol)) formed from neutral butein and bare Fe™ cations
B3LYP/6-311+G(d,p)//B3LYP/6-31+G(d,p) results in vacuo. The bond length between the
cation and the ligand are reported in A.
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Figure 4.4 BP86/6-31+G(d,p) optimised butein---Fe"" complexes (arranged in order of increasing
relative energy (AE, kcal/mol)) formed from neutral butein and bare Fe"™ cations. BP86/6-
311+G(d,p)//BP86/6-31+G(d,p) results in vacuo. The bond length between the cation and the
ligand are reported in A.
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Table 4.3 In vacuo relative energy values (AE, kcal/mol) for butein---Fe"™" complexes formed

from neutral butein and bare Fe" cations

A? BP

Complex total energy AE total energy AE

(Hartree) (kcal/mol) (Hartree) (kcal/mol)
DFT/B3LYP results
B-1noHB1-02'-Fe(11)-09 -1077.8397264 0.000 -2218.3550216 0.000
B-1noHB2-03-Fe(l11)-0O4 -1077.8137107 16.325 -2218.3335900 13.449
B-1-ring-Fe(l)-A -1077.8014735 24.004 -2218.3277611 17.106
B-1-ring-Fe(11)-B -1077.7909802 30.589 -2218.3174382 23.584
B-1noHB1-02'-Fe(111)-09 -1077.3550959 0.000 -2217.8820544 0.000
B-1noHB2-03-Fe(l11)-04 -1077.3199125 22.080 -2217.8339687 30.174
B-1-ring-Fe(ll1)-A -1077.2932584 38.804 -2217.8213100 38.118
B-1-ring-Fe(l11)-B -1077.2924209 39.329 -2217.8172335 40.676
DFT/BP86 results
B-1noHB1-02’'-Fe(11)-09 -1077.9168098 0.000 -2218.5384232 0.000
B-1-ring-Fe(l)-A -1077.8890892 17.395 -2218.5157475 14.229
B-1-ring-Fe(l1)-B -1077.8781043 24.288 -2218.5047658 21.120
B-1noHB2-03-Fe(l11)-0O4 -1077.8849576 19.988 -2218.5005595 23.760
B-1noHB1-02'-Fe(111)-09 -1077.4264736 0.000 -2218.0474547 0.000
B-1noHB2-03-Fe(111)-0O4 -1077.3966673 18.704 -2218.0117948 22.377
B-1-ring-Fe(ll1)-A -1077.3771007 30.982 -2218.0031037 27.831
B-1-ring-Fe(l11)-B -1077.3745201 32.601 -2217.9937869 33.677

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries

The second-lowest energy complex (B-1noHB2-03-Fe(I1)-O4 and B-1noHB2-03-Fe(l11)-0O4)
corresponds to the coordination of the Fe" cation at the hydroxyl-hydroxyl reactive site (i.e.,
catechol site) with bond distance values of 2.113 A and 2.119 A for the 03---Fe?* and the
03---Fe3* bonds respectively and 2.109 A and 2.105 A for the O4---Fe?* and the O4---Fe** bonds
respectively. However, the energy gap between the lowest-energy complex and the second
energy complex is significantly large such that it is possible to consider that the Fe"* cation is
less likely to bind at the catechol site. Moreover, the relative energy values for complexes in
which the Fe™ cation is coordinated at other sites (e.g., the = system of the aromatic rings) are
above 13 kcal/mol for Fe(ll) cation and above 30 kcal/mol for the complexes with the Fe(lll)
cation; this result implies that only the coordination of the Fe™ cation at the O2'UQ9 reactive
site is probable to observe in vacuo. The coordination of the Fe" cations at the n system of the
aromatic rings is the least preferred, which indicates that the cation---lone pair interactions are

preferred to the cation---x pair interactions.
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The binding energies (AE'vinding, kcal/mol) for the butein---Fe"™ complexes with the neutral
butein ligand are reported in Table 4.4. The energy values for the complexes are influenced by a
number of factors which include the site of coordination, the nature of the cation, the media and
the nature of the ligand. Among the complexes of butein with the Fe(ll) cation the highest
binding energy value (257.816 kcal/mol ) corresponds to the coordination of the Fe" cation at
the hydroxyl—keto reactive site. Similar results have been reported on the interaction between
flavones (e.g., quercetin and oxovitisin) and Fe (Il), where the preferred binding site is that
between the hydroxyl group and the adjacent 4-carbonyl group [113, 241, 242]. The coordination
of the Fe(ll) cation to the hydroxyl-hydroxyl reactive site corresponds to binding strength of
224.575 kcal/mol. The weakest binding corresponds to the coordination of the Fe"" cation to the
n System of the aromatic ring and has binding energy of 220.375 and 213.254 kcal/mol for the B-
1-ring-Fe(ll)-A and the B-1-ring-Fe(I1)-B complexes respectively; these results are in agreement
with the results of the relative energies where coordination to the r system of the aromatic rings

has large relative energies such that the complexes are not considered populated in vacuo.

Among the butein---Fe3* complexes, the strongest binding corresponds to the coordination of the
Fe(lll) cation to the hydroxyl—keto site with binding strength of 695.053 kcal/mol in the B-
1noHB1-02'-Fe(111)-0O9 complex. For complexes with the Fe(l1l) cation, the coordination at the
7 system of aromatic ring A has higher metal ion affinity (MIA) than coordination at the
catechol moiety; a trend that is different for the complexes with the coordination of the Fe(ll)
cation. The weakest binding energy value corresponds to the coordination of the Fe(l1l) cation at
the © system of aromatic ring B which has a value of 636.433 kcal/mol, these results are in
agreement with the results reported for the relative energies in that coordination at aromatic ring
B results in the least preferred complex. The butein---Fe™ complexes appear to be

thermodynamically favoured as reflected by the positive AE'binding Values reported in Table 4.4.

A comparison of the AE’binding Values among the Fe(ll) and the Fe(lll) cations, for a given
coordination site, shows that Fe(lll) cation has stronger affinity to the butein ligand than Fe(ll)
cation. The ability of the Fe(lll) cation to bind to butein better than the Fe(ll) cation is related to
the high charge on the Fe(lll) cation as compared to the charge on the Fe(ll) cation. In terms of
the antioxidant, the implication of the results reported here is that butein may play a greater role

as an antioxidant when chelating Fe(ll1) cation than the Fe(ll) cation.
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Table 4.4 Binding energy values (AE'binding, kcal/mol) for butein---Fe"" complexes formed from
neutral butein and bare Fe™ cations in vacuo. The complexes are arranged in order of decreasing
AE'binding Values

A2 Bb

Complex AEinter, AEdef AE,binding, AEinter, AEdef AE,binding,

kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol
DFT/B3LYP results
B-1noHB1-02'-Fe(I1)-09 —237.980 14.627 252.607 —242.387 15.429 257.816
B-1noHB2-03-Fe(11)-0O4 —-210.540 6.413 216.953 —217.904 6.671 224.575
B-1-ring-Fe(l1)-A -198.674 9.269 207.943 -210.317 10.058 220.375
B-1-ring-Fe(11)-B —-192.089 8.632 200.721 —-203.839 9.415 213.254
B-1noHB1-02'-Fe(I11)-09 -676.457 19.985 696.442 —674.014 21.039 695.053
B-1-ring-Fe(ll1)-A —622.352 20.440 642.792 —620.932 21.438 642.370
B-1noHB2-03-Fe(l11)-04 —643.265 8.931 652.196 —632.806 9.500 642.306
B-1-ring-Fe(ll1)-B -621.827 17.163 638.990 —618.374 18.059 636.433
DFT/BP86 results
B-1noHB1-02'-Fe(I1)-09 —257.424 11.921 269.345 —271.798 12.614 284.412
B-1-ring-Fe(l1)-A —222.867 9.127 231.994 —240.752 10.031 250.783
B-1-ring-Fe(11)-B -215.974 7.894 223.868 —233.861 8.7768 242.638
B-1noHB2-03-Fe(11)-0O4 —224.231 4,969 229.200 —234.944 5.224 240.186
B-1noHB1-02'-Fe(I11)-09 —698.207 16.215 714.422 —698.333 17.235 715.568
B-1-ring-Fe(ll1)-A —650.064 13.285 663.349 —653.685 18.433 672.118
B-1noHB2-03-Fe(l11)-04 -666.299 7.763 674.062 —662.862 8.415 671.277
B-1-ring-Fe(ll1)-B —648.445 14.657 663.102 —647.839 15.664 663.503

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries

4.2.3. Relative stability and binding energies for butein---Fe™ complexes

formed from deprotonated butein and bare Fe"* cations

The optimised butein---Fe"™ complexes with the deprotonated butein are shown in Figure 4.5 for
DFT/B3LYP results and Figure 4.6 for DFT/BP86; the corresponding relative energy values
(AE, kcal/mol) are reported in Table 4.5. The lowest-energy complex corresponds to the
coordination of the Fe" ion at the 0O2'U09 reactive site (B-1noHB1-an-O2'-Fe(I1)-09 and the
B-1noHB1-an-02'-Fe(111)-09 complexes). The high stability of the complex in which the Fe™
cation is coordinated at the O2"UQ9 reactive site may be related to the fact that both 02" and O9
atoms act as keto groups and therefore the two oxygen atoms have ample lone pairs of electrons
(i.e., high electron density) to donate to the Fe™ cations. The second lowest-energy complex
corresponds to the coordination of the Fe™ cation at the O3LU04H4" reactive site and the least
preferred complex corresponds to the coordination of the Fe™ cation at the O3H3" 04 reactive

site.
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The AE gap between the lowest-energy complexes and the remaining complexes for both Fe(ll)

and Fe(l1l) cations are relatively large such that the coordination of the cations at the 02"w09

reactive site is the only complex that may be considered to exist in vacuo. The stability of these

complexes may also be accounted for by the nature of the chelate ring formed upon coordination

of the cations; a six membered chelate ring involving the Fe" cation and the C1’, C2’, 02, 09,

and C9 atoms while the coordination of the cation between O3 and O4 results in a five-member
ring involving the Fe™" cation, C3, O3, O4 and C4 atoms.
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optimised butein---Fe"™ complexes (arranged in order of
increasing relative energy (AE, kcal/mol)) formed from deprotonated butein and bare Fe" cation,
B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p) results in vacuo. The bond length between the
cation and the ligand are reported in A.
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0.000 25.410 26.196
B-1noHB1-an-02'-Fe(11)-09 B-1noHB2-anl-O3-Fe(I1)-04 B-1noHB2-anll-03-Fe(l1)-04

0.000 24.153 24.991
B-1noHB1-an-O2'-Fe(111)-09 B-1noHB2-anl-O3-Fe(111)-04 B-1noHB2-anll-O3-Fe(l11)-O4

Figure 4.6 BP86/6-31+G(d,p) optimised butein---Fe"" complexes (arranged in order of increasing
relative energy (AE, kcal/mol)) formed from deprotonated butein and bare Fe™ cation. BP86/6-
311+G(2d,p)//BP86/6-31+G(d,p) results in vacuo. The bond length between the cation and the
ligand are reported in A.
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Table 4.5 In vacuo relative energy values (AE, kcal/mol) for butein---Fe"™ complexes formed

from deprotonated butein and bare Fe"* cation

A2 BP

Complex total energy AE total energy AE

(Hartree) (kcal/mol) (Hartree) (kcal/mol)
DFT/B3LYP results
B-1noHB1-an- 0O2'-Fe(11)-09 -1077.6071065 0.000 -2218.1400787 0.000
B-1noHB2-anl-03-Fe(11)-O4 -1077.5641984 26.925 -2218.0879132 32.734
B-1noHB2-anll-O3-Fe(I1)-04 -1077.5602664 29.393 -2218.0866212 33.545
B-1noHB1-an-02'-Fe(l111)-09 -1077.2376533 0.000 -2217.7686282 0.000
B-1noHB2-anll-O3-Fe(l11)-04 -1077.2056250 20.098 -2217.7325233 22.656
B-1noHB2-anl-03-Fe(111)-0O4 -1077.2006854 23.198 -2217.7301568 24.141
DFT/BP86 results
B-1noHB1-an-02'-Fe(l1)-09 -1077.6831808 0.000 -2218.3091025 0.000
B-1noHB2-anl-03-Fe(11)-04 -1077.6476897 22.271 -2218.2686095 25.410
B-1noHB2-anll-O3-Fe(I1)-04 -1077.6454444 23.680 -2218.2673560 26.196
B-1noHB1-an-02'-Fe(111)-09 -1077.3157007 0.000 -2217.9421503 0.000
B-1noHB2-anll-O3-Fe(l11)-04 -1077.2828374 20.622 -2217.9036593 24.153
B-1noHB2-anl-03-Fe(111)-04 -1077.2814289 21.506 -2217.9023250 24,991

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries

The binding energy values (AE'binding, kcal/mol) for the complexes formed from the deprotonated
butein and Fe"* cations are reported in Table 4.6. The highest binding energy value (465.182 and
963.337 kcal/mol for Fe(Il) and Fe(lll) respectively) corresponds to the coordination of the Fe™*
cation to the O2'U009 reactive site. These results are in agreement with the relative energy values
in that the most preferred coordination is at the 02009 reactive site. Coordination of the Fe™
cation at the O3H3" w04 reactive site is preferred to its coordination at the O3.04H4" reactive
site. The results obtained for coordination of the Fe(ll) cation at the O2'-U09 and the
O3H3"u04 reactive site are similar to the values reported in other works, for the coordination of
the Fe(Il) ion to the butein ligand [59]. The O3U0O4H4" reactive site corresponds to the weakest
binding for complexes with the Fe(Ill) cation, while O3H3"U04 reactive site corresponds to the

weakest binding for complexes with the Fe(l1) cation.

A comparison of the Fe(ll) and Fe(ll1l) complexes suggests that Fe(l1l) cation binds stronger to
the deprotonated butein ligand than Fe(ll) cation; similar trends are observed for the complexes
with the neutral ligand. The deformation energy values also indicate that the coordination of the
Fe(111) cation to the butein ligand results in greater deformation than the coordination of the Fe

(11) cation.
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Table 4.6 Binding energy values (AE’binding, kcal/mol) for butein---Fe"" complexes formed from
deprotonated butein and bare Fe"™ cation results in vacuo. The complexes are arranged in order
of decreasing AE'pinding Values

A2 BP
Complex AEinter, AEdef AE,binding, AEinter, AEdef AE,binding,
kcal/mol kcal/mol kcal/mol kcal/mol | kcal/mol | kcal/mol

DFT/B3LYP results

B-1noHB1-an-02'-Fe(11)-09 —433.279 15.353 448.632 | —449.205 | 15.977 465.182
B-1noHB2-anll-03-Fe(l11)-04 —391.945 8.767 400.712 | -403.615 8.577 412.192
B-1noHB2-anl-O3-Fe(11)-O4 —383.152 8.867 392.019 | —393.251 8.737 401.988
B-1noHB1-an-02'-Fe(l11)-09 —944.032 18.135 962.167 | —944.534 | 18.803 963.337
B-1noHB2-anl-O3-Fe(111)-04 —911.991 13.433 925.424 | —909.834 | 13.426 923.260

B-1noHB2-anll-O3-Fe(l11)-04 —897.632 14.899 912.531 | —897.173 | 14.945 912.118

DFT/BP86 results

B-1noHB1-an-02'-Fe(11)-09 —448.482 12.950 461432 | —466.063 | 13.441 479.504
B-1noHB2-anll-03-Fe(11)-04 —409.158 8.182 417.340 | -424.179 8.046 432.225
B-1noHB2-anl-03-Fe(11)-04 —399.506 8.199 407.705 | —414.026 8.105 422.131
B-1noHB1-an-02'-Fe(l11)-09 —966.359 15.881 082.240 | -970.420 | 16.498 986.918
B-1noHB2-anl-O3-Fe(111)-04 —930.093 11.048 941.141 | -930.578 | 11.083 941.661

B-1noHB2-anll-O3-Fe(l11)-04 —918.147 11.317 929.464 -918.801 | 11.394 930.195
@ Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set starting from optimised geometries

4.2.4. Relative stability and binding energies for butein--Fe"™ complexes

formed from deprotonated butein and hydrated Fe™ cations

The optimised complexes of butein with hydrated Fe™ are shown in Figure 4.7 and Figure 4.8
for DFT/B3LYP and DFT/BP86 results respectively; the relative energies (AE, kcal/mol) are
reported in Table 4.7. The lowest-energy complex corresponds to the coordination of the Fe™
cations at the 02'~U09 reactive site. Among the Fe(ll) complexes, the second lowest-energy
complex corresponds to the coordination of the Fe" cation at the O3U04H4" reactive site (B-
1noHB2-anll-03-Fe(I1)-O4-4aq complex) with AE of 16.053 kcal/mol. Among the Fe(lll)
complexes, the coordination at the O3H3"U04 reactive site in the B-1noHB2-anl-O3-Fe(l11)-
O4-4aq complex corresponds to the second lowest-energy complex. Although the AE gap
between the lowest-energy complex and the second lowest-energy complex among the
complexes with the Fe(l11) cation is reduced with respect to the results of the complexes with the
Fe(Il) cation, this complex (B-1noHB2-anl-O3-Fe(l11)-O4-4aq) is not considered to exist.
Coordination at the O3H3"U04 reactive site corresponds to AE values of 16.053 and 9.907
kcal/mol for Fe(Il) and Fe(lll) cations respectively. The least preferred complex corresponds to
the coordination of the Fe"™ cation to the O3H3"U04 and O3uU04H4" reactive sites for the
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Fe(Il) and Fe(l1l) complexes respectively. Coordination at these sites have AE of 22.436 Fe(ll)

cation and 12.477 kcal/mol Fe(lll) cation. Overall, it is reasonable to infer that since AE gap

between the lowest-energy complex and the rest of the complexes is significantly large, only the

coordination of the Fe™ cation at the 0209 reactive site may be probable to observe in nature.
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Figure 4.7 B3LYP/6-31+G(d,p) optimised butein---Fe" complexes (arranged in order of
increasing relative energy (AE, kcal/mol)) formed from deprotonated butein and hydrated Fe"™

cation B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p) results in vacuo.
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Figure 4.8 BP86/6-31+G(d,p) optimised butein---Fe" complexes (arranged in order of increasing
relative energy (AE, kcal/mol)) formed from deprotonated butein and hydrated Fe™ cation
BP86/6-311+G(2d,p)//BP86/6-31+G(d,p) results in vacuo.
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Table 4.7 In vacuo relative energy values (AE, kcal/mol) for butein---Fe"™ complexes formed

from deprotonated butein ligand and hydrated Fe™ cations

Complex total energy AE total energy AE
(Hartree) (kcal/mol) (Hartree) (kcal/mol)
DFT/B3LYP results
B-1noHB1-an-02'-Fe(I1)-09-4aq -1383.4865306 0.000 -2524.1101669 0.000
B-1noHB2-anll-O3-Fe(I1)-04-4aq -1383.4618264 15.502 -2524.0845854 16.053
B-1noHB2-anl-03-Fe(11)-0O4-4aq -1383.4626941 14.958 -2524.0744122 22.436
B-1noHB1-an-02'-Fe(I11)-09-4aq -1383.1461132 0.000 -2523.770596 0.000
B-1noHB2-anl-03-Fe(111)-O4-4aq -1383.1326102 8.473 -2523.7548087 9.907
B-1noHB2-anll-O3-Fe(l11)-04-4aq -1383.1285883 10.997 -2523.7507125 12.477
DFT/BP86 results
B-1noHB1-an-02'-Fe(11)-09-4aq -1383.5469192 0.000 -2524.2700602 0.000
B-1noHB2-anll-O3-Fe(I1)-04-4aq -1383.5241515 14.287 -2524.2448407 15.825
B-1noHB2-anl-03-Fe(I1)-04-4aq -1383.5225073 15.319 -2524.2432868 16.801
B-1noHB1-an-02'-Fe(l11)-09-4aq -1383.2184882 0.000 -2523.9460626 0.000
B-1noHB2-anll-O3-Fe(l11)-04-4aq -1383.1967199 13.660 -2523.9175811 17.872
B-1noHB2-anl-03-Fe(111)-0O4-4aq -1383.1950082 14,734 -2523.9170172 18.226

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries

The binding energy values (AE'vinding, kcal/mol) are reported in Table 4.8. The highest binding
energy value corresponds to the coordination of the hydrated Fe™ cations at the O2"UQ09 reactive
site, with AE'pinding values of 540.676 and 1059.121 kcal/mol for Fe(ll) and Fe(lll) cations
respectively. The coordination of the hydrated cations at the O4U03H3" reactive site results in
the binding energy values of 512.399 for Fe(ll) cation and 1031.083 kcal/mol for Fe(lll) cations.
The weakest binding corresponds to the coordination of the Fe" cations at the O4H4"U03

reactive site with AE'inding Values of 497.364 and 1022.784 kcal/mol.

A comparison of the results obtained for the complexes formed between the deprotonated ligand
and bare Fe" cations and the complexes formed between the deprotonated ligand and hydrated
Fe™ cations suggests in both cases, the preferred binding site for the Fe™ ion is the 0209
reactive site. However, the binding energy is higher when the Fe"™ cation is hydrated than when
it is bare, which indicates that the hydration effect favours stronger interactions between ligand
the Fe"" cations. The preference for the hydration of the Fe™ cations towards binding to the Fe"™
cations may be attributed to the cooperativity effects arising from the interaction between the

water molecules and the neighbouring ligand donor atoms.
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Table 4.8 Binding energy values (AE’binding, kcal/mol) for butein---Fe"" complexes formed from
deprotonated butein ligand and hydrated Fe™ cations results in vacuo. The complexes are
arranged in order of decreasing AE'binding Values

A2 Bb

Complex AEinter, AEdef AE,binding, AEinter, AEdef AE,binding,

kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol
DFT/B3LYP results
B-1noHB1-an-02'-Fe(I1)-09-4aq -523.159 8.178 531.337 -532.068 8.608 540.676
B-1noHB2-anl-03-Fe(11)-O4-4aq —495.716 8.661 504.377 -503.971 8.428 512.399
B-1noHB2-anll-O3-Fe(I1)-04-4aq —485.000 11.127 496.127 -486.412 10.952 497.364
B-1noHB1-an-02'-Fe(111)-09-4aq -1052.132 11.237 1063.369 | —1047.402 11.719 1059.121
B-1noHB2-anl-0O3-Fe(111)-O4-4aq -1029.193 8.200 1037.393 | —1022.880 8.203 1031.083
B-1noHB2-anll-O3-Fe(l11)-04-4aq -1020.457 8.483 1028.940 | -1014.275 8.509 1022.784
DFT/BP86 results
B-1noHB1-an-02'-Fe(11)-09-4aq —528.772 8.481 537.253 —542.600 8.866 551.466
B-1noHB2-anl -03-Fe(11)-04-4aq -471.810 8.863 480.673 -510.111 8.606 518.717
B-1noHB2-anll-O3-Fe(I1)-04-4aq —487.780 9.523 497.303 -500.147 9.312 509.459
B-1noHB1-an-02'-Fe(111)-09-4aq -1071.153 12.506 1083.66 -1073.911 13.027 1086.940
B-1noHB2-anl-03-Fe(l11)-O4-4aq —1040.775 8.061 1048.84 —1039.996 8.028 1048.020
B-1noHB2-anll-O3-Fe(l11)-04-4aq —-1030.787 7.835 1038.62 -1029.411 7.849 1037.260

@ Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries

4.2.5. AIM analysis of the bonding within the butein complexes

The bond critical point (BCP) data for the butein---Fe™ complexes are reported in Table 4.9 for
the DFT/B3LYP results and Table 4.10 for the DFT/BP86 results. There are four types of
ligand---cation bonding interactions, which are the Caom--Fe"™ type of bonding (i.e., which
provides information on the interaction between the ligand and the = electrons of the aromatic
ring) and three cation---lone pair interactions involving the O atoms, including the C=0O---Fe"*
bond, the HO--Fe"™ bond and O—-Fe"™ bond (which is only present at the site of the
deprotonation). For the complexes of butein with the neutral ligand the largest value of p (e/A%)
corresponds to the O9---Fe™ bond (B-1noHB1-02'-Fe(n)-09) and has values of 0.123 and 0.129
for Fe(ll) and Fe(lll) cations respectively. This result is in agreement with the AE and the
AE'binding Values where coordination at the 02'0UQ09 reactive site results in the most preferred
complex and the strongest binding energy. The weakest bond corresponds to the C3'---Fe bond in
the B-1-ring-Fe(I1)-A complex with p value of 0.042 and the O3.--Fe bond in the B-1noHB2-
O3-Fe(l11)-0O4 complex with p value of 0.056.
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Among the complexes with deprotonated butein ligand the largest value of p corresponds to the
02'---Fe™ bond (present in B-1noHB1-an-O2'-Fe(I1)-09 and B-1lnoHB1-an-O2'-Fe(l11)-09
complexes), which has values of 0.142 and 0.139 for Fe(ll) and Fe(lll) cations respectively. The
values of p for the complexes with hydrated Fe"™ cation is smaller than for the complexes with
bare Fe"* cation, which suggests that the effect of hydration weakens the O---Fe and the Carom--Fe
bonds. This is despite the fact that the interaction energy is stronger on hydration, a factor that

may largely be attributed to coopeativity effect.

The Laplacian of the electron density (V?p(r)) provides information on the type of bonding
between the Fe™ cations and the butein ligand (section 2.6.3). V2p (e/A%) values (Table 4.9) have
0.118-0.729 range for the Fe(ll) complexes and 0.106—0.689 range for the Fe(lll) complexes
with neutral butein ligand and the 0.293-0.716 range for the Fe(ll) complexes and 0.274-0.713
range for Fe(lll) complexes among the complexes with the deprotonated butein ligand. The
positive values of V2p in all cases suggest that the type of interactions between the Fe™ cations
and the butein ligand may have dative character. Table 4.10 reports the BCP data with the
DFT/BP86 method.

Analysis of the values of H and its components (Table 4.9), the kinetic (G) and potential (V)
further supports the fact that the type of interactions between the Fe™ cation and the central
butein ligand are dative in nature; H has a positive value and is close to zero, G has positive
value and V has negative value. The |V|/G ratio also provides information on the type of
chemical bonds formed between the Fe"™ cation and the butein ligand. The |V)/G ratio among the
complexes of butein (i.e., for both neutral and deprotonated ligand) has a range of 0.982-1.437
range; suggesting that the interactions between the Fe™ cation and the butein ligand are dative
interactions as indicated by the analysis of the Laplacian values. However, the positive value of
G predominates over the negative value of V. It is therefore reasonable to infer that the

interactions between the Fe"* cations and the butein ligand are dative in nature.
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Table 4.9 Bond critical point data for the butein---Fe"" complexes for both the neutral and
deprotonated butein UB3LYP/6-31+G(d,p) results in vacuo

Complex Bond P VZp \Y G H V]

type e/A3 | /A5 | (Hartree) | (Hartree) (Hartree) G

B-1noHB1-02'-Fe(I1)-09 02'---Fe | 0.068 | 0.405 -0.104 0.103 -0.002 1.015
09---Fe 0.123 | 0.729 -0.243 0.213 —-0.030 1.143

B-1noHB2-03-Fe(11)-0O4 0O3--Fe 0.057 | 0.331 -0.082 0.082 0.001 0.994
0O4--Fe | 0.057 | 0.336 -0.083 0.083 0.001 0.994

B-1-ring-Fe(I1)-A C3-Fe | 0.042 | 0.119 | —0.044 0.037 ~0.007 | 1.191
C6'--Fe | 0.054 | 0.170 | -0.062 0.052 -0.010 | 1.189

B-1-ring-Fe(l)-B C2---Fe 0.039 | 0.118 —0.042 0.036 -0.006 1.172
C5--Fe 0.052 | 0.161 —0.060 0.050 -0.010 1.195

B-1noHB1-an-02'-Fe(11)-09 02'---Fe | 0.142 | 0.716 -0.272 0.225 —0.046 1.206
09---Fe 0.115 | 0.575 -0.195 0.169 —0.026 1.150

B-1noHB2-anl-03-Fe(11)-04 0O3--Fe 0.051 | 0.293 -0.071 0.072 0.001 0.982
O4---Fe 0.112 | 0.630 -0.204 0.181 —0.023 1.129

B-1noHB2-anll-O3-Fe(I1)-04 0O3-Fe 0.125 | 0.662 -0.073 0.074 0.001 0.985
0O4---Fe | 0.053 | 0.302 -0.231 0.198 —0.033 1.166

B-1noHB1-an-02'-Fe(11)-09-4aq 02'---Fe | 0.093 | 0.494 -0.149 0.136 -0.013 1.093
09---Fe 0.076 | 0.433 -0.118 0.113 —0.005 1.044

B-1noHB2-anl-O3-Fe(I1)-O4-4aq 03--Fe 0.038 | 0.170 —0.043 0.043 —4E—-04 1.010
04---Fe 0.105 | 0.614 -0.193 0.173 —-0.020 1.113
B-1noHB2-anll-O3-Fe(Il)-O4-4aq | O3-Fe | 0.108 | 0.558 | —0.183 0.161 ~0.022 | 1135
0O4--Fe | 0.037 | 0.177 —-0.043 0.044 0.000 0.990

B-1noHB1-02'-Fe(111)-09 02'-Fe | 0.065 | 0.377 | —0.096 0.095 -0.001 | 1.011
09--Fe | 0.129 | 0.689 —0.243 0.208 —-0.035 1171

B-1noHB2-03-Fe(111)-0O4 03--Fe 0.056 | 0.321 -0.079 0.079 0.001 0.990
04---Fe 0.058 | 0.333 —0.082 0.082 0.001 0.992

B-1-ring-Fe(ll)-A C5'--Fe | 0.072 | 0.106 —0.068 0.047 -0.021 1.437
C6'--Fe | 0.066 | 0.142 | —0.067 0.051 -0.016 | 1.312

B-1-ring-Fe(I11)-B C5+Fe | 0.069 | 0.147 | —0.072 0.054 —0.018 | 1.324
C6--Fe 0.066 | 0.142 -0.067 0.051 -0.016 1.312

B-1noHB1-an-02'-Fe(111)-09 02'-+-Fe | 0.139 | 0.713 -0.265 0.222 —0.044 1.196
09---Fe 0.101 | 0.504 -0.161 0.143 -0.017 1.121

B-1noHB2-anl-O3-Fe(l11)-04 03--Fe 0.050 | 0.275 -0.067 0.068 0.001 0.984
04---Fe 0.133 | 0.685 -0.249 0.210 -0.039 1.185

B-1noHB2-anll-03-Fe(111)-O4 03--Fe 0.139 | 0.711 -0.067 0.068 0.001 0.985
O4:--Fe 0.050 | 0.274 -0.265 0.221 —0.044 1.197

B-1noHB1-an-02'-Fe(Il1)-09-4aq | O2'-~Fe | 0.086 | 0.493 | —0.141 0.132 ~0.009 | 1.067
09---Fe 0.083 | 0.440 -0.126 0.118 —0.008 1.067
B-1noHB2-anl-O3-Fe(lll)-O4-4aq | O3-Fe | 0.032 | 0.149 | —0.037 0.037 0.000 | 0.994
04---Fe 0.097 | 0.497 -0.154 0.139 -0.015 1.107
B-1noHB2-anll-03-Fe(111)-O4-4aq 03--Fe 0.103 | 0.534 -0.170 0.152 -0.018 1.120
0O4:--Fe 0.031 | 0.146 -0.036 0.036 0.000 0.994
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Table 4.10 Bond critical point data for the butein---Fe"* complexes for both the neutral and
deprotonated butein UBP86/6-31+G(d,p) results in vacuo

Complex Bond P VZp \Y G H V]
type elA3 e/A5 | (Hartree) | (Hartree) | (Hartree) G
B-1noHB1-02'-Fe(I1)-09 02'---Fe 0.070 0.408 -0.107 0.104 —-0.003 1.029
09---Fe 0.122 0.657 -0.224 0.194 -0.030 1.155
B-1noHB2-03-Fe(11)-0O4 03--Fe 0.066 0.375 -0.097 0.095 —-0.002 1.021
04:--Fe 0.067 | 0.382 —0.099 0.097 —0.002 1.021
B-1-ring-Fe(l)-A C3'--Fe 0.050 0.127 —0.052 0.042 —-0.010 1.238
C6'---Fe 0.066 0.186 -0.076 0.061 -0.015 1.246
B-1-ring-Fe(l)-B C2---Fe 0.050 0.135 —0.053 0.043 -0.010 1.233
C5--Fe 0.063 0.175 -0.071 0.057 -0.014 1.246
B-1noHB1-an-Fe-O2'-Fe(I1)-09 02'---Fe 0.139 0.709 —0.264 0.221 —-0.043 1.195
09---Fe 0.112 0.602 -0.198 0.174 -0.024 1.138
B-1noHB2-anl-Fe-03-Fe(11)-04 03---Fe 0.054 | 0.285 -0.072 0.071 —-0.001 1.014
O4---Fe 0.121 0.614 -0.213 0.183 —0.030 1.164
B-1noHB2-anll-Fe-O3-Fe(11)-O4 03-Fe 0.128 0.641 -0.230 0.195 —-0.035 1.179
O4---Fe 0.055 0.279 -0.071 0.071 0.000 1.000
B-1noHB1-an-02'-Fe(11)-09-4aq 02'---Fe 0.097 0.498 —0.154 0.139 -0.015 1.108
09---Fe 0.087 0.477 —0.139 0.129 -0.010 1.078
B-1noHB2-anl-O3-Fe(I1)-O4-4aq 03--Fe 0.034 | 0.147 —0.038 0.037 —-0.001 1.027
04---Fe 0.108 0.558 -0.183 0.161 —-0.022 1.137
B-1noHB2-anll-O3-Fe(I1)-04-4aq 03-Fe 0.112 0.568 -0.189 0.166 —-0.023 1.139
04:--Fe 0.034 | 0.143 -0.037 0.037 0.000 1.000
B-1noHB1-02'-Fe(l11)-09 02'--Fe 0.603 0.352 -0.090 0.089 -0.001 1.011
09---Fe 0.128 0.673 —0.236 0.202 -0.034 1.168
B-1noHB2-03-Fe(111)-0O4 03--Fe 0.060 0.349 —0.088 0.087 —-0.001 1.011
04---Fe 0.062 0.363 —0.091 0.091 0.000 1.000
B-1-ring-Fe(ll)-A C3'--Fe 0.050 0.095 —0.045 0.034 -0.011 1.324
C5'-Fe 0.062 | 0.124 | -0.061 0.046 -0.015 1.326
B-1-ring-Fe(I11)-B C5-Fe | 0076 | 0.174 | —0.083 0.063 ~0.020 1.317
C6---Fe 0.077 0.150 -0.079 0.058 -0.021 1.362
B-1noHB1-an-02'-Fe(111)-09 02'--Fe 0.138 0.717 -0.263 0.221 —-0.042 1.190
09---Fe 0.107 0.572 -0.184 0.164 -0.020 1.122
B-1noHB2-anl-O3-Fe(l11)-04 03--Fe 0.048 0.248 -0.061 0.062 0.001 0.984
04---Fe 0.130 0.657 —0.237 0.200 -0.037 1.185
B-1noHB2-anll-03-Fe(111)-O4 03--Fe 0.134 | 0.676 —0.248 0.208 —0.040 1.192
04:--Fe 0.048 | 0.243 -0.060 0.061 0.001 0.984
B-1noHB1-an-02'-Fe(l11)-09-4aq 02'---Fe 0.112 0.593 -0.195 0.172 -0.023 1.134
09---Fe 0.096 0.491 -0.152 0.137 -0.015 1.109
B-1noHB2-anl-03-Fe(111)-O4-4aq 03-Fe 0.031 0.125 -0.033 0.032 —-0.001 1.031
04---Fe 0.103 0.521 -0.167 0.149 -0.018 1.121
B-1noHB2-anll-03-Fe(111)-O4-4aq 03--Fe 0.112 0.573 -0.191 0.167 -0.024 1.144
0O4:--Fe 0.034 | 0.145 -0.037 0.037 0.000 1.000

94




4.2.6. NPA charges, spin density and orbital occupancies

The oxidation state of the Fe"" ion before and after coordination to the ligand molecule provides
information on the effect of its coordination on the ligand. A decrease in the oxidation number
provides an indication on the extent of reduction for the Fe™ ions upon complexation. The
partial charges and spin density values (calcualted with both methods) for the Fe" ions in the
complexes are reported in Table 4.11. The charge on the free Fe(ll) and Fe(l1l) cations is +2 and
+3 respectively. For the Fe(ll) cation the charge is reduced from 2 to a 1-1.3 e range and from 3
to a 1-1.5 e range for Fe(lll), indicating that the positive charge is transferred from the Fe™
cations to butein. For the complexes with neutral butein with Fe"* cation the highest amount of
charge is transferred with a value of 1.092 and 1.778 e for Fe(ll) and Fe(lll) respectively for
coordination at the O2'0Q09 site for Fe(ll) and the © system of the aromatic ring for Fe(lll).
Among the complexes of deprotonated butein ligand with the Fe"* cation, the highest amount of
charge transfer corresponds to the coordination of the cation at the 020009 reactive site (with
values of 0.851 and 1.616 e for Fe(ll) and Fe(lll) respectively). The results obtained further
suggest that charge transfer is greater for the non-deprotonated ligand than for the deprotonated
ligand and that the charge transfer is highest in the Fe(lll) complexes than in the Fe(ll)

complexes.

Table 4.11 NPA charges and spin densities values for the Fe"* cations in the complexes of butein

Complex charge (e) spin density
DFT/B3LYP results DET/BPS6 results DFT/B3LYP | DFT/BP86
results results
DFT/B3LYP results
B-1noHB1-02’'-Fe(11)-09 1.328 0.550 3.445 3.330
B-1noHB2-03-Fe(l1)-0O4 0.908 1.023 2.962 3.102
B-1-ring-Fe(l)-A 0.915 0.554 2.951 3.014
B-1-ring-Fe(11)-B 0.909 0.959 2.942 3.004
B-1noHB1-an-02'-Fe(I1)-09 1.149 1.206 3.561 3.392
B-1noHB2-anl-03-Fe(l1)-0O4 1.227 1.061 3.286 3.251
B-1noHB2-anll-O3-Fe(I1)-04 1.223 1.065 3.377 3.268
B-1noHB1-an-02’'-Fe(11)-09-4aq 1.203 0.545 3.653 3.524
B-1noHB2-anl-03-Fe(11)-04-4aq 1.252 0.549 3.638 3.482
B-1noHB2-anll-O3-Fe(I1)-04-4aq 1.200 0.543 3.640 3.497
B-1noHB1-02'-Fe(I11)-09 1.521 0.568 3.632 3.478
B-1noHB2-03-Fe(111)-04 1.289 1.250 3.347 3.325
B-1-ring-Fe(ll1)-A 1.324 0.570 3.497 3.353
B-1-ring-Fe(ll1)-B 1.222 1.173 3.342 3.297
B-1noHB1-an-02'-Fe(l11)-09 1.384 1.319 3.589 3.459
B-1noHB2-anl-03-Fe(111)-0O4 1.392 1.246 3.519 3.401
B-1noHB2-anll-O3-Fe(l11)-04 1.391 1.251 3.534 3.410
B-1noHB1-an-02'-Fe(l11)-09-4aq 1.266 1.174 3.718 3.674
B-1noHB2-anl-03-Fe(111)-O4-4aq 1.252 1.111 3.687 3.571
B-1noHB2-anll-O3-Fe(l11)-04-4aq 1.234 1.114 3.669 3.581
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The spin density distribution for the complexes formed from the neutral ligand and bare Fe"*
cations are shown in Figure 4.9 while spin density for the complexes formed from deprotonated
butein and bare Fe™ cations are shown in Figure 4.10 and spin density for the complexes formed
from deprotonated butein and the hydrated Fe™ cations are shown in Figure 4.11. The spin
density of both Fe (I1) and Fe (I1I) cations in the isolated state are 4 and 5 respectively. Among
the butein---Fe"" complexes, the Fe"* cation has spin density values less than 4 for both Fe(Il) and
Fe(lll) cation. The reduction in the spin density suggests that the transfer of electrons from
butein to the Fe"" cations increases the tendency for the electrons in the d orbitals to be paired.
This phenomenon can be explained by considering that the electrons that are transferred from the
ligand molecules occupy the partially-filled d orbitals as well as the empty 4s orbital of Fe"™
cations. A comparison of the Fe(ll) and Fe(lll) complexes implies that there is greater spin
density delocalisation in the Fe(l11) complexes (1.3-1.6) than in the Fe(ll) complexes (0.5-1.0),
which further supports the fact that Fe(l11) binds stronger to the ligand molecule than Fe(ll).

A comparison of the occupancy of the isolated Fe"* cations and that of the complexed Fe™ ions
also provides better evaluation for the effect of electron transfer from the ligand to the metal
cation. Table 4.12 reports the values of the orbital occupancies among the various complexes.
The main effect observed upon complexation is the variation in the occupancies of the 4s and the
3d orbitals. The orbital occupancy is dependent on the site at which the Fe™ cations are
coordinated; the results of the complexes with the Fe(ll) cation; the occupancy for the 4s orbital
increases from 0.000 e (in the isolated cation) to a range of 0.091-0.164 e and 0.092—0.154 e for
Fe(ll) and Fe(lll) cations respectively, for complexes with neutral butein. Among Fe™
complexes with deprotonated butein, the occupancy for the 4s orbital increases from 0.000 e to
0.120-0.140 e in the Fe(l1) and 0.108-0.122 e in the Fe(l1l) cation. Analysis of the occupancy of
the d orbitals shows that for the occupancy of the dxy (3d) orbital, there is a transfer of charge
density from the Fe(ll) cation to the butein ligand (i.e., for cases where the Fe(ll) cation is
coordinating to both the neutral and deprotonated ligand); this is evident by analysis of the
decrease from 1.998 e to a range of 1.046-1.998 e for both complexes with the neutral and
deprotonated ligand. The remaining d orbitals occupancy values shows that upon coordination

the butein ligand transfers electron density to the Fe"* cations.
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B-1noHB1-02'-Fe(11)-09 B-1noHB2-03-Fe(I1)-04 B-1-ring-Fe(l1)-A B-1-ring-Fe(l1)-B
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Figure 4.9 Spin density distribution for the butein---Fe"" complexes formed from the interaction
of neutral butein and bare Fe"" cations, B3LYP/6-31+G(d,p) results in vacuo. The surface
isovalue used is 0.0004 au. The blue colour corresponds to positive spin densities and the green
colour denotes the negative spin density.
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B-1noHB1-an-02'-Fe(11)-09 B-1noHB2-anl-O3-Fe(I1)-04 B-1noHB2-anll-03-Fe(l1)-04

¥

B-1noHB1-an-02'-Fe(111)-09 B-1noHB2-anl-03-Fe(111)-04 B-1noHB2-anll-03-Fe(l11)-04

Figure 4.10 Spin density distribution for the butein---Fe"" complexes formed from the
interactions of deprotonated butein and bare Fe"* cations, B3LYP/6-31+G(d,p) results in vacuo.
The surface isovalue used is 0.0004 au. The blue colour corresponds to positive spin densities
and the green colour denotes the negative spin density.
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B-1noHB2-anl-03-Fe(I1)-04-4aq B-1noHB2-anll-03-Fe(11)-O4-4aq

Q. ),

B-1noHB1-an-02'-Fe(l11)-09-4aq B-1noHB2-anl-03-Fe(l11)-O4-4aq B-1noHB2-anll-O3-Fe(111)-04-4aq

Figure 4.11 Spin density distribution for the butein---Fe"" complexes formed from interactions of
deprotonated butein and hydrated Fe"* cation, B3LYP/6-31+G(d,p) results in vacuo. The surface
isovalue used is 0.0004 au. The blue colour corresponds to positive spin densities and the green
colour denotes the negative spin density.
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Table 4.12 Natural atomic orbital occupancies for some valence orbitals in the isolated Fe"
cations and in complexes with butein results in vacuo with different methods

Isolated and Fe complex Orbitals and the corresponding natural atomic orbital occupancies
S(4s) | dy(3d) | dx (3d) | dy, (3d) dy? (3d) | d/2(3d)

DFT/B3LYP results

Fe(ll) 0.000 1.998 1.000 1.000 1.000 1.000
B-1noHB1-02'-Fe(I1)-09 0.100 1.188 1.246 1.448 1.494 1.141
B-1noHB2-03-Fe(11)-04 0.164 1.240 1.706 1.197 1.491 1.258
B-1-ring-Fe(l1)-A 0.088 1.320 1.504 1.578 1.416 1.098
B-1-ring-Fe(11)-B 0.091 1.232 1.296 1.568 1.544 1.285
B-1noHB1-an-02'-Fe(11)-09 0.140 1.198 1.306 1.827 1.044 1.023
B-1noHB2-anl-03-Fe(11)-0O4 0.120 1.046 1.823 1.037 1.405 1.365
B-1noHB2-anll-03-Fe(I1)-04 0.131 1.099 1.061 1.154 1.441 1.830
B-1noHB1-an-02'-Fe(11)-09-4aq 0.188 1.133 1.809 1.176 1.053 1.104
B-1noHB2-anl-O3-Fe(11)-O4-4aq 0.183 1.624 1.373 1.116 1.067 1.074
B-1noHB2-anll-O3-Fe(I1)-04-4aq 0.188 1.555 1.253 1.117 1.107 1.268
Fe(l11) 0.000 1.000 1.000 1.000 1.000 1.000
B-1noHB1-02'-Fe(I11)-09 0.092 1.434 1.137 1.240 1.381 1.148
B-1noHB2-03-Fe(l11)-04 0.050 1.166 1.101 1.280 1.630 1.453
B-1-ring-Fe(l11)-A 0.133 1.083 1.832 1.134 1.339 1.102
B-1-ring-Fe(l111)-B 0.154 1.145 1.613 1.111 1.352 1.388
B-1noHB1-an-02'-Fe(111)-09 0.118 1.182 1.599 1.508 1.059 1.024
B-1noHB2-anl-O3-Fe(l11)-04 0.122 1.069 1.066 1.362 1.670 1.280
B-1noHB2-anll-O3-Fe(l11)-04 0.108 1.469 1.286 1.148 1.158 1.391
B-1noHB1-an-02'-Fe(111)-09-4aq 0.188 1.133 1.750 1.187 1.046 1.090
B-1noHB2-anl-O3-Fe(l11)-04-4aq 0.183 1.624 1.373 1.116 1.067 1.074
B-1noHB2-anll-O3-Fe(l11)-O4-4aq 0.183 1.506 1.276 1.111 1.107 1.273
DFT/BP86 results

Fe(ll)

B-1noHB1-02'-Fe(I1)-09 0.119 1.225 1.270 1.502 1.431 1.203
B-1noHB2-03-Fe(11)-0O4 0.133 1.249 1.694 1.203 1.398 1.26
B-1-ring-Fe(l)-A 0.115 1.361 1.432 1.554 1.345 1.135
B-1-ring-Fe(11)-B 0.117 1.250 1.258 1.528 1.501 1.3
B-1noHB1-an-02'-Fe(11)-09 0.156 1.230 1.437 1.809 1.057 1.022
B-1noHB2-anl-O3-Fe(11)-O4 0.183 1.175 1.599 1.189 1.370 1.367
B-1noHB2-anll-03-Fe(I1)-04 0.210 1.158 1.418 1.079 1.463 1.549
B-1noHB1-an-02'-Fe(11)-09-4aq 0.206 1.193 1.834 1.176 1.071 1.116
B-1noHB2-anl-03-Fe(11)-O4-4aq 0.209 1.554 1.450 1.163 1.114 1.172
B-1noHB2-anll-03-Fe(l1)-04-4aq 0.211 1.582 1.305 1.133 1.168 1.252
Fe(l11)

B-1noHB1-02'-Fe(I11)-09 0.105 1.418 1.219 1.322 1.366 1.168
B-1noHB2-03-Fe(111)-04 0.063 1.132 1.105 1.271 1.676 1.471
B-1-ring-Fe(l11)-A 0.125 1.346 1.751 1.226 1.109 1.162
B-1-ring-Fe(l11)-B 0.181 1.392 1.452 1.21 1.227 1.349
B-1noHB1-an-02'-Fe(111)-09 0.127 1.236 1.737 1.399 1.089 1.029
B-1noHB2-anl-O3-Fe(111)-04 0.128 1.346 1.634 1.121 1.214 1.268
B-1noHB2-anll-O3-Fe(l11)-0O4 0.130 1.275 1.148 1.258 1.295 1.599
B-1noHB1-an-02'-Fe(l11)-09-4aq 0.217 1.236 1.554 1.217 1.104 1.133
B-1noHB2-anl-03-Fe(l11)-O4-4aq 0.202 1.580 1.394 1.163 1.094 1.138
B-1noHB2-anll-O3-Fe(l11)-04-4aq 0.204 1.446 1.308 1.138 1.144 1.322
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4.2.7. Conformational stability and geometries for the homobutein conformers
The optimised conformers for homobutein are shown in Figure 4.12 and their corresponding
relative energies (AE, kcal/mol) are reported in Table 4.13. The lowest-energy conformers are
those stabilised by the presence of the intramolecular hydrogen bond and the higher the number
of intramolecular hydrogen bonds is, the greater is the stability of the conformers; a similar trend
was observed for the conformers of butein. The AE gap between the first lowest-energy
conformer and the second lowest-energy conformer is 0.624kcal/mol, suggesting that both of
these conformers may exist in vacuo. The difference in the energy between the two conformers
is related to the difference in the orientation of the O4'H4’ group. The AE gap between the
lowest-energy conformer and the rest of the conformers (i.e., excluding the second lowest-energy
conformer) has a range of 4.311-20.216 kcal/mol, which suggests that these conformers may not
be considered to exist in nature (i.e., they are minimally populated). A comparison of the hB-1
and hB-1-noHB2 pair suggests that the removal of the second intramolecular hydrogen bond
corresponds to energy increase of = 4.311 kcal/mol, which is similar to energy range for the
removal of the H-bond from the catechol unit [140]. The removal of the first intramolecular
hydrogen bond in the hB-2 to form hB-2-noHBL1 results in energy increase of 14.460 kcal/mol,
these results suggest that the second intramolecular hydrogen bond is weaker than the first
intramolecular hydrogen, so that the first intramolecular hydrogen bond has greater stabilising
role than the second intramolecular hydrogen bond. Similar trends are observed for the
conformers of butein, where the second intramolecular hydrogen bond, formed at the catechol
unit, is weaker than the first intramolecular hydrogen bond.

Conformers hB-4, hB-5 and hB-6 were obtained through rotation of the C7—C8 bond in hB-1,
hB-1-noHB2 and hB-1-noHB1 respectively so that the C1-C7-C8-C9 torsion angle is nearly 0°.
The energy difference between the conformer with the bent aliphatic chain and the conformer
with the non-bent aliphatic chain is 6.297 kcal/mol (in the hB-1 & hB-4 conformers), where both
the first intramolecular hydrogen bond and the second intramolecular hydrogen bond are present,
and a difference of 0.271 kcal/mol for the hB-1noHB1 & hB-6 pair, where only the first
intramolecular hydrogen bond is absent. An overall comparison of the conformers with non-bent
chain and the corresponding conformers with the bent aliphatic chain suggests that the bent chain

arrangement is preferred to the non-bent arrangement.
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hB-1noHB2

15.084 15.355 20.216
hB-1noHB1 hB-6 hB-3noHB1

Figure 4.12 B3LYP/6-31+G(d,p) optimised conformers for neutral homobutein arranged in
order of increasing relative energy (AE, kcal/mol) B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p)
results in vacuo. Similar geometries were obtained using the BP86/6-311+G(2d,p)//BP86/6-
31+G(d,p) calculation method.
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Table 4.13 In vacuo relative energy values (AE, kcal/mol) for the neutral conformers of
homobutein

A2 BP
Conformer total energy (Hartree) | AE (kcal/mol) | total energy (Hartree) AE (kcal/mol)
DFT/B3LYP results
hB-1 -994.3084711 0.000 -994.5530655 0.000
hB-2 -994.3072586 0.761 -994.,5520710 0.624
hB-1noHB?2 -994.3011406 4.600 -994.5461952 4,311
hB-3 -994.,2982447 6.417 -994.5430110 6.309
hB-4 -994.2979633 6.594 -994.5430305 6.297
hB-5 -994.,2832858 15.804 -994.5302852 14.295
hB-1noHB1 -994.,2838856 15.428 -994.5290274 15.084
hB-6 -994.2906174 11.203 -994.5285960 15.355
hB-3noHB1 -994.2754070 20.750 -994.5208487 20.216
DFT/BP86 results
hB-1 -994.,3114432 0.000 -994,5582217 0.000
hB-2 -994.3102363 0.757 -994,5572329 0.620
hB-1noHB2 -994.3044615 4,381 -994,5516191 4,143
hB-3 -994.3021267 5.846 -994.5489516 5.817
hB-4 -994.,2997457 7.340 -994.5469494 7.074
hB-6 -994.2993013 7.619 -994.5465726 7.310
hB-5 -994.2838663 17.305 -994.5311851 16.966
hB-1noHB1 -994.2832643 17.683 -994.5306706 17.289
hB-3noHB1 -994.2742514 23.338 -994.,5218438 22.827

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from the optimised geometries

The optimised deprotonated conformers of homobutein are shown in Figure 4.13 and the
corresponding relative energy values (AE, kcal/mol) are reported in Table 4.14. Homobutein has
two possible sites where a proton can be removed, H2" and H4". The lowest-energy conformer
corresponds to the removal of the H4" proton, a result which is consistent with the results
obtained for the deprotonated butein (section 4.2.1). The AE gap between the lowest-energy
conformer and the second lowest-energy conformer is 4.112 kcal/mol. The high relative energy
values for hB-6-an and hB-1noHB1-an indicate that it is not a preferred action to remove a

proton that is engaged in intramolecular hydrogen bonding.
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Figure 4.13 B3LYP/6-31+G(d,p) optimised conformers of the deprotonated isolated homobutein
arranged in order of increasing relative energy (AE, kcal/mol) B3LYP/6-311+G(2d,p)//
B3LYP/6-31+G(d,p) results in vacuo. Similar geometries were obtained using the BP86/6-
311+G(2d,p)// BP86/6-31+G(d,p) calculation method.

Table 4.14 In vacuo relative energy values (AE, kcal/mol) for deprotonated conformers of
homobutein

A? B®
Conformer total energy (Hartree) | AE (kcal/mol) | total energy (Hartree) AE (kcal/mol)

DFT/B3LYP results

hB-1noHB2-an -993.7758992 0.000 -994.0205417 0.000
hB-4-an -993.7692462 4.175 -994.0139887 4.112
hB-6-an -993.7362190 24.900 -993.9880318 20.400
hB-1noHB1-an -993.7389862 23.163 -993.9834814 23.256
DFT/BP86 results

hB-1noHB2-an -993.7872307 0.000 -994.0337530 0.000
hB-4-an -993.7810815 3.857 -994.0275787 3.874
hB-6-an -993.7420610 28.344 -993.9885109 23.390
hB-1noHB1-an -993.7447025 26.687 -993.9912435 26.675

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries
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4.2.8. Relative stability and binding energies for homobutein---Fe™ complexes

formed from neutral homobutein and bare Fe"" cations

The optimised structures for the homobutein---Fe"™" complexes are shown in Figure 4.14 and
Figure 4.15 for the DFT/B3LYP results and DFT/BP86 results respectively; the corresponding
relative energy values (AE, kcal/mol) are reported in Table 4.15. The lowest-energy complexes
(hB-1noHB1-02'-Fe(11)-09 and hB-1noHB1-02'-Fe(111)-09) correspond to the coordination of
the cation at the hydroxyl—keto reactive site. The AE gap between the lowest-energy complex
and the second lowest-energy complex is 21.865 and 27.241 kcal/mol for the Fe(ll) and Fe(ll)
cations respectively, which suggest that only coordination at the 02'UQ9 reactive site is the
most probable to observe in vacuo. The formation of the six membered chelate ring on the hB-
1noHB1-02'-Fe(n)-O9 complexes may account for the preference of the cation to coordinate at

the 0209 reactive site.

The second lowest-energy complex corresponds to the coordination of the cation at the
methoxy—hydroxyl reactive site. Coordination of the cations at the = system of the aromatic ring
A and B suggests that among the Fe(ll) complexes the coordination at ring A is preferred over
coordination at ring B while for complexes with the Fe(lll) cation coordination at ring B is
preferred over coordination at ring A. The results obtained suggest that cation---lone pair
interactions are stronger (and therefore have greater role in stabilising the complexes) than
cation---w interactions. The relative energy trend obtained here is also in agreement with the trend

observed for butein.
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Figure 4.14 B3LYP/6-31+G(d,p) optimised homobutein---Fe"™ complexes (arranged in order of
increasing relative energy (AE, kcal/mol)) formed from neutral homobutein with bare Fe™
cation, B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p) results in vacuo. The bond distances
between the ligand and the Fe"* cation are reported in A.
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0.000 13.476 20.747 24.282
hB-1noHB1-02'-Fe(11)-09 hB-1-ring-Fe(I1)-A hB-1-ring-Fe(l1)-B hB-1noHB2-03-Fe(11)-04
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Figure 4.15 BP86/6-31+G(d,p) optimised homobutein---Fe™ complexes (arranged in order of
increasing relative energy (AE, kcal/mol)) formed from neutral homobutein and bare Fe™ cation,
BP86/6-311+G(2d,p)//BP86/6-31+G(d,p) results in vacuo. The bond distances between the
ligand and the Fe™ cation are reported in A.
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Table 4.15 In vacuo relative energy values (AE, kcal/mol) for homobutein---Fe"™" complexes

formed from neutral homobutein and bare Fe™ cations

A2 BP
Complex total energy AE total energy AE
(Hartree) (kcal/mol) (Hartree) (kcal/mol)

DFT/B3LYP results

hB-1noHB1-02'-Fe(11)-09 -1117.1488702 0.000 -2257.6829046 0.000
hB-1noHB2-03-Fe(11)-04 -1117.1170775 19.950 -2257.6480600 21.865
hB-1-ring-Fe(ll)-A -1117.1130926 22.451 -2257.6469772 22.545
hB-1-ring-Fe(l1)-B -1117.1001259 30.587 -2257.6340780 30.639
hB-1noHB1-02'-Fe(111)-09 -1116.6704360 0.000 -2257.2050864 0.000
hB-1noHB2-03-Fe(l11)-04 -1116.6329094 23.548 -2257.1616749 27.241
hB-1-ring-Fe(l11)-B -1116.6089343 38.593 -2257.1440301 38.313
hB-1-ring-Fe(l11)-A -1116.6081970 39.056 -2257.1412986 40.027
DFT/BP86 results

hB-1noHB1-02'-Fe(11)-09 -1117.2226953 0.000 -2257.8518663 0.000
hB-1-ring-Fe(ll)-A -1117.1962886 16.570 -2257.8303903 13.476
hB-1-ring-Fe(l1)-B -1117.1845432 23.941 -2257.8188046 20.747
hB-1noHB2-03-Fe(11)-04 -1117.1893278 20.938 -2257.8131708 24.282
hB-1noHB1-02'-Fe(111)-09 -1116.7384608 0.000 -2257.3672520 0.000
hB-1noHB2-03-Fe(l11)-04 -1116.7057095 20.552 -2257.3291822 23.889
hB-1-ring-Fe(l11)-A -1116.6900251 30.394 -2257.3245041 26.825
hB-1-ring-Fe(l11)-B -1116.6869438 32.327 -2257.3140217 33.402

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries

The binding energy values (AE’inding, kcal/mol) are reported in Table 4.16. The strongest binding
between the homobutein central ligand and the Fe™ cations corresponds to coordination at the
hydroxyl—keto reactive site, with MIA values of 267.348 and 702.916 kcal/mol for the
coordination of the Fe(ll) and Fe(lll) cations respectively. This result is in agreement with the
relative stability results in that, coordination at the hydroxyl-keto reactive site is the most
preferred. The coordination of the Fe™ cations at the methoxy—hydroxyl site has MIA values of
226.290 for Fe(ll) cation and 653.516 kcal/mol for Fe(lll) cation. The weakest binding
corresponds to the coordination of the Fe" cations at the n system of the aromatic rings, similar
trends were observed for the relative energy of the complexes. The AE'binding Values of the Fe(l11)
cation are much higher than those of Fe(ll) which indicates that homobutein acts as a better

antioxidant when chelating Fe(I11) than Fe(ll) cation.
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Table 4.16 Binding energy values (AE'vinding, kcal/mol) for homobutein---Fe™ complexes formed
from netural homobutein and bare Fe™ cations results in vacuo. The complexes are arranged in
order of decreasing AE'binding Values

A2 B®
Complex AEinter, AEdef AE'binding, AEinter, AEdef AE’binding,
kcal/mol | kcal/mol kcal/mol kcal/mol | kcal/mol | kcal/mol

DFT/B3LYP results

hB-1noHB1-02'-Fe(11)-09 -240.962 | 13.843 254.805 | —252.797 | 14.551 267.348
hB-1noHB2-03-Fe(I)-04 —-210.184 5.873 216.057 —-220.158 6.132 226.290
hB-1-ring-Fe(I)-A —-203.084 9.492 212,576 | —215.168 | 10.186 225.354
hB-1-ring-Fe(l)-B —194.947 8.840 203.787 —-207.074 9.586 216.660
hB-1noHB1-02'-Fe(111)-09 -683.328 | 20.602 703.930 | -681.380 | 21.536 702.916
hB-1noHB2-03-Fe(l11)-04 —648.952 9.653 658.605 | —643.366 | 10.150 653.516
hB-1-ring-Fe(I11)-A —628.845 | 20.890 649.735 | -626.268 | 21.787 648.055
hB-1-ring-Fe(l11)-B —629.308 | 18.100 647.408 | -627.982 | 18.869 646.851
DFT/BP86 results

hB-1noHB1-02'-Fe(11)-09 —260.664 12.095 272.759 —275.352 12.145 287.497
hB-1-ring-Fe(I)-A —-226.790 9.335 236.125 | —244.909 | 10.184 255.093
hB-1-ring-Fe(l)-B -219.419 8.191 227.610 | —236.639 9.043 245.682
hB-1noHB2-03-Fe(I)-04 —226.802 5.193 231.995 | -238.247 5.438 243.685
hB-1noHB1-02'-Fe(111)-09 —-705.277 | 16.600 721.877 —705.874 | 17.541 723.415
hB-1-ring-Fe(I11)-A —657.578 | 17.060 680.140 | —662.084 | 18.185 680.269
hB-1noHB2-03-Fe(l11)-04 —671.801 8.339 674.638 | —669.162 8.900 678.062
hB-1-ring-Fe(l11)-B —655.644 | 15.460 671.104 | -655.605 | 16.389 671.994

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries

4.2.9. Relative stability and binding energies for homobutein--Fe™ complexes
formed from deprotonated homobutein and bare Fe™ cations

The optimised homobutein---Fe™ complexes with deprotonated homobutein ligand are shown in
Figure 4.16; the corresponding relative energy values (AE, kcal/mol) are reported in Table 4.17.
The lowest-energy complex corresponds to coordination of the Fe™ cation at the 02'w09
reactive site in hB-1noHB2-an-O2'-Fe(11)-O9 and hB-1noHB2-an-O2'-Fe(111)-O9 complexes.
The stability of these complexes may be related to the fact that upon coordination of the Fe"*
cation, a six membered chelate ring is formed involving the Fe"* cations and the C1’,C9, 09, 02’
and C2' atoms. The relative stability of these complexes may furthermore be related to the fact
that the 02’ and 09 atom acts as a carbonyls with ample of electrons to donate to the Fe™
cations, thus resulting in relatively stable complexes. The AE gap between the complexes
obtained through coordination of the Fe"" cation at the two available sites suggests that in vacuo
only the coordination of the cation at the O2'UQ9 reactive site may be considered to exist.

Similar trends were reported for the Fe complexes with the deprotonated butein ligand.
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Figure 4.16 Optimised homobutein---Fe™ complexes (arranged in order of increasing relative
energy (AE, kcal/mol)) formed from deprotonated homobutein and bare Fe™ cation B3LYP/6-
31+G(d,p) results are reported in the first row and BP86/6-31+G(d,p) optimised complexes are
reported in the second row. The bond length between the cation and the ligand are reported in A.

110



Table 4.17 In vacuo relative energy values (AE, kcal/mol) for homobutein---Fe"™™ complexes

formed from deprotonated homobutein ligand and bare Fe" cations

A2 BP
Complex total energy AE total energy AE
(Hartree) (kcal/mol) (Hartree) (kcal/mol)

DFT/B3LYP results

hB-1noHB1-an-O2'-Fe(I1)-09 -1116.9047898 0.000 -2257.4530918 0.000
hB-1noHB2-an-O3-Fe(11)-O4 -1116.8705791 21.468 -2257.4035840 31.067
hB-1noHB1-an-O2'-Fe(I11)-09 -1116.5504590 0.000 -2257.0721640 0.000
hB-1noHB2-an-0O3-Fe(l11)-04 -1116.5093248 25.812 -2257.0444107 17.415
DFT/BP86 results

hB-1noHB1-an-02'-Fe(11)-09 -1116.9881467 0.000 -2257.6227484 0.000
hB-1noHB2-an-03-Fe(11)-04 -1116.9503515 23.717 -2257.5792635 27.287
hB-1noHB1-an-02'-Fe(l11)-09 -1116.6231196 0.000 -2257.2570445 0.000
hB-1noHB2-an-O3-Fe(l11)-04 -1116.5868179 22.780 -2257.2156049 26.004

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries

The binding energy values (AE’inding, kcal/mol) are reported in Table 4.18. The strongest binding
corresponds to the coordination at the O2"U09 reactive site with the MIA value of 465.519 and
959.927 kcal/mol for the Fe(I1) and Fe(l11) cations respectively. This result is in agreement with
the relative energy values for these complexes in that the 0O2'UQ9 reactive site is the most
preferred site of coordination. The bond distance values at the O2 deprotonated site corresponds
to 1.853 and 1.825 A for complexes with the Fe(I1) and Fe(l11) cation respectively and to 1.871
and 1.824 A at the O4 deprotonated site for Fe(I1) and Fe(l11) cations respectively. The shortened
bond distances among the complexes with the Fe(lll) cations suggests that the binding of the
Fe(I1) cation to the homobutein ligand is stronger than that of the Fe(ll), this is further supported
by the strong binding energy values of the complexes with the Fe(l1l) cation. A comparison of
the binding energy for the non-deprotonated and the corresponding complex in which the proton
is removed suggests that the Fe™ cation has greater affinity for the deprotonated species than the
neutral chalcone molecule. The implication for this is that in biological systems, the antioxidant
properties of chalcone derivatives (in line with their metal chelation ability) are likely to be

associated with the deprotonated species of these compounds.
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Table 4.18 Binding energy values (AE'vinding, kcal/mol) for homobutein---Fe™ complexes formed
from deprotonated homobutein ligand and bare Fe™ cations results in vacuo. The complexes are
arranged in order of decreasing AE'binding Values

A2 BP
Complex AEinter, AEdef AE'binding, AEinter, AEdef AE’binding,
kcal/mol kcal/mol | kcal/mol | kcal/mol kcal/mol kcal/mol
DFT/B3LYP results
hB-1noHB1-an-02'-Fe(I1)-09 —429.729 14.033 443.762 | —450.922 14.597 465.519
hB-1noHB2-an-03-Fe(11)-O4 -385.099 9.241 394.340 | —-396.599 9.091 405.690
hB-1noHB1-an-O2'-Fe(l11)-09 -949.971 19.034 969.005 | —940.305 19.622 959.927
hB-1noHB2-an-O3-Fe(l11)-04 -900.995 14.764 915.759 | —899.634 14.781 914.415
DFT/BP86 results
hB-1noHB1-an-O2'-Fe(I1)-09 -451.813 13.691 465.504 | —-470.396 14.149 484.545
hB-1noHB2-an-0O3-Fe(11)-O4 -401.410 8.359 409.769 | —-416.434 8.246 424.680
hB-1noHB1-an-O2'-Fe(l11)-09 -971.229 16.181 987.410 | —975.536 16.725 992.261
hB-1noHB2-an-03-Fe(l11)-04 -921.763 11.293 933.056 | —922.857 11.343 934.200

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries

4.2.10. Relative stability and binding energies for the homobutein..-Fe"
complexes formed from deprotonated homobutein and hydrated Fe"™ cations

The homobutein---Fe"" complexes with the hydrated Fe"™ cations are shown in Figure 4.17 and
the corresponding relative energy values (AE, kcal/mol) are reported in Table 4.19. The only
preferred site for the coordination of the hydrated Fe™ cation is the 02'UQ9 reactive site.
Similar trends are observed for the complexes with the bare Fe™ cations; the results furthermore

imply that in vacuo the presence of explicit solvent molecules does not significantly alter the

relative stability of the complexes.

The binding energy values (AE'binging kcal/mol) are reported in Table 4.20. The highest binding
energy corresponds to the coordination to the O2'U009 reactive site with MIA values of 542.150
and 1062.841 kcal/mol for Fe(Il) and Fe(l11) cations respectively. The coordination of the Fe"*
cation at the O304 reactive site is 504.562 kcal/mol for Fe(lIl) cation and 1024.313 kcal/mol
for the Fe(l11) cation. Inclusion of explicit solvent molecules at the reactive site to which the Fe™
cation is coordinated results in stronger binding energies compared to the binding energy values
with the bare Fe™ cations. The results of the complexes with the Fe(lll) cation have higher
binding energy values than those of the complexes with the Fe(ll) cation; implying that
homobutein may act as a better antioxidant when chelating the Fe(lll) cation than the Fe(ll)

cation.
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Figure 4.17 Optimised homobutein---Fe™ complexes (arranged in order of increasing relative
energy (AE, kcal/mol)) formed from deprotonated homobutein ligand and hydrated Fe"* cations
B3LYP/6-31+G(d,p) results are reported in the first row and BP86/6-31+G(d,p) results are
reported in the second row.
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Table 4.19 In vacuo relative energy values (AE, kcal/mol) for homobutein---Fe"™" complexes
formed from deprotonated homobutein and hydrated Fe"" cations

A? BP

Complex total energy AE total energy AE

(Hartree) (kcal/mol) (Hartree) (kcal/mol)
DFT/B3LYP results
hB-1noHB1-an-O2'-Fe(I1)-09-4aq -1422.7914253 0.000 -2563.4226537 0.000
hB-1noHB2-an-O3-Fe(11)-O4-4aq -1422.7663956 15.706 -2563.3965126 16.404
hB-1noHB1-an-O2'-Fe(l11)-09-4aq -1422.4546969 0.000 -2563.0866523 0.000
hB-1noHB2-an-O3-Fe(111)-04-4aq -1422.4384133 10.218 -2563.0680075 11.700
DFT/BP86 results
hB-1noHB1-an-02'-Fe(I1)-09-4aq -1422.8486005 0.000 -2563.5790368 0.000
hB-1noHB2-an-03-Fe(11)-04-4aq -1422.8243660 15.207 -2563.5526543 16.555
hB-1noHB1-an-02'-Fe(I11)-09-4aq -1422.5231965 0.000 -2563.2581912 0.000
hB-1noHB2-an-O3-Fe(l11)-04-4aq -1422.4991164 15.110 -2563.2276311 19.177

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries

Table 4.20 Binding energy values (AE'vinding, kcal/mol) for homobutein---Fe"™ complexes formed
from deprotonated butein ligand and hydrated Fe™ cations results in vacuo. The complexes are
arranged in order of decreasing AE'binding Values

A2 BP
Complex AEinter, AEdef AE'binding, AEinter, AEdef AE’binding,
kcal/mol kcal/mol | kcal/mol kcal/mol kcal/mol | kcal/mol
DFT/B3LYP results
hB-1noHB1-an-02'-Fe(11)-09-4aq —598.683 8.286 606.969 | -533.455 8.695 542.150
hB-1noHB2-an-03-Fe(11)-04-4aq -559.813 10.916 570.729 | -493.795 10.767 504.562

hB-1noHB1-an-02'-Fe(l11)-0O9-4aqg | —1056.992 9.832 1066.824 | -1051.029 | 11.812 | 1062.841
hB-1-noHB2-an-O3-Fe(l11)-O4-4aq | —1022.041 8.241 1030.282 | —1016.074 8.239 1024.313

DFT/BP86 results
hB-1noHB1-an-02'-Fe(I1)-09-4aq 530.042 8.551 538.593 | -544.003 8.891 552.894
hB-1noHB2-an-03-Fe(11)-04-4aq 488.148 9.084 497.232 | -500.773 8.901 509.674

hB-1noHB1-an-02'-Fe(I11)-09-4aq 1074.322 12.528 | 1086.850 | —1077.291 | 12.962 | 1090.253

hB-1noHB2-an-O3-Fe(l11)-04-4aq 1032.525 7.661 1040.190 | —1031.439 7.652 1039.091
2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries
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4.2.11. AIM analysis of the bonding within the homobutein complexes

The bond critical point values for the homobutein---Fe™ complexes are reported in Table 4.21
and Table 4.22 for the DFT/B3LYP and DFT/BP86 results respectively. The strongest bond for
the complexes with the neutral homobutein ligand corresponds to the O9---Fe™ bond; which has
the highest values (of 0.120 e/A3 for Fe(ll) and 0.130 e/A3 for Fe(lll)). The weakest bond
corresponds to the coordination of the cation at the = system of the aromatic rings. The various
C--Fe bonds have a range of 0.042—0.054 for the Fe(Il) cation and 0.069-0.072 e/A® for the
Fe(Il) cation. Among the complexes with the deprotonated homobutein ligand the largest value
of p corresponds to the O2'--Fe™ in the hB-1noHB1-an-02’'-Fe(11)-O9 complex with values of
0.124 and 0.128 e/A3 for Fe(ll) and Fe(l11) cations respectively. Similar trends are observed for
the homobutein---Fe™ complexes to those of the butein---Fe"" complexes in that for the neutral
ligand molecule, the strongest bond corresponds to the O9---Fe"" bond and for complexes with

the deprotonated ligand the O2’---Fe™ bond is the strongest.

The value of p for the complexes with hydrated Fe™ cation is smaller than for the complexes
with bare Fe™ cation, which suggests that the effect of hydration weakens the O--Fe bond as
well as the C-~Fe bond. Analysis of the V?p (eA® values among the homobutein.--Fe™
complexes shows a range of 0.120-0.673 and 0.107-0.687 e/AS for Fe(Il) and Fe(l1l) with the
neutral ligand and a 0.342-0.674 and 0.283-0.740 e/A® range for complexes with the
deprotonated ligand. The positive values of the Laplacian (V2?p) are an indication of dative
interactions, consistent with the results obtained for the butein complexes. Furthermore, the
analysis of the H and its components, the kinetic (G) and potential (V) further supports the fact
that the interactions between the Fe"* cation and the ligand are dative in nature. The |V|/G ratio

with a 0.9-1.4 range also suggests that the interactions are dative in character.
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Table 4.21 Bond critical point data for butein---Fe"* complexes for both the neutral and

deprotonated butein UB3LYP/6-31+G(d,p) results in vacuo

Complex Bond ) VZp \Y G H V]
type e/A3 | e/AS | (Hartree) | (Hartree) | (Hartree) G
hB-1noHB1-02'-Fe(11)-09 02'--Fe | 0.068 | 0.407 —0.105 0.103 —0.002 1.014
09---Fe | 0.120 | 0.673 -0.225 0.197 —-0.029 1.145
hB-1noHB2-03-Fe(11)-04 0O3--+Fe | 0.056 | 0.317 | —0.079 0.079 0.000 0.999
O4--Fe | 0.058 | 0.339 | —0.084 0.084 0.001 0.995
hB-1-ring-Fe(I1)-A C3'--Fe | 0.042 | 0.120 —0.044 0.037 —0.007 1.191
C6'--Fe | 0.054 | 0.170 | —0.062 0.052 -0.010 | 1.189
hB-1-ring-Fe(11)-B C2---Fe | 0.043 | 0.128 —0.047 0.039 —0.007 1.185
C5-+Fe | 0.049 | 0.151 —0.055 0.046 —0.009 1.185
hB-1noHB1-an-O2'-Fe(I1)-09 02'-+Fe | 0.124 | 0.618 -0.219 0.187 —0.032 1.173
09--Fe | 0.122 | 0.621 -0.215 0.185 —0.030 1.161
hB-1noHB2-an-03-Fe(11)-O4 O3--+Fe | 0.050 | 0.342 | —0.075 0.080 0.005 0.934
0O4--Fe | 0.110 | 0.674 -0.223 0.196 —-0.027 1.139
hB-1noHB1-an-02'-Fe(I1)-09-4aq 02'--Fe | 0.093 | 0.494 | -0.149 0.136 —0.013 1.093
09---Fe | 0.076 | 0.433 -0.118 0.113 —0.005 1.044
hB-1noHB2-an-03-Fe(11)-04-4aq 03--Fe | 0.040 | 0.194 —0.048 0.048 0.000 0.994
0O4---Fe | 0.108 | 0.559 —0.183 0.161 —-0.022 1.134
hB-1noHB1-02'-Fe(111)-0O9 02'-Fe | 0.067 | 0.393 -0.101 0.100 —0.002 1.015
09---Fe | 0.130 | 0.687 -0.243 0.207 —0.036 1.172
hB-1noHB2-03-Fe(l11)-0O4 O3--Fe | 0.061 | 0.355 | —0.089 0.089 —0.000 1.004
O4-+-Fe | 0.061 | 0.379 | —0.093 0.094 0.001 0.993
hB-1-ring-Fe(111)-A C5-Fe | 0072 | 0.107 | —0.067 0.047 ~0.020 | 1.431
hB-1-ring-Fe(111)-B C5-Fe | 0.069 | 0.153 | —0.072 0.055 ~0.017 | 1.308
Cé6---Fe | 0.069 | 0.137 —0.069 0.052 —-0.018 1.341
hB-1noHB1-an-02'-Fe(111)-0O9 02'-+Fe | 0.128 | 0.740 —0.254 0.219 -0.034 1.155
09---Fe | 0.109 | 0.633 -0.201 0.179 -0.021 1.116
hB-1noHB2-an-O3-Fe(l11)-04 0O3-Fe | 0.059 | 0.283 -0.074 0.072 —0.002 1.024
O4--Fe | 0.133 | 0.675 | —0.247 0.208 —0.039 1.187
hB-1noHB1-an-02'-Fe(Il1)-09-4aq | O2'-~Fe | 0.087 | 0.496 | —0.143 0.133 ~0.010 | 1.070
09--Fe | 0.082 | 0.438 | -0.124 0.117 —0.008 1.064
hB-1noHB2-an-03-Fe(l11)-O4-4aq 03--Fe | 0.035 | 0.163 —0.041 0.041 -2x10°% 1.000
0O4:--Fe | 0.097 | 0.499 —0.155 0.140 —-0.015 1.109
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Table 4.22 Bond critical point data for butein---Fe"* complexes for both the neutral and
deprotonated butein UBP86/6-31+G(d,p) results in vacuo

Complex Bond P Vp \Y/ G H V]
type elA3 e/A5 | (Hartree) | (Hartree) | (Hartree) G
hB-1noHB1-02'-Fe(11)-09 02'---Fe 0.071 0.414 —-0.109 0.106 —0.003 1.028
09---Fe 0.120 0.647 —-0.218 0.190 —-0.028 1.147
hB-1noHB2-03-Fe(11)-04 03--Fe 0.070 0.391 —-0.104 0.101 —0.003 1.030
04:--Fe 0.070 0.401 —-0.105 0.103 —-0.002 1.019
hB-1-ring-Fe(Il)-A C3'---Fe 0.051 0.130 —0.053 0.043 -0.010 1.233
C6'---Fe 0.067 0.188 -0.077 0.062 -0.015 1.242
hB-1-ring-Fe(l1)-B C2---Fe 0.053 0.142 —-0.057 0.046 -0.011 1.239
C5--Fe 0.060 0.168 —0.067 0.054 -0.013 1.241
hB-1noHB1-an-02'-Fe(I1)-09 02'---Fe 0.139 0.689 —0.258 0.215 —-0.043 1.200
09---Fe 0.124 0.623 -0.219 0.187 -0.032 1.171
hB-1noHB2-an-03-Fe(11)-O4 03--Fe 0.057 0.291 —-0.075 0.074 —-0.001 1.014
O4---Fe 0.123 0.623 -0.218 0.187 -0.031 1.166
hB-1noHB1-an-02'-Fe(11)-09-4aq 02'---Fe 0.097 0.497 -0.154 0.139 -0.015 1.108
09---Fe 0.087 0.475 —-0.138 0.129 —-0.009 1.070
hB-1noHB2-an-03-Fe(11)-04-4aq 03--Fe 0.038 0.042 —-0.043 0.042 —1E-03 1.024
04---Fe 0.109 0.560 -0.184 0.162 —-0.022 1.136
hB-1noHB1-02'-Fe(111)-09 02'---Fe 0.065 0.365 —-0.094 0.093 -0.001 1.011
09---Fe 0.128 0.669 -0.235 0.201 -0.034 1.169
hB-1noHB2-03-Fe(l11)-0O4 03--Fe 0.065 0.371 —0.096 0.095 -0.001 1.011
O4---Fe 0.065 0.385 —0.098 0.097 —-0.001 1.010
hB-1-ring-Fe(l11)-A C3'---Fe 0.049 0.096 —0.045 0.034 -0.011 1.324
C5'---Fe 0.060 0.134 —0.061 0.047 -0.014 1.298
hB-1-ring-Fe(l11)-B C5---Fe 0.074 0.195 —0.085 0.067 -0.018 1.269
C6---Fe 0.081 0.146 —-0.083 0.060 —-0.023 1.383
hB-1noHB1-an-O2'-Fe(l11)-09 02'---Fe 0.137 0.694 —-0.257 0.215 —0.042 1.195
09---Fe 0.111 0.574 -0.190 0.167 -0.023 1.138
hB-1noHB2-an-O3-Fe(l11)-04 03-Fe 0.055 0.277 -0.071 0.070 —1E-03 1.014
O4:--Fe 0.127 0.641 -0.229 0.194 -0.035 1.180
hB-1noHB1-an-02'-Fe(111)-09-4aq 02'---Fe 0.112 0.592 —0.195 0.171 -0.024 1.140
09---Fe 0.096 0.489 -0.151 0.136 -0.015 1.110
hB-1noHB2-an-03-Fe(l11)-O4-4aq 03--Fe 0.035 0.138 -0.037 0.036 -0.001 1.028
04---Fe 0.105 0.534 -0.174 0.154 —-0.020 1.130

4.2.12. NPA charges, spin density and orbital occupancies

The NPA charges and spin density values for the homobutein---Fe"* complexes are reported in
Table 4.23. The initial charge on free Fe(ll) and Fe(ll1) cations is +2 and +3 respectively. For the
Fe(ll) cation the charge is reduced from 2 to a 1-1.5 e range and from 3 to a 1-1.5 e range for
Fe(lI11), which indicates the transfer of positive charge from the Fe"™ cation to the homobutein
ligand. For the complexes of neutral butein with Fe"" cation the highest amount of charge
transfer corresponds to a situation where the Fe" cation is coordinated at the r system of the
aromatic ring. This large amount of charge transfer can be explained in terms of the electron
cloud that surrounds the benzene ring. The amount of charge transferred correspond to 1.093 and
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1.714 e for the Fe(ll) and Fe(lll) cation respectively. Among the complexes of deprotonated
homobutein ligand with the Fe"™ cations the highest amount of charge transfer corresponds to a
situation where the cation is coordinated to the catechol unit (with values of 0.86 and 1.641 e for
Fe(Il) and Fe(lll) respectively). The results obtained further suggest that charge transfer is
greater for the non-deprotonated ligand than for the deprotonated ligand and that more charge is

transferred in the coordination with the Fe(ll1) cation than with the Fe(Il) cation.

Table 4.23 NPA charges and spin density values for the Fe"™ cations in the complexes of
homobutein

charge (e) spin density

Complex DFT/B3LYP DFT/BP86 DFT/B3LYP | DFT/BP86

results results results results
hB-1noHB1-02'-Fe(l11)-09 1.519 1.182 3.420 3.317
hB-1noHB2-03-Fe(I)-04 0.963 1.012 3.027 3.097
hB-1-ring-Fe(I)-A 0.912 0.948 2.948 2.992
hB-1-ring-Fe(l)-B 0.907 0.955 2.944 3.013
hB-1noHB1-an-02'-Fe(11)-09 1.397 1.172 3.579 3.359
hB-1noHB2-an-03-Fe(11)-04 1.140 1.046 3.290 3.251
hB-1noHB1-an-02'-Fe(l1)-09-4aq 1.203 1.062 3.653 3.523
hB-1noHB2-an-03-Fe(11)-04-4aq 1.191 1.020 3.633 3.475
hB-1noHB1-02'-Fe(111)-09 1.519 1.355 3.634 3.474
hB-1noHB2-03-Fe(I11)-04 1.286 1.236 3.353 3.321
hB-1-ring-Fe(l11)-A 1.210 1.195 3.486 3.324
hB-1-ring-Fe(l11)-B 1.317 1.204 3.336 3.296
hB-1noHB1-an-02'-Fe(I11)-09 1.418 1.292 3.563 3.445
hB-1noHB2-an-03-Fe(111)-0O4 1.359 1.219 3.506 3.387
hB-1noHB1-an-02'-Fe(I11)-09-4aq 1.261 1.169 3.713 3.668
hB-1noHB2-an-03-Fe(l11)-0O4-4aq 1.244 1.101 3.684 3.568

The spin density on the isolated Fe"" cations is 4 and 5 for Fe(l1) and Fe(l1l) cations respectively.
Among the homobutein---Fe™ complexes, the Fe(n) cation has spin density values which fall in
the 3.027-3.684 range for both complexes with both the neutral and deprotonated homobutein
ligand. The reduction in the spin density suggests that the transfer of electrons from homobutein
to the metal ions increases the tendency for the electrons in the d orbitals to be paired. The spin
density distributions are shown in Figure 4.18 and Figure 4.19 for the complexes formed
between neutral ligand and bare Fe™ cations, deprotonated ligand and bare Fe"* cations as well
as deprotonated ligand with hydrated Fe™ cations respectively. The results clearly suggest that
there is significant reduction in the delocalisation of the spin density distribution between the
results corresponding to the bare Fe™ cations and the results corresponding to the hydrated Fe"*
cations. For instance, it is observed that the spin density is largely localised on the Fe™ cation
among the complexes with explicit water molecules, consistent with the data on spin density
values reported in Table 4.23.
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Figure 4.18 Spin density distribution for the homobutein--Fe"™ complexes formed from
interactions of neutral homobutein and bare Fe™ cations, B3LYP/6-31+G(d,p) results in vacuo.
The surface isovalue used is 0.0004 au. The blue colour corresponds to positive spin densities
and the green colour denotes the negative spin density.
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Figure 4.19 Spin density distribution for the homobutein---Fe™ complexes, B3LYP/6-31+G(d,p)
results in vacuo; the complexes formed from the interactions of deprotonated homobutein and
the bare Fe"™ cation are represented in the first row and complexes formed from the deprotonated
homobutein and the hydrated Fe™ cation are represented in the second row. The surface isovalue
used is 0.0004 au. The blue colour corresponds to positive spin densities and the green colour
denotes the negative spin density.

Table 4.24 reports the values of the orbital occupancies of the Fe"™ cation before and after
complexation. The occupancy of the 4s orbital increases from 0.000e to a 0.065-0.099 e and a
range of 0.058-0.158 e for Fe(ll) and Fe(lll) cations with neutral homobutein ligand
respectively. For the complexes with the deprotonated homobutein ligand the occupancy of the
4s orbital increases from 0.000 to a range of 0.131-0.139 for Fe(ll) cation and 0.134-0.173 e for
the Fe(lll) cation. The occupancy of the d orbitals suggests that upon coordination the ligand
transfers electron density to the Fe™ cations; this is seen in values on Table 4.24.
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Table 4.24 Natural atomic orbital occupancies for some valence orbitals in the isolated Fe"
cations and in complexes with homobutein results in vacuo with different methods

Isolated cations and complexes Orbitals and the corresponding natural atomic orbital occupancies
DFT/B3LYP results

S(4s) | dey (3d) [ dw (3d) | dy (3d) | 057 (3d) | dZ (3d)

Fe(ll) 0.000 1.998 1.000 1.000 1.000 1.000
hB-1noHB1-02'-Fe(11)-09 0.099 1.545 1.220 1.348 1.215 1.216
hB-1noHB2-03-Fe(I1)-04 0.065 1.132 1.088 1.210 1.772 1.728
hB-1-ring-Fe(11)-A 0.088 1.277 1.538 1.532 1.466 1.106
hB-1-ring-Fe(11)-B 0.091 1.186 1.414 1.676 1.535 1.112
hB-1noHB1-an-02'-Fe(I1)-09 0.139 1.202 1.836 1.078 1.155 1.114
hB-1noHB2-an-03-Fe(11)-04 0.131 1.230 1.350 1.782 1.134 1.174
hB-1noHB1-an-02'-Fe(I1)-09-4aq 0.188 1.132 1.800 1.176 1.054 1.114
hB-1noHB2-an-0O3-Fe(11)-O4-4aq 0.190 1.642 1.348 1.131 1.072 1.112
Fe(l11) 0.000 1.000 1.000 1.000 1.000 1.000
hB-1noHB1-02'-Fe(111)-09 0.094 1.736 1.045 1.255 1.115 1.189
hB-1noHB2-03-Fe(l11)-O4 0.058 1.119 1.077 1.233 1.708 1.483
hB-1-ring-Fe(l11)-A 0.131 1.102 1.827 1.158 1.323 1.087
hB-1-ring-Fe(l11)-B 0.158 1.167 1.608 1.076 1.348 1.417
hB-1noHB1-an-02'-Fe(111)-09 0.173 1.086 1.149 1.430 1.546 1.129
hB-1noHB2-an-0O3-Fe(l11)-04 0.134 1.356 1.143 1.171 1.078 1.707
hB-1noHB1-an-02'-Fe(l11)-09-4aq 0.188 1.133 1.783 1.152 1.047 1.097
hB-1noHB2-an-0O3-Fe(l11)-04-4aq 0.187 1.663 1.343 1.109 1.065 1.075
DFT/BP86 results

Fe(ll)

hB-1noHB1-02'-Fe(11)-09 0.120 1.538 1.287 1.421 1.211 1.187
hB-1noHB2-03-Fe(I1)-04 0.145 1.221 1.718 1.191 1.417 1.254
hB-1-ring-Fe(l1)-A 0.115 1.358 1.420 1.573 1.356 1.135
hB-1-ring-Fe(11)-B 0.117 1.203 1.371 1.537 1.510 1.174
hB-1noHB1-an-02'-Fe(I1)-09 0.239 1.195 1.220 1.216 1.546 1.334
hB-1noHB2-an-03-Fe(11)-04 0.193 1.356 1.285 1.596 1.103 1.36
hB-1noHB1-an-02'-Fe(I1)-09-4aq 0.206 1.192 1.825 1.176 1.072 1.127
hB-1noHB2-an-03-Fe(11)-O4-4aq 0.209 1.592 1.410 1.165 1.115 1.177
Fe(l11)

hB-1noHB1-02'-Fe(111)-09 0.107 1.757 1.059 1.305 1.122 1.251
hB-1noHB2-03-Fe(l11)-O4 0.071 1.114 1.083 1.240 1.718 1.503
hB-1-ring-Fe(l11)-A 0.123 1.374 1.667 1.280 1.111 1.178
hB-1-ring-Fe(111)-B 0.171 1.070 1.537 1.099 1.594 1.314
hB-1noHB1-an-02'-Fe(111)-09 0.165 1.092 1.256 1.096 1.670 1.364
hB-1noHB2-an-03-Fe(l11)-04 0.144 1.175 1.326 1.747 1.125 1.216
hB-1noHB1-an-02'-Fe(l11)-09-4aq 0.217 1.234 1.574 1.207 1.103 1.132
hB-1noHB2-an-0O3-Fe(l11)-04-4aq 0.206 1.624 1.349 1.149 1.112 1.139
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4.3. Results in water solution

4.3.1. Conformational stability and geometries for the butein conformers

The optimised conformers of butein are shown in Figure 4.20 and the corresponding relative
energy values (AE, kcal/mol) are reported in Table 4.25. In water solution the relative energy
values are significantly dampened with respect to the results in vacuo such that six conformers
may be considered to co-exist in physiological in conditions. The lowest-energy conformers (i.e.,
B-1, B-2 and B-3) are the same as those obtained in vacuo, confirming that intramolecular
hydrogen bonding has significant role in stabilising conformations both in vacuo and in water
solution. Conformers in which the first intramolecular is absent corresponds to relatively large
energy values with the range of 7.191-7.990 kcal/mol. These results are in agreement with the in
vacuo results where the presence of the first intramolecular bond stabilises conformers better
than the presence of the second intramolecular hydrogen bond.

A comparison of the relative energies among conformers in which the aliphatic chain is bent and
their corresponding conformers with non-bent aliphatic chain arrangement corresponds to energy
difference of ~3 kcal/mol for cases where the first intramolecular hydrogen bond is present,
similar energy values was obtained for the results in vacuo. The absence of the first
intramolecular hydrogen bond results in an energy difference of 0.785 kcal/mol for the bent and
non-bent arrangement of the aliphatic chain. Similar results were obtained for the in vacuo
conformers. Therefore, the presence of the solvent media has minimal role in influencing the

energy difference between conformers obtained by rotation of the C7—-C8 bond.
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Figure 4.20 B3LYP/6-31+G(d,p) optimised conformers for neutral butein arranged in order of
increasing relative energy (AE, kcal/mol). B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p) results.
Similar geometries were obtained using the BP86/6-31+G(d,p) calculation method.




Table 4.25 Relative energy values (AE, kcal/mol) for the neutral conformers of butein in water
solution

A2 BP

Conformer total energy AE total energy AE

(Hartree) (kcal/mol) (Hartree) (kcal/mol)
DFT/B3LYP results
B-1 -955.0357072 0.000 -955.2707727 0.000
B-2 -955.0355948 0.071 -955.2706474 0.079
B-3 -955.0355375 0.106 -955.2706549 0.074
B-1noHB2 -955.0349403 0.481 -955.2699085 0.542
B-3noHB2 -955.0347842 0.579 -955.2697974 0.612
B-4 -955.0305708 3.223 -955.2656203 3.233
B-5 -955.0297730 3.724 -955.2647366 3.788
B-1noHB1 -955.0242176 7.210 -955.2592867 7.208
B-3noHB1 -955.0242209 7.208 -955.2593127 7.191
B-2noHB1 -955.0241790 7.234 -955.2591480 7.295
B-3noHB2HB1 -955.0234084 7.718 -955.2583908 7.770
B-6 -955.0229671 7.995 -955.2580391 7.990
DFT/BP86 results
B-1 -955.0417409 0.000 -955.2788650 0.000
B-3 -955.0415601 0.113 -955.2787324 0.083
B-2 -955.0415541 0.117 -955.2786787 0.117
B-1noHB2 -955.0409474 0.498 -955.2779368 0.582
B-3noHB?2 -955.0407800 0.603 -955.2778373 0.645
B-4 -955.0364024 3.350 -955.2734985 3.368
B-5 -955.0355882 3.861 -955.2725645 3.954
B-3noHB1 -955.0272602 9.087 -955.2644452 9.049
B-1noHB1 -955.0272685 9.082 -955.2644304 9.058
B-2noHB1 -955.0271481 9.157 -955.2643257 9.124
B-3noHB2HB1 -955.0264201 9.614 -955.2634712 9.660
B-6 -955.0260601 9.840 -955.2631805 9.842

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from the optimised geometries

The optimised conformers of the deprotonated butein ligand are shown in Figure 4.21 and the
corresponding relative energy values (AE, kacl/mol) are reported in Table 4.26. The lowest
energy conformer corresponds to the removal of the H4" proton in the B-2-an conformer, where
both the first and second intramolecular hydrogen bonds are present. The AE gap in water
solution is significantly dampened such that the first three conformers (B-2, B-1noHB2-anl and
B-1-an) may be considered to co-exist under physiological conditions. The AE gap in the B-
1noHB2-anl and B-1-an conformers which corresponds to the removal of the H4"” and H3”
proton respectively is 0.248 kcal/mol, what suggests that in the presence of the first
intramolecular hydrogen bond there is no preference for removal of either of the protons over the
other.
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Figure 4.21 B3LYP/6-31+G(d,p) optimised conformers for deprotonated butein arranged in

order of increasing relative energy (AE, kcal/mol), B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p)

results in water solution. Similar geometries were obtained for the BP86/6-
311+G(2d,p)//BP86/6-31+G(d,p) calculation method.
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Table 4.26 Relative energy values (AE, kcal/mol) for the deprotonated conformers of butein in

water solution

A2 BP

Conformer total energy AE total energy AE

(Hartree) (kcal/mol) (Hartree) (kcal/mol)
DFT/B3LYP results
B-2-an -954.5744673 0.000 -954.8097496 0.000
B-1noHB2-anl -954.5696683 3.011 -054.8046787 3.182
B-1-an -954.5690459 3.402 -954.8042835 3.430
B-4-an -954.5636276 6.802 -954.7985771 7.011
B-1noHB2-anll -954.5633450 6.979 -954.7983062 7.181
B-5-an -954.5579320 10.376 -954.7928430 10.609
B-1noHB1-an -954.5558148 11.705 -954.7906406 11.991
B-6-an -954.5535698 13.113 -954.7883014 13.459
DFT/B3LYP results
B-2-an -954.5866572 0.000 -954.8240070 0.000
B-1noHB2-anl -954.5810880 3.495 -954.8180711 3.725
B-1-an -954.5808999 3.613 -954.8182371 3.621
B-4-an -954.5749432 7.351 -954.8118252 7.644
B-1noHB2-anll -954.5738742 8.021 -954.8108346 8.266
B-5-an -954.5682575 11.546 -954.8051699 11.820
B-1noHB1-an -954.5625634 15.120 -954.7994811 15.390
B-6-an -954.5603598 16.502 -954.7971509 16.852

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from the optimised geometries

4.3.2. Relative stability and binding energies for butein--Fe"™ complexes
formed from neutral butein and bare Fe" cations

The optimised complexes of the butein---Fe"™" complexes with the neutral butein and bare Fe"*
cations are shown in Figure 4.22 for DFT/B3LYP results and Figure 4.23 for DFT/BP86 results;
the corresponding relative energy values (AE, kcal/mol) are reported in Table 4.27. Among the
complexes of butein with the Fe(ll) cation the lowest-energy complex corresponds to the
coordination of the cation at the hydroxyl—keto reactive site. The AE gap between the first
lowest-energy complex and the second lowest-energy complex corresponds to 2.089 kcal/mol.
This result implies that the AE values in water solution are dampened with respect to the results
in vacuo such that the coordination of the Fe" cation to either the hydroxyl-keto and
hydroxyl-hydroxyl reactive sites may be considered populated in water solution. The
coordination of the Fe"™ cation at the m system of the aromatic ring A is the least preferred
complex and corresponds to relative energy of 10.000 kcal/mol. The AE values for the
complexes with the Fe(lll) cation suggests that coordination to the hydroxyl—keto reactive site

may be the only one to be observed; the AE gap between the lowest-energy complex and the rest
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of the complexes with the Fe(lll) cation is relatively large (i.e., with a 8.027-9.491 kcal/mol

range) such that these complexes may not be considered to exist.

The bond distance between the acceptor atoms on the ligand and the Fe"™ cations are longer than
the bond distances for corresponding complexes obtained in vacuo, which implies that the
interaction between the ligand molecule with the water molecules as well as the simultaneous
interaction between the Fe™ cation and the water molecules tend to weaken the bond strength
between the ligand and the Fe"* cation.
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Figure 4.22 B3LYP/6-31+G(d,p) optimised complexes for butein---Fe"* complexes (arranged in
order of increasing relative energy (AE, kcal/mol)) formed from neutral butein and bare Fe"™
cation. B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p) results in water solution. The bond length
between the cation and the ligand are reported in A.
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Figure 4.23 BP86/6-31+G(d,p) optimised complexes for butein---Fe"* complexes (arranged in
order of increasing relative energy (AE, kcal/mol)) formed from neutral butein and bare Fe"™
cation. BP86/6-311+G(2d,p) //BP86/6-31+G(d,p) results in water solution. The bond length
between the cation and the ligand are reported in A.
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Table 4.27 Relative energy values (AE, kcal/mol) for butein---Fe" complexes formed from

neutral butein and bare Fe" cations in water solution

A2 BP

Complex total energy AE total energy AE

(Hartree) (kcal/mol) (Hartree) (kcal/mol)
DFT/B3LYP results
B-1noHB1-02'-Fe(11)-09 -1078.2468414 0.000 -2218.7662074 0.000
B-1noHB2-03-Fe(11)-04 -1078.2454260 0.888 -2218.7628779 2.089
B-1-ring-Fe(ll)-A -1078.2336211 8.296 -2218.7502704 10.000
B-1-ring-Fe(11)-B —c _c _c _c
B-1noHB1-02'-Fe(111)-09 -1078.0382692 0.000 -2218.5580568 0.000
B-1noHB2-03-Fe(l11)-04 -1078.0301093 5.120 -2218.5452648 8.027
B-1-ring-Fe(l11)-B -1078.0287351 5.983 -2218.5443495 8.602
B-1-ring-Fe(l11)-A -1078.0272204 6.933 -2218.5429324 9.491
DFT/BP86 results
B-1noHB1-02'-Fe(11)-09 -1078.2955996 0.000 -2218.9104006 0.000
B-1noHB2-03-Fe(l1)-0O4 -1078.2922975 2.072 -2218.9037198 4,192
B-1-ring-Fe(11)-B -1078.2808514 9.255 -2218.8904972 12.490
B-1-ring-Fe(l1)-A - ¢ - —c
B-1noHB1-02'-Fe(111)-09 -1078.0968660 0.000 -2218.7162723 0.000
B-1noHB2-03-Fe(111)-04 -1078.0839995 8.074 -2218.6970730 12.048
B-1-ring-Fe(l11)-B -1078.0838512 8.167 -2218.6925759 14.870
B-1-ring-Fe(l11)-A -1078.0789005 11.274 -2218.6888686 17.196

@ Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries
¢ On optimisation the calculation fails to converge

The binding energy values (AE'vindging) Of the butein---Fe™ complexes are reported in Table 4.28.
The binding energy values in water solution are significantly dampened with respect to the
binding energy values for the results in vacuo. This result is consistent with the fact that the bond
distances between butein and Fe" cation are longer in water solution than in vacuo (i.e., the
interaction strength between the ligand and the Fe™ cations is weakened in solution). Among the
complexes of butein with the Fe(ll) cation the strongest binding corresponds to the coordination
of the Fe" cation to the hydroxyl—keto reactive site with AE’pinding Of 18.686 kcal/mol in the B-
1noHB1-02'-Fe(11)-O9 complex. This result is in agreement with the relative energy values
where coordination at the hydroxyl—keto reactive site is the most preferred complex. The
coordination of the cation at the hydroxyl—-hydroxyl reactive site corresponds to MIA value of
9.270 kcal/mol.

129



Among the complexes formed from the interaction of Fe(l1l) cation with butein, coordination of
the Fe™ cation at the hydroxyl—keto reactive site corresponding to AE’binding Of 62.304 kcal/mol
and has the strongest binding. The coordination of the Fe(lll) cation at the hydroxyl—hydroxyl
reactive site and the m systems of the aromatic rings A and B have AE'yinding Values of 45.746,
44.798 and 44.714 kcal/mol respectively, these results may imply that upon coordination of the
Fe(l11) cation at the above mentioned reactive sites the Fe" cation does not have a preferred site
for binding which can be supported by the minute difference in their MIA values (i.e., of <1
kcal/mol). Although all the binding energy values are largely positive, which implies that
interaction of the Fe™ cations with butein is a thermodynamically favoured process, the large
relative energy values of the complexes involving the coordination of the Fe"™ ion at other sites
than the hydroxyl—keto reactive site may not exist in vivo. The AE'binding Values are much higher
than those of the Fe(ll) cation, what suggests that butein binds Fe(l1l) cation better than it binds
the Fe(ll) cation.

Table 4.28 Binding energy values (AE'pinding, kcal/mol) for butein---Fe™ complexes formed from
neutral butein and bare Fe" cations in water solution. The complexes are arranged in order of
decreasing AE’inding Values

A? BP

Complex AEinter, AEdef AE'binding, AEinter, AEdef AE,binding,

kcal/mol kcal/mol kcal/mol | kcal/mol | kcal/mol | kcal/mol
DFT/B3LYP results
B-1noHB1-02'-Fe(11)-09 -5.412 1.197 6.609 -17.296 1.380 18.676
B-1noHB2-03-Fe(11)-0O4 2.204 0.687 -1.517 —-8.542 0.728 9.270
B-1-ring-Fe(l)-A 10.093 0.761 -9.332 —-0.088 0.844 0.932
B-1-ring-Fe(I1)-B —c —¢ —¢ - - -
B-1noHB1-02'-Fe(I11)-09 -61.113 5.521 66.634 —56.806 5.498 62.304
B-1noHB2-03-Fe(l11)-04 —49.264 3.712 52.976 -42.114 3.632 45.746
B-1-ring-Fe(l11)-A —46.970 4.759 51.729 | -40.108 4.690 44.798
B-1-ring-Fe(l1)-B -47.920 3.848 51.768 —40.997 3.717 44,714
DFT/BP86 results
B-1noHB1-02'-Fe(I1)-09 —7.402 1.681 9.083 —21.538 1.846 23.384
B-1noHB2-03-Fe(l1)-O4 3.254 0.841 -2.413 —8.868 0.873 9.741
B-1-ring-Fe(11)-B -10.935 1.019 9.916 -0.001 1.132 1.131
B-1-ring-Fe(l)-A —¢ —° —° —C —C —C
B-1noHB1-02'-Fe(111)-09 —75.254 4.053 79.307 —76.874 4,108 80.982
B-1noHB2-03-Fe(l11)-04 —58.596 2.212 60.808 -56.351 2.230 58.581
B-1-ring-Fe(l11)-B —58.006 2.194 60.200 —52.947 2.193 55.140
B-1-ring-Fe(ll1)-A -54.899 2.465 57.364 -50.620 3.004 53.624

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries
¢ On optimisation the calculation fails to converge
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4.3.3. Relative stability and binding energies for the butein--Fe"™ complexes

formed from deprotonated butein and bare Fe" cations

The optimised complexes for butein with the Fe™ cations are shown in Figure 4.24 for
DFT/B3LYP and Figure 4.25 for DFT/BP86 results; the corresponding relative energies are
reported in Table 4.29. In water solution the relative energy values are significantly dampened
with respect to the results in vacuo such that all three complexes maybe considered populated in
water solution. Among the complexes with the deprotonated butein ligand the lowest-energy
complex corresponds to coordination of the Fe(ll) cation at the 02009 reactive site in B-
1noHB1-an-02'-Fe(11)-O9 complex. This result is also similar to the outcome found in vacuo.
The AE gap between the first lowest-energy complex and the remaining complexes for the Fe(ll)
cation is 1.048 and 1.631 kcal/mol for coordination at the O3H3"04~ and O3 O4H4" reactive
site respectively; what suggests that in water solution there is no preference of the cation to

coordinate at the O3 -0O4H4" reactive site or the O3H3"04- reactive site.

Among the complexes with the Fe(lll) cation only the first two complexes may be considered
populated in physiological conditions (i.e., coordination at the 02'_Q09” reactive site and the
O3H3"u04™ reactive site), which is in agreement with the results in vacuo, where coordination
at the O3 U0O4H4" reactive site is preferred over coordination at the O3H3" 04" reactive site.
The stability of the lowest-energy complex may be explained in similar manner as it was
explained under the in vacuo section (i.e., the possibility of two O atoms acting as carbonyl
groups with ample of electrons to donate electrons to the Fe™ ions may account for the
preference of the Fe"™ ion to bind to the 02’009 than to either the O3H3"U0O4 or the
O3U04H4" site).

The bond distances between the Fe"* ion and the deprotonated ligand are also longer with respect
to the results obtained in vacuo. As was discussed earlier, the reason for the increase in the bond
distances is related to the fact that both the ligand molecule and the Fe™ cation are interacting
simultaneously with solvent molecules. The lengthening of the ligand-Fe bond distances has

significant implications on the interaction strength between the two species.
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Figure 4.24 B3LYP/6-31+G(d,p) optimised complexes for butein---Fe"* complexes (arranged in
order of increasing relative energy (AE, kcal/mol)) formed from deprotonated butein and bare
Fe"™ cation. B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p) results in water solution. The bond
distances between the cation and the ligand are reported in A,
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Figure 4.25 BP86/6-31+G(d,p) optimised complexes for butein---Fe" complexes (arranged in
order of increasing relative energy (AE, kcal/mol)) formed from deprotonated butein and bare
Fe"™ cation BP86P/6-311+G(2d,p)//BP86/6-31+G(d,p) results in water solution. The bond
distances between the cation and the ligand are reported in A.
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Table 4.29 Relative energy values (AE, kcal/mol) for butein---Fe" complexes formed from
deprotonated butein and bare Fe"* cations in water solution

A? BP

Complex total energy AE total energy AE

(Hartree) (kcal/mol) (Hartree) (kcal/mol)
DFT/B3LYP results
B-1noHB1-an-02'-Fe(11)-09 -1077.8072305 0.000 -2218.3259354 0.000
B-1noHB2-anl-03-Fe(11)-O4 -1077.8059673 0.793 -2218.3242657 1.048
B-1noHB2-anll-O3-Fe(I1)-04 -1077.8034606 2.366 -2218.3233363 1.631
B-1noHB1-an-02'-Fe(l111)-09 -1077.6124129 3.359 -2218.1434137 0.000
B-1noHB2-anll-O3-Fe(l11)-04 -1077.6177657 0.000 -2218.1374095 3.768
B-1noHB2-anl-03-Fe(111)-0O4 -1077.6139180 2.415 -2218.1291763 8.934
DFT/BP86 results
B-1noHB1-an-02'-Fe(l1)-09 -1077.8651535 0.000 -2218.4839601 0.000
B-1noHB2-anl-03-Fe(11)-04 -1077.8615302 2.274 -2218.4755483 5.279
B-1noHB2-anll-O3-Fe(I1)-04 -1077.8579158 4.542 -2218.4716804 7.706
B-1noHB1-an-0O2'-Fe(l11)-09 -2218.4839601 0.000 -2218.3090133 0.000
B-1noHB2-anll-O3-Fe(l11)-04 -2218.4755483 5.279 -2218.2940967 9.360
B-1noHB2-anl-03-Fe(111)-04 -2218.4716804 7.706 -2218.2913062 11.111

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries

The binding energy values (AE'binding, kcal/mol) are reported in Table 4.30. In water solution the
binding energy values are dampened with respect to the results in vacuo so that it is reasonable to
infer that the interactions between butein and the Fe™ ion is weaker in water solution than in
vacuo. The site of coordination that corresponds to the strongest binding is the 02'0Q09 reactive
site with MIA values (kcal/mol) of 36.632 for the Fe(ll) and 94.156 and for the Fe(l1l) cations.

Among the complexes formed through the coordination of the Fe" ion at the deprotonated
catechol unit site, the coordination at the O3uU0O4H4" site is preferred over coordination at the
O3H3"u04 site; this is true for both Fe(Il) and Fe(111) complexes. However the MIA values are
not significantly different and since in all cases the binding energies are positive values, the

interaction between butein and Fe" cations is a favourable thermodynamic process.

It is also important to note that the binding strength for the deprotonated species is higher than
that of the neutral species, a trend also observed in vacuo. The implication for this result is that
in biological systems, where the pH of the media may be slightly acidic to neutral, both the
neutral and the deprotonated species of butein may co-exist. In such cases, the deprotonated

species of butein are likely to chelate the metal ions more than the neutral species.
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Table 4.30 Binding energy values (AE'pinding, kcal/mol) for butein---Fe™ complexes formed from
deprotonated butein ligand and bare Fe" cations in water solution. The complexes are arranged

in order of decreasing AE'pinding Values

A2 BP

Complex AEinter, AEdef AE,binding, AEinter, AEdef AE,binding,

kcal/mol | kcal/mol | kcal/mol | kcal/mol | kcal/mol | kcal/mol
DFT/B3LYP results
B-1noHB1-an-02'-Fe(11)-09 -23.479 1.499 24.978 -35.101 1.531 36.632
B-1noHB2-anll-O3-Fe(I1)-04 —16.388 1.039 17.427 —28.660 1.041 29.701
B-1noHB2-anl-03-Fe(11)-O4 —13.994 1.725 15.719 —25.245 1.725 26.970
B-1noHB1-an-02'-Fe(111)-09 -87.811 3.437 91.248 -90.694 3.462 94.156
B-1noHB2-anll-O3-Fe(l11)-04 -82.477 2.806 85.283 —78.117 2.394 80.511
B-1noHB2-anl-0O3-Fe(l11)-04 -84.030 1.197 85.227 —76.949 2.734 79.683
DFT/BP86 results
B-1noHB1-an-O2'-Fe(11)-09 —28.900 1.983 30.883 —45,702 2.047 47.749
B-1noHB2-anll-03-Fe(11)-04 -17.260 1.320 18.580 -30.872 1.270 32.142
B-1noHB2-anl-03-Fe(11)-04 —-15.001 1.931 16.932 —28.758 1.905 30.663
B-1noHB1-an-02'-Fe(111)-09 —-108.130 4.094 112.220 | —-113.080 4.092 117.172
B-1noHB2-anl-03-Fe(l11)-04 -93.631 2.350 05.981 —94.839 2.109 96.948
B-1noHB2-anll-O3-Fe(l11)-04 -91.470 2.920 94.390 —92.050 2.674 04,724

@ Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries

4.3.4. AIM analysis of the bonding within the butein complexes

The BCP data of the electron density distributions (o(r)) and its laplacian (V?p (r)) for the
butein---Fe"™ complexes in water solution are reported in Table 4.31 for the DFT/B3LYP results
and Table 4.32 for the DFT/BP86 results. The strongest bond among the complexes with the
neutral butein ligand corresponds to the 09---Fe™ bond with p value of 0.072 and 0.074 e/A3 for
Fe(Il) and Fe(l11) cations respectively. For the coordination of the cation at the O304 reactive
site (i.e., hydroxyl-hydroxyl reactive site) p is 0.044 for the Fe(ll) cation and 0.023 e/A3 for the
Fe(I11) cation. The weakest bond corresponds to the coordination of the cation at the = system of
the aromatic rings, with p value of 0.019 e/A3 for the C5'--Fe bond in B-1-Fe(lll)-ring-A.
Among the complexes with the deprotonated butein ligand with the Fe(ll) cation, the largest
value of p (i.e., 0.092 e/A%) corresponds to the O3---Fe?* bond for the complexes with the Fe(l1)
cation, followed by the 02'--Fe?* bond with p value of 0.090 e/A3, a different trend is observed
for the in vacuo results; where the O2'---Fe bond is the strongest. For complexes with
deprotonated butein ligand and Fe(III) cation the strongest bond corresponds to the 09---Fe3*
bond with p of 0.090 e/A3. The weakest bond corresponds to the O3--Fe®* bond present in B-

1noHB2-anl-Fe-O3-Fe(l11)-O4 complex. From the results obtained it is reasonable to infer that
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for the complexes with the neutral ligand, the strongest bond corresponds to the O9---Fe™ bond,
a result consistent with those obtained in vacuo. However, a comparison of the p values between
the results in vacuo and the results in water solution clearly indicates that the p values are
significantly small in water solution, which is an indication of the weakening of the bond
strength. Therefore, the results on the electron density augment the results obtained on the MIA
values in that both indicate the weakening of the interaction strength between the ligand and the

Fe™ ions in water solution.

The V?p values in e/AS are all positive and fall in the 0.220-0.379 and the 0.044-0.424 range for
complexes of neutral butein with Fe(Il) and Fe(l11) cations respectively and a range 0.150-0.478
and 0.146—0.548 for the complexes with the deprotonated butein ligand with Fe(ll) and Fe(l1l)
cations respectively. These values of the V2p are indicative of closed shell interactions between
the ligand and the cation; this is further supported by the values of H which are negative. The
[V|/G ratio has values within the 0.9-1.4 range among complexes of the Fe™ cations with neutral

and deprotonated butein ligand, what is also suggestive of closed shell interactions.

Table 4.31 Bond critical point data for butein---Fe™ complexes, UB3LYP/6-31+G(d,p) results in water
solution.

Complex Bond P VZp \ G H VI
type elA3 e/A® | (Hartree) | (Hartree) (Hartree) G
B-1noHB1-02'-Fe(I1)-09 02'--Fe 0.044 | 0.242 —0.056 0.058 0.002 0.961
09---Fe 0.072 | 0.379 —0.101 0.098 —0.003 1.032
B-1noHB2-03-Fe(11)-O4 03---Fe 0.042 | 0.220 —0.051 0.053 0.002 0.963
04---Fe 0.044 | 0.243 —0.056 0.058 0.002 0.962
B-1noHB1-an-02'-Fe(11)-09 02'--Fe 0.090 | 0.478 -0.141 0.130 —-0.011 1.081
09---Fe 0.075 | 0.393 —-0.107 0.103 —0.004 1.042
B-1noHB2-anl-03-Fe(11)-O4 03---Fe 0.037 | 0.165 —0.040 0.041 0.001 0.981
04---Fe 0.083 | 0.432 —0.124 0.116 —0.008 1.069
B-1noHB2-anll-O3-Fe(I1)-04 03---Fe 0.092 | 0471 —0.141 0.129 -0.012 1.091
04---Fe 0.030 | 0.150 —0.035 0.036 0.001 0.964
B-1-noHB1-02'-Fe(111)-09 02'---Fe 0.049 | 0.261 —0.060 0.063 0.002 0.962
09---Fe 0.074 | 0424 | -0.112 0.109 —0.003 1.027
B-1noHB2-03-Fe(111)-04 03---Fe 0.021 | 0.080 —-0.021 0.020 —0.000 1.022
04---Fe 0.023 | 0.095 —0.024 0.024 7.00x 10° | 0.997
B-1-ring-Fe(ll1)-A C5'-Fe 0.019 | 0.044 | -0.015 0.013 —0.002 1.148
B-1noHB1-an-02'-Fe(111)-09 02'--Fe 0.111 | 0.584 | -0.191 0.169 —-0.023 1.134
09---Fe 0.090 | 0.439 —-0.132 0.121 —-0.011 1.091
B-1noHB2-anl-0O3-Fe(111)-0O4 03---Fe 0.031 | 0.146 —0.033 0.035 0.002 0.952
04---Fe 0.067 | 0.374 | -0.097 0.095 —-0.002 1.018
B-1noHB2-anll-O3-Fe(l11)-04 03--Fe 0.077 | 0.414 | -0.112 0.108 —-0.004 1.039
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Table 4.32 Bond critical point data for butein---Fe"™ complexes UBP86/6-31+G(d,p) results in
water solution

Complex Bond p VZp \Y G H V]
type elA3 e/AS | (Hartree) | (Hartree) (Hartree) G
B-1noHB1-02'-Fe(I1)-09 02'---Fe 0.049 | 0.246 —0.059 0.060 0.001 0.983
09---Fe 0.086 | 0.450 —0.130 0.121 —0.009 1.074
B-1noHB2-03-Fe(11)-O4 0O3:Fe 0.046 | 0.235 —0.056 0.057 0.001 0.982
0O4:--Fe 0.049 | 0.258 —-0.616 0.063 —0.553 9.778
B-1noHB1-an-02'-Fe(11)-09 02'--Fe 0.098 | 0.503 —0.156 0.141 -0.015 1.106
09---Fe 0.085 | 0.465 —0.133 0.125 —0.008 1.064
B-1noHB2-anl-03-Fe(11)-O4 03---Fe 0.036 | 0.174 —0.042 0.042 0.000 1.000
04---Fe 0.094 | 0.458 -0.141 0.128 —0.013 1.102
B-1noHB2-anll-O3-Fe(I1)-04 03---Fe 0.105 | 0.534 —-0.170 0.152 -0.018 1.118
B-1-noHB1-02'-Fe(111)-09 02'---Fe 0.056 | 0.281 —0.068 0.069 0.001 0.986
09---Fe 0.096 | 0.491 —0.150 0.136 -0.014 1.103
B-1noHB2-03-Fe(l11)-04 0O3:-Fe 0.044 | 0.211 —0.049 0.051 0.002 0.961
0O4:--Fe 0.041 | 0.201 —0.046 0.048 0.002 0.958
B-1-ring-Fe(ll1)-A C5'--Fe 0.024 | 0.043 -0.017 0.014 —0.003 1.214
B-1-ring-Fe(l11)-B C3'--Fe 0.005 | 0.017 —0.003 0.004 0.001 0.750
B-1noHB1-an-02'-Fe(l111)-09 02'--Fe 0.114 | 0.580 —-0.193 0.169 —0.024 1.142
09---Fe 0.098 | 0.481 —-0.149 0.134 —0.015 1.112
B-1noHB2-anl-O3-Fe(l11)-04 03---Fe 0.046 | 0.218 —0.052 0.053 0.001 0.981
O4:--Fe 0.094 | 0.470 -0.143 0.130 -0.013 1.100
B-1noHB2-anll-O3-Fe(l11)-04 0O3:-Fe 0.098 | 0.486 -0.151 0.136 -0.015 1.110
O4:--Fe 0.034 | 0.150 —-0.035 0.036 1.00x 10 | 0.972

4.3.5. NPA charges, spin density and orbital occupancies

The values of the charges and the spin density for the butein---Fe™ complexes are reported in
Table 4.33. For the Fe(ll) cation the charge is reduced from 2 to a 1.8-1.9 e range and for the
Fe(ll) cation from 3 to a 1.9-2 e range, which is indicative of positive charge transfer from the
Fe™ cations to the butein ligand. For the complexes with neutral butein and Fe"™ cation, the
highest amount of charge transfer corresponds to the coordination at the hydroxyl—keto reactive
site, with values of 0.136 and 1.088 e for Fe (Il) and Fe(lll) cations respectively. The least
amount of charge transferred is at the = system of the aromatic rings. Among the Fe (Il) cation
complexes with the deprotonated butein ligand, the highest amount of charge transfer
corresponds to coordination at the O2'0Q9 site (i.e., 0.192 e) and for the Fe(lll) cation it
corresponds to coordination at the O3H3"U04~ reactive site with a value of 1.046 e. The results
obtained further imply that more positive charge is transferred when the Fe"™ cation is
coordinated to the deprotonated ligand than to the neutral ligand and that charge transfer is
highest for the Fe(l11) complexes. A comparison with the results in vacuo suggests that higher

charge transfer occurs in vacuo than in water solution.
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Table 4.33 NPA charges and spin density values for the Fe"™ cations in complexes of butein in
water solution

charge (e) spin density

Complex DFT/B3LYP DFT/BP86 DFT/B3LYP DFT/BP86

results results results results
B-1noHB1-02'-Fe(11)-09 1.864 1.813 3.917 3.865
B-1noHB2-03-Fe(l1)-0O4 1.922 1.885 3.956 3.925
B-1-ring-Fe(l)-A 1.979 -2 3.991 _a
B-1-ring-Fe(l)-B -2 1.938 -2 3.941
B-1noHB1-an-02'-Fe(I1)-09 1.808 1.738 3.863 3.809
B-1noHB2-anl-03-Fe(11)-O4 1.826 1.744 3.896 3.823
B-1noHB2-anll-0O3-Fe(I1)-04 1.813 1.748 3.886 3.819
B-1noHB1-02'-Fe(111)-09 1.912 2.038 3.954 4.088
B-1noHB2-03-Fe(l11)-04 1.968 2.051 3.985 4.087
B-1-ring-Fe(ll1)-A 1.983 2.066 3.994 4.078
B-1-ring-Fe(l11)-B 2.007 2.126 4.011 4.142
B-1noHB1-an-02'-Fe(l11)-09 2.116 1.996 4,189 4.074
B-1noHB2-anl-03-Fe(111)-0O4 1.954 2.032 4.002 4.098
B-1noHB2-anll-O3-Fe(l11)-04 2.012 2.031 4.046 4.106

2 On optimisation, the calculation fails to reach convergence

The spin density values for the butein---Fe"™ complexes are reported in Table 4.33. The spin
density distributions for the complexes formed with neutral ligand and bare Fe"™ cation are
shown in Figure 4.26 and the spin density distributions for the complexes with the deprotonated
ligand and the bare Fe"" cation are shown in Figure 4.27. Among the butein---Fe"" complexes the
Fe(Il) cation has spin density values ranging from 3.863-3.991 for both the complexes with
neutral and the deprotonated butein ligand, which suggest that there is minimal spin density
transfer from the Fe"* cation to the butein molecule; this is also observed through the analysis of
the spin density distribution images shown in Figure 4.26 and Figure 4.27, which shown much of
the spin density localised on the Fe(ll) ion. Among the complexes with the Fe(lll) cation the spin
density values are within the 3.954-4.189 range. A comparison of the Fe(ll) and Fe(lll)
complexes implies that there is greater spin density delocalisation in the Fe(Ill) complexes than
in the Fe(Il) complexes which further supports the fact that Fe(lll) binds stronger to the ligand
molecule than Fe(ll). The reduction in the spin density suggests that the transfer of electrons
from butein to the Fe"™ cations increases the tendency for the electrons in the d orbitals to be

paired.
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The orbital occupancies of the free Fe"™ cation and the complexed Fe™ cation are reported in
Table 4.34. The values of the 4s occupancies suggests that upon coordination of the Fe" cation
to the ligand there is a transfer of electron density from the ligand to the cations such that the 4s
orbital tends to be partially filled with an electron(s); it increases from 0.000 in the free Fe"*
cation to a range of 0.011-0.039 e for Fe (Il) cation and a range of 0.002—0.036 e for the Fe(l1l)
cation when coordinating to the neutral ligand and from 0.000 to a range of 0.046—0.056 e for
Fe(Il) cation and a range of 0.025-0.055 e for the Fe(lll) cation when coordinated to the
deprotonated ligand. Analysis of the d orbitals occupancies suggests that upon coordination to
the butein ligand, the ligand tends to transfer electrons from itself to the Fe™ cations in the dx.,
dyz, dx2, and d.? orbitals such that these orbitals are partially filled. For the dxy orbital the Fe™
cation transfer electrons from itself to the partially filled d orbitals of the ligand as seen in the
results reported on Table 4.34.
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Figure 4.26 Spin density distribution for the butein---Fe"" complexes formed from interactions of
neutral butein and bare Fe" cations, B3LYP/6-31+G(d,p) results in water solution. The surface
isovalue used is 0.0004 au. The blue colour corresponds to positive spin densities and the green
colour denotes the negative spin density.
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Figure 4.27 Spin density distribution for the butein---Fe"" complexes formed from interactions of
deprotonated butein and bare Fe"* cations, B3LYP/6-31+G(d,p) results in water solution. The
surface isovalue used is 0.0004 au. The blue colour corresponds to positive spin densities and the
green colour denotes the negative spin density.
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Table 4.34 Natural atomic orbital occupancies for some valence orbitals in the isolated Fe"
cations and in complexes with butein results in water solution with different methods

Isolated and Fe complex Orbitals and the corresponding natural atomic orbital occupancies
DFT/B3LYP results

s(4s) [ dy (3d) [ dy (3d) [ dy (3d) | dy2 (3d) | d2(3d)

Fe(ll) 0.000 1.998 1.000 1.000 1.000 1.000
B-1noHB1-02'-Fe(I1)-09 0.039 1.138 1.232 1.092 1.161 1.447
B-1noHB2-03-Fe(11)-0O4 0.025 1.091 1.21 1.062 1.362 1.305
B-1-ring-Fe(11)-A 0.011 1.695 1.283 1.015 1.003 1.004
B-1-ring-Fe(11)-B _a _a _a _a _a _a
B-1noHB1-an-02'-Fe(11)-09 0.056 1.078 1.897 1.090 1.020 1.008
B-1noHB2-anl-03-Fe(11)-04 0.046 1.445 1.526 1.040 1.025 1.059
B-1noHB2-anll-03-Fe(11)-04 0.048 1.020 1.059 1.968 1.045 1.014
Fe(l11) 0.000 1.000 1.000 1.000 1.000 1.000
B-1noHB1-02'-Fe(111)-09 0.036 1.583 1.264 1.029 1.077 1.071
B-1noHB2-03-Fe(l11)-04 0.013 1.074 1.266 1.134 1.209 1.322
B-1-ring-Fe(l11)-A 0.010 1.669 1.284 1.028 1.009 1.007
B-1-ring-Fe(l11)-B 0.002 1.291 1.118 1.135 1.127 1.313
B-1noHB1-an-02'-Fe(111)-09 0.055 1.167 1.248 1.264 1.045 1.062
B-1noHB2-anl-O3-Fe(111)-04 0.034 1.031 1.026 1.312 1.163 1.454
B-1noHB2-anll-03-Fe(l11)-04 0.025 1.004 1.067 1.206 1.358 1.309
DFT/BP86 results

Fe(ll)

B-1noHB1-02'-Fe(I1)-09 0.047 1.498 1.107 1.128 1.295 1.084
B-1noHB2-03-Fe(11)-04 0.029 1.069 1.201 1.065 1.404 1.324
B-1-ring-Fe(11)-A -2 -2 -2 -2 -2 -2
B-1-ring-Fe(11)-B 0.008 1.49 1.14 1.075 1.04 1.296
B-1noHB1-an-Fe-02'-Fe(11)-09 0.066 1.146 1.846 1.09 1.045 1.022
B-1noHB2-anl-Fe-03-Fe(11)-04 0.055 1.534 1.425 1.076 1.051 1.082
B-1noHB2-anll-Fe-O3-Fe(11)-04 0.052 1.452 1.079 1.464 1.051 1.129
Fe(l1)

B-1noHB1-02'-Fe(111)-09 0.043 1.387 1.200 1.044 1.113 1.147
B-1noHB2-03-Fe(l11)-04 0.024 1.183 1.160 1.059 1.481 1.022
B-1-ring-Fe(lI1)-A 0.009 1.703 1.081 1.011 1.083 1.035
B-1-ring-Fe(l11)-B 0.004 1.223 1.030 1.044 1.034 1.529
B-1noHB1-an-Fe-02'-Fe(111)-09 0.061 1.231 1.367 1.160 1.078 1.064
B-1noHB2-anl-Fe-03-Fe(l11)-04 0.046 1.022 1.033 1.141 1.213 1.484
B-1noHB2-anll-Fe-O3-Fe(l11)-04 0.044 1.062 1.200 1.113 1.118 1.395

@ On optimisation the calculation fails to converge
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4.3.6. Conformational stability and geometries for the homobutein conformers
The optimised conformers of homobutein in water solution are shown in Figure 4.28 and the
corresponding AE values (kcal/mol) are reported in Table 4.35. The energy gap between the
conformers is significantly decreased in comparison to the results obtained in vacuo. The lowest-
energy conformer possesses both the first intramolecular bond and the second intramolecular
hydrogen bond, indicating that both intramolecular hydrogen bonds are vital for the stabilisation
of the conformers in solution, a similar result was obtained in vacuo. The AE gap between the
first three lowest-energy conformers of homobutein is significantly small (i.e., < 1 kcal/mol),
which implies that they can be considered to be iso-energetic. Conformers in which the first
intramolecular hydrogen bond is removed result in very high relative energy values compared to
the removal of the second intramolecular hydrogen bond, what may suggest that the first
intramolecular hydrogen bond plays a greater role in conformational stability more than the
presence of the second intramolecular hydrogen bond, a similar trend was also identified in
vacuo. Although there is a significant reduction in the energy gap between conformers, it is still
reasonable to state that the conformers that do not have the first intramolecular hydrogen bond

may not exist in vivo, mainly because of their high relative energy values.

Conformers that differ in terms of the rotation of the C7-C8 bond show similar trend as was
observed in vacuo; for instance, the energy gap between the hB-1 and hB-4 pair is 6.414kcal/mol
while the hB-1noHB2 and hB-5 pair of conformers have an energy gap of 6.918 kcal/mol; the
AE gap between the hB-1noHB1 and hB-6 pair (i.e., conformers in which the first intramolecular

hydrogen bond is absent) is 0.809kcal/mol.

142



7.386
hB-5

8.005
hB-6

0.918
hB-1noHB2

9

o%3
P50 ;;Q

AR,
°,

7.213
hB-1noHB1

10.670
hB-3noHB1

Figure 4.28 B3LYP/6-31+G(d,p) optimised conformers for neutral homobutein arranged in
order of increasing relative energy (AE, kcal/mol), B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p)
results in water solution. Similar geometries were obtained for the B86/6-311+G(2d,p)//B86/6-

31+G(d,p) calculation method.
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Table 4.35 Relative energies (AE, kcal/mol) for the neutral conformers of homobutein in water
solution

A2 BP

Conformer total energy AE total energy AE

(Hartree) (kcal/mol) (Hartree) (kcal/mol)
DFT/B3LYP results
hB-1 -994.3340834 0.000 -994.5762566 0.000
hB-2 -994.,3338835 0.125 -994.5761004 0.098
hB-1noHB?2 -994.,3327208 0.855 -994.5747945 0.918
hB-3 -994.,3283238 3.614 -994.5705000 3.612
hB-4 -994.,3238487 6.422 -994.5660349 6.414
hB-1noHB1 -994.,3225885 7.213 -994.5647889 7.196
hB-5 -994.,3223887 7.339 -994.5644839 7.386
hB-6 -994.,3212891 8.029 -994.5634991 8.005
hB-3noHB1 -994.3170763 10.672 -994.5592034 10.701
DFT/BP86 results
hB-1 -994.,3364647 0.000 -994.5808738 0.000
hB-2 -994.,3362498 0.135 -994.5793824 0.936
hB-1noHB2 -994.,3351273 0.839 -994,5793803 0.937
hB-3 -994.,3290137 4,676 -994.5733965 4.692
hB-4 -994.3271451 5.848 -994.5714716 5.900
hB-1noHB1 -994.3256701 6.774 -994.5698570 6.913
hB-5 -994.,3220259 9.061 -994.5664685 9.040
hB-6 -994.3207460 9.863 -994.5651552 9.864
hB-3noHB1 -994.,3149546 13.498 -994.,5593645 13.497

The optimised deprotonated conformers obtained in water solution are shown in Figure 4.29 and
the corresponding AE (kcal/mol) are reported in Table 4.36. Among the deprotonated conformers
of homobutein in water solution the lowest-energy conformer corresponds to the removal of the
H4” proton and the presence of the first intramolecular hydrogen bond, a result which is
consistent with the results obtained for the butein conformers. The AE gap between the lowest-
energy complex and the second lowest-energy complex corresponds to 3.890 kcal/mol which
implies that this conformer (second lowest-energy conformer) may exist in water solution.
Although the relative energy in water solution is dampened with respect to the energy obtained
in vacuo only these two conformers (i.e., hB-1lnoHB2-an and hB-4-an) may be considered to
exist in physiological conditions. The least preferred deprotonation site is the removal of the H2’
proton for both bent and non-bent aliphatic chain arrangement, a result in agreement with those

obtained in vacuo.

The removal of the H4” and H2' protons in the hB-4 and hB-6 conformers to from the hB-4-an
and hB-6-an conformers respectively results in energy increase of 2.524 kcal/mol for the

removal of the H4” proton and 1.115 kcal/mol for the removal of the H2' proton.
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The results obtained suggests that for both bent and non-bent aliphatic chain arrangement the
removal of the H2' proton (i.e., corresponding to the removal of the first intramolecular
hydrogen bond) results in high relative energy values what suggests that the removal of the H4"”

proton is preferred, a result that is in agreement with those obtained for butein.

e y y ") 2
;.““\‘J ‘, J , J ’\J“)
R S A %', o%%y
* 7 e " A%, 2295° A
‘ 9 9 d 9 |
A‘J‘; ' § N J\(‘\r' J\"“‘\"
> ] & ° 9 J/‘\# 9 ”® ‘\%’ /(J// &J
Y °
‘J “J 9 d
0.000 3.890 6.890 8.632
hB-1noHB2-an hB-4-an hB-6-an hB-1noHB1-an

Figure 4.29 B3LYP/6-31+G(d,p) optimised conformers for deprotonated homobutein arranged
in order of increasing relative energy (AE, kcal/mol), B3LYP/6-311+G(2d,p)//B3LYP/6-
31+G(d,p) results in water solution. Similar geometries were obtained for the BP86/6-
311+G(2d,p)//BP86/6-31+G(d,p) calculation method.

Table 4.36 Relative energy values (AE, kcal/mol) for the deprotonated conformers of
homobutein in water solution

A2 BP
Conformer total energy (Hartree) AE (kcal/mol) | total energy (Hartree) AE (kcal/mol)
DFT/B3LYP results
hB-1noHB2-an -993.8676617 0.000 -994.1097679 0.000
hB-4-an -993.8614837 3.877 -994.1035693 3.890
hB-6-an -993.8518623 9.914 -994.0987876 6.890
hB-1noHB1-an -993.8540681 8.530 -994.0960117 8.632
DFT/BP86 results
hB-1noHB2-an -993.8755716 0.000 -994.1198024 0.000
hB-4-an -993.8693020 3.934 -994.1134598 3.980
hB-1noHB1-an -993.8571798 11.541 -994.1013676 11.568
hB-6-an -993.8550346 12.887 -994.0990862 13.000

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries
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4.3.7. Relative stability and binding energies for homobutein-.-Fe™ complexes
formed from neutral homobutein and bare Fe™ cations

The optimised homobutein---Fe"* complexes are shown in Figure 4.30 for the DFT/B3LYP
results and Figure 4.31 for the DFT/BP86 results; the corresponding AE (kcal/mol) are reported
Table 4.37. The most preferred complexes correspond to the coordination of the cations at the
hydroxyl—keto reactive site. The AE gap between the lowest-energy complex and the second
lowest-energy complex correspond to 2.174 kcal/mol for the Fe(ll) cation which is significantly
decreased in comparison with the results obtained in vacuo. The AE energy gap between the
lowest-energy complex and the hB-1-ring-Fe(ll1)-A complex corresponds to 10.054 kcal/mol
which suggests that coordination at ring A may not be preferred, and therefore, such complexes
may not exist in nature. Among the complexes with the Fe(l11) cation the AE energy gap between
lowest-energy complex and the all other complexes corresponds to AE value greater than
3.5kcal/mol (i.e., with a 7.727-8.567 kcal/mol range), what may suggest that only the
coordination of the Fe(lll) cation at the hydroxyl—keto reactive site is the most probable to

observe in vivo.

The bond distance values between the ligand donor atoms and the Fe™ cation also suggests that
they are longer in water solution than in vacuo, which is an indication of the weakening of the

binding between homobutein and Fe"" cations.

The AE'binding Values (kcal/mol) are reported in Table 4.38. They are significantly dampened with
respect to the results in vacuo, which is suggestive of the fact that in water solution the
interactions between the ligand and the Fe"" cations are weaker. For the complexes with the Fe™
cations the strongest binding corresponds to the coordination of the cations to the hydroxyl—keto
reactive site, a result which is similar to that obtained in vacuo. Coordination at the
methoxy—hydroxyl site results in the second strongest binding with values of 9.719 kcal/mol and
47.422 kcal/mol for the Fe(ll) and Fe(lll) cations respectively. The weakest binding energy
corresponds to the coordination of the Fe™ cations at the m system of aromatic ring A for
coordination with the Fe(ll) cation and coordination at the m system of aromatic ring B for
coordination of the Fe(l11) cation. A comparison of the AE'vinding Values suggests that homobutein
may tend to act as better antioxidant when chelating the Fe(lll) cation than the Fe(ll) cation; a
similar result are observed for the coordination of the cations to the butein ligand, both in vacuo

and in water solution.
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0.000 2.174 10.054
hB-1noHB1-02'-Fe(11)-09 hB-1noHB2-03-Fe(11)-04 hB-1-ring-Fe(l1)-A

0.000 7.727 8.567
hB-1noHB1-02'-Fe(111)-09 hB-1noHB2-03-Fe(l11)-04 hB-1-ring-Fe(l11)-B

Figure 4.30 B3LYP/6-31+G(d,p) optimised homobutein---Fe"™ complexes (arranged in order of
increasing relative energy (AE, kcal/mol)) formed from neutral homobutein and bare Fe"* cation
B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p) results in water solution. The bond length between
the cation and the ligand are reported in A.
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0.000 4.467 11.232
hB-1noHB1-02'-Fe(11)-09 hB-1noHB2-03-Fe(I1)-04 hB-1-ring-Fe(I1)-B

0.000 12.112 14.883
hB-1noHB1-02"-Fe(l11)-09 hB-1noHB2-03-Fe(111)-04 hB-1-ring-Fe(I11)-A

Figure 4.31 BP86/6-31+G(d,p) optimised homobutein---Fe"™ complexes (arranged in order of
increasing relative energy (AE, kcal/mol)) formed from neutral homobutein and bare Fe™ cation
BP86/6-311+G(2d,p)//BP86/6-31+G(d,p) results in water solution. The bond length between the
cation and the ligand are reported in A.
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Table 4.37 Relative energy values (AE, kcal/mol) for the homobutein---Fe"" complexes formed
from neutral homobutein ligand and bare Fe™ cations, results in water solution

A2 B®
Complex total energy (Hartree) AE (kcal/mol) total energy (Hartree) AE (kcal/mol)
DFT/B3LYP results
hB-1noHB1-02'-Fe(11)-09 -1117.5433309 0.000 -2258.0719461 0.000
hB-1noHB2-03-Fe(I1)-04 -1117.5431658 0.104 -2258.0684812 2.174
hB-1-ring-Fe(ll)-A -1117.5311633 7.635 -2258.0559247 10.054
hB-1-ring-Fe(l1)-B —c - —c —c
hB-1noHB1-02'-Fe(111)-09 -1117.3382836 0.000 -2257.8653333 0.000
hB-1noHB2-03-Fe(lI1)-04 -1117.3297429 5.359 -2257.8530198 7.727
hB-1-ring-Fe(l11)-B -1117.3283437 6.238 -2257.8516811 8.567
hB-1-ring-Fe(l11)-A —c —c —c ¢
DFT/BP86 results
hB-1noHB1-02'-Fe(11)-09 -1117.5904054 0.000 -2258.2128655 0.000
hB-1noHB2-03-Fe(I1)-04 -1117.5868370 2.239 -2258.2057471 4.467
hB-1-ring-Fe(l)-B -1117.5800179 6.158 -2258.1949661 11.232
hB-1-ring-Fe(I1)-A —c £ —c —c
hB-1noHB1-02'-Fe(111)-09 -1117.3921390 0.000 -2258.0195684 0.000
hB-1noHB2-03-Fe(lI1)-04 -1117.3800234 7.603 -2258.0002660 12.112
hB-1-ring-Fe(I11)-A -1117.3794266 7.977 -2257.9959304 14.833
hB-1-ring-Fe(111)-B ¢ —¢ ¢ —

2 Results obtained using the 6-31+G(d,p) basis set
® Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries
¢ On optimisation the calculation fails to converge

Table 4.38 Binding energy values (AE'vinding, kcal/mol) for homobutein---Fe™ complexes formed
from neutral homobutein ligand and bare Fe™ cations results in water solution. The complexes
are arranged in order of decreasing AE'binding Values

A2 BP

Complex AEinter, AEget AE'binding, AEinter, AEdef AEbinding,

kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol
DFT/B3LYP results
hB-1noHB1-02’'-Fe(11)-09 —28.518 1.177 29.695 —17.445 1.372 18.817
hB-1noHB2-03-Fe(ll)-O4 -17.586 0.696 18.282 —-8.992 0.727 9.719
hB-1-ring-Fe(l1)-A —5.455 0.477 5.932 —-0.195 0.558 0.753
hB-1-ring-Fe(ll)-B _c _c _c _c c c
hB-1noHB1-02'-Fe(l11)-09 -86.431 5.062 91.493 -57.919 5.053 62.972
hB-1noHB2-03-Fe(l11)-04 —70.244 3.613 73.857 -43.914 3.508 47.422
hB-1-ring-Fe(111)-B —64.766 3.818 68.584 -42.157 3.637 45.794
hB-1-ring-Fe(l11)-A € € ¢ ¢ ¢ ¢
DFT/BP86 results
hB-1noHB1-02'-Fe(11)-09 —7.432 1.588 9.020 -21.806 1.789 23.595
hB-1noHB2-03-Fe(Il)-O4 3.028 0.748 —2.280 -9.236 0.760 9.996
hB-1-ring-Fe(Il)-B 8.146 0.068 -8.078 —1.534 0.142 1.676
hB-1-ring-Fe(I1)-A - = - - - _c
hB-1noHB1-02'-Fe(111)-09 —75.578 3.616 79.194 —77.663 3.697 81.360
hB-1-ring-Fe(l11)-A -58.540 2.084 60.624 -57.701 2.054 59.755
hB-1noHB2-03-Fe(l11)-04 -59.734 1.962 61.696 -57.449 1.916 59.365
hB-1-ring-Fe(l11)-B - = - - - _c

2 Results obtained using the 6-31+G(d,p) basis set
® Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries
¢ On optimisation the calculation does not converge
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4.3.8. Relative stability and binding energies for homobutein---Fe™ complexes

formed from deprotonated homobutein and bare Fe™ cations

The optimised homobutein---Fe"* complexes formed with deprotonated homobutein ligand are
shown in Figure 4.32; the corresponding AE values (kcal/mol) are reported in Table 4.39. The
lowest-energy complex corresponds to the coordination of the cations to the 0O2'UQ9 reactive
site, which is a similar result to the outcome obtained in vacuo. The AE gap between the first
lowest-energy complexes and the second-lowest energy complexes is 1.310 kcal/mol for Fe(ll)
cation and 3.246 kcal/mol for Fe(lll) cation. These values suggest that both coordination at the
02'u009 reactive site and the O3CH3wWO04 reactive site are preferred in water solution, a trend

different to that observed in vacuo.
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Figure 4.32 Optimised homobutein---Fe"" complexes (arranged in order of increasing relative
energy (AE, kcal/mol)) formed from deprotonated homobutein ligand and bare Fe™ cations. The
first row shows the B3LYP/6-31+G(d,p) results and the second row of structures corresponds to
fge BP86/6-31+G(d,p) results. The bond length between the cation and the ligand are reported in
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Table 4.39 Relative energy values (AE, kcal/mol) for the homobutein---Fe"" complexes formed
from deprotonated homobutein ligand and bare Fe"" cations in water solution

A2 BP
Complex total energy (Hartree) AE (kcal/mol) total energy (Hartree) | AE (kcal/mol)
DFT/B3LYP results
hB-1noHB1-an-02'-Fe(11)-09 -1117.1046216 0.000 -2257.6341921 0.000
hB-1noHB2-an-03-Fe(I)-04 -1117.1045741 0.030 -2257.6321037 1.310
hB-1noHB1-an-02'-Fe(111)-09 -1116.9101734 3.866 -2257.4486408 0.000
hB-1noHB2-an-03-Fe(l11)-04 -1116.9163348 0.000 -2257.4434674 3.246
DFT/BP86 results
hB-1noHB1-an-02'-Fe(11)-09 -1117.1590316 0.000 -2257.7860349 0.000
hB-1noHB2-an-03-Fe(I1)-04 -1117.1565328 1.568 -2257.7790466 4.385
hB-1noHB1-an-02'-Fe(111)-09 -1116.9789384 0.000 -2257.6115854 0.000
hB-1noHB2-an-03-Fe(l11)-04 -1116.9728971 3.791 -2257.5983334 8.316

@ Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries

The AE'vinding Values (kcal/mol) are reported in Table 4.40. The coordination of the Fe™ cations
at the 0O2"U009 site corresponds to the strongest binding, with MIA values of 38.249 kcal/mol for
the Fe(Il) cation and 94.160 kcal/mol for the Fe(l11) cation. The MIA values for the coordination
of the cation to the O3CH3wO4 reactive site is slightly weaker, being nearly 10 kcal/mol (for the
Fe(Il) results) and 13 kcal/mol (for the Fe(lll) results) less than the MIA values for the
coordination at the O2'UQ9 reactive site. A comparison of the Fe(ll) and Fe(l11) results obtained
here further confirm the fact that the chalcone derivatives (i.e., butein and homobutein) may act

as a better antioxidant when chelating the Fe(l11) cation than the Fe(ll) cation.

Table 4.40 Binding energy values (AE’binging, Kcal/mol) for the homobutein---Fe™ complexes formed from
deprotonated homobutein and bare Fe™ cations in water solution. The complexes are arranged in order of
decreasing AE'binging Values

A2 BP

Complex AEinter, AEef AEbinding, AEinter, AEef AEbinding,

kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol
DFT/B3LYP results
hB-1noHB1-an-02'-Fe(l1)-09 —22.938 1.260 24.198 -36.912 1.337 38.249
hB-1noHB2-an-03-Fe(11)-04 -14.378 1.423 15.810 —26.970 1.438 28.408
hB-1noHB1-an-02'-Fe(111)-09 -87.502 3.560 91.062 -90.603 3.557 94.160
hB-1noHB2-an-03-Fe(l11)-04 -82.838 2.634 85.472 -78.724 2.151 80.875
DFT/BP86 results
hB-1noHB1-an-02'-Fe(I1)-09 —28.437 1.941 30.378 —45.821 1.998 47.819
hB-1noHB2-an-03-Fe(11)-04 -15.327 1.710 17.037 —29.867 1.686 31.553
hB-1noHB1-an-02'-Fe(l11)-09 —-107.986 4.198 112.184 -113.505 2.078 117.67
hB-1noHB2-an-03-Fe(l11)-O4 -92.654 2.358 95.012 -93.622 5.798 95.700

2 Results obtained using the 6-31+G(d,p) basis set
b Single point results using the 6-311+G(2d,p) basis set, starting from optimised geometries
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4.3.9. AIM analysis of the bonding within the homobutein complexes

The bond critical point (BCP) data of the electron density distributions p(r) and its second
derivative (V2p (r)) for the homobutein---Fe™ complexes are reported in Table 4.41 for the
DFT/B3LYP results and Table 4.42 for the DFT/BP86 results. The strongest bond among the
complexes formed with neutral homobutein ligand and the bare Fe™ cation corresponds to the
09--Fe™ bond with p values of 0.120 and 0.130 e/A3 for the Fe(ll) and Fe(lll) cations
respectively, what is in agreement with the binding energy. The weakest bond corresponds to the
coordination of the Fe™ cations at the C2'--Fe™ with p value of 0.042 e/A2 for the Fe(ll) cation
and 0.061 e/A2 for the Fe(lll) cation. Among the complexes with the deprotonated homobutein
ligand the largest value of p corresponds to the coordination of the Fe"™ cation at the O2'---Fe?*
bond with values of p 0.124 e/A3 and 04--Fe*" bond with p value of at the 0.133 e/A3 for

coordination with the Fe(l1) and the Fe(ll1) cation respectively.

Analysis of the values of the V?p (e/A®) shows a range of 0.120-0.673 and 0.107-0.687 e/AS for
the complexes of neutral homobutein ligand with the Fe(ll) and Fe(lll) cations respectively.
Among the complexes with the deprotonated homobutein ligand for both bare and hydrated Fe™
cationsV?p ranges from 0.194-0.627 e/AS for Fe(ll) cation and 0.163-0.740 e/AS for Fe(Ill)
cation. These values of V2p, which are positive, are suggestive of closed shell interactions; this is
further supported by the negative values of H which approach zero. The |V|/G ratio values are
within the 0.9-1.0 for complexes of the Fe™ cations with both neutral or deprotonated
homobutein ligand, which further supports that the type of interactions formed between the Fe™*

cations and the ligand are inclined towards closed-shell interactions.
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Table 4.41 Bond critical point data for homobutein---Fe™ complexes UB3LYP/6-31+G(d,p)

results in water

Complex Bond p VZp \Y G H V]
type elA3 e/AS | (Hartree) | (Hartree) (Hartree) G
hB-1noHB1-02'-Fe(11)-09 02'---Fe 0.068 | 0.407 —0.105 0.103 —0.0015 1.014
09---Fe 0.120 | 0.673 -0.225 0.197 —0.0285 1.145
hB-1noHB2-03-Fe(11)-04 0O3:Fe 0.056 | 0.317 -0.079 0.079 0.0001 0.999
0O4:--Fe 0.058 | 0.339 -0.084 0.084 0.0004 0.995
hB-1-ring-Fe(I1)-A C3'--Fe 0.042 | 0.120 —0.044 0.037 —-0.0071 1.191
C6'---Fe 0.054 | 0.170 —0.062 0.052 —0.0099 1.189
hB-1-ring-Fe(11)-B C2---Fe 0.043 | 0.128 —0.047 0.039 —0.0073 1.185
C5---Fe 0.049 | 0.151 —0.055 0.046 —0.0086 1.185
hB-1noHB1-an-O2'-Fe(I1)-09 02'---Fe 0.124 | 0.618 -0.219 0.187 —0.0323 1.173
09---Fe 0.122 | 0.621 -0.215 0.185 —0.0299 1.161
hB-1noHB2-an-03-Fe(11)-O4 0O3:Fe 0.050 | 0.342 -0.075 0.080 0.0053 0.934
O4:--Fe 0.110 | 0.674 -0.223 0.196 -0.0273 1.139
hB-1noHB1-02'-Fe(111)-09 02'--Fe 0.067 | 0.393 -0.101 0.100 —0.0015 1.015
09---Fe 0.130 | 0.687 —0.243 0.207 —0.0357 1.172
hB-1noHB2-03-Fe(111)-04 03---Fe 0.061 | 0.355 —0.089 0.089 —0.0003 1.004
04---Fe 0.061 | 0.379 —0.093 0.094 0.0007 0.993
hB-1-ring-Fe(l11)-A C5'---Fe 0.072 | 0.107 —0.067 0.047 —0.0203 1.431
hB-1-ring-Fe(l11)-B C5-Fe 0.069 | 0.153 -0.072 0.055 -0.017 1.308
C6---Fe 0.069 | 0.137 —0.069 0.052 -0.0177 1.341
hB-1noHB1-an-O2'-Fe(l11)-09 02'--Fe 0.128 | 0.740 -0.254 0.219 —0.0344 1.155
09---Fe 0.109 | 0.633 -0.201 0.179 -0.0212 1.116
hB-1noHB2-an-O3-Fe(l11)-04 0O3---Fe 0.059 | 0.283 -0.074 0.072 —0.0018 1.024
04---Fe 0.133 | 0.675 —0.247 0.208 —0.0389 1.187

Table 4.42 Bond critical point data for homobutein---Fe"™ complexes UBP86/6-31+G(d,p) results

in water
Complex Bond P VZp \Y G H V]
type e/A3 e/A5 | (Hartree) | (Hartree) (Hartree) G
hB-1noHB1-02'-Fe(11)-09 02'--Fe 0.049 0.246 —0.059 0.060 0.001 0.983
09---Fe 0.085 0.444 -0.127 0.119 —0.008 1.067
hB-1noHB2-03-Fe(11)-04 0O3--Fe 0.043 0.209 -0.051 0.051 0.000 1.000
0O4:--Fe 0.048 0.256 -0.611 0.063 —0.548 9.698
hB-1noHB1-an-02'-Fe(I1)-09 02'--Fe 0.010 0.510 -0.159 0.143 -0.016 1.112
09---Fe 0.084 | 0.457 -0.130 0.122 -0.008 1.066
hB-1noHB2-an-03-Fe(11)-O4 0O3---Fe 0.041 0.204 —0.049 0.050 0.001 0.980
0O4:--Fe 0.093 0.454 -0.139 0.126 —-0.013 1.103
hB-1noHB1-02'-Fe(111)-09 02'--Fe 0.055 0.259 —0.635 0.064 -0.571 9.922
09---Fe 0.093 0.471 -0.141 0.129 -0.012 1.093
hB-1noHB2-03-Fe(l11)-O4 O3--Fe 0.037 0.162 —0.038 0.039 0.001 0.974
O4:--Fe 0.043 0.216 —0.050 0.052 0.002 0.962
hB-1noHB1-an-O2'-Fe(l11)-09 02'-Fe 0.113 0.574 -0.191 0.167 -0.024 1.144
09---Fe 0.099 0.491 —0.154 0.138 —-0.016 1.116
hB-1noHB2-an-O3-Fe(l11)-04 03---Fe 0.045 0.206 —0.049 0.050 0.001 0.980
0O4:--Fe 0.088 0.434 -0.129 0.119 -0.010 1.084
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4.3.10. NPA charges, spin density and orbital occupancies

The NPA charges as and the spin density values are reported in Table 4.43 for the
homobutein---Fe™ complexes. In water solution the charge of the Fe(ll) cation is reduced from 2
to a 1.7-1.9 e range and from 3 to a 1.9-2.0 e range for Fe(lll) cation. Among the complexes
with the neutral homobutein ligand, the largest amount of charge density transfer corresponds to
the coordination of the Fe™ cations at the hydroxyl—keto reactive site. This result implies that the
strongest interaction site between the Fe"™ cation and the ligand is the hydroxyl-keto reactive
site; similar inference is obtained when analysing the binding energy values, where coordination
to the hydroxyl—keto reactive site corresponds to the strongest binding between the cation and

the ligand.

For the complexes of the Fe"" cations with the deprotonated homobutein ligand similar trends are
observed in that coordination of the Fe™ cations at the 0209 reactive site results in the
highest electron density transfer. The results of the charge transfer in water solution are
significantly dampened with respect to those in vacuo. The site of coordination with the least
transfer of electron density corresponds to the m system of the aromatic ring A for both
coordination with the Fe(ll) and Fe(lll) cation. However, an assessment of the charge density
transfer at the aromatic rings is not very straightforward because the charge density of the =
system does not necessary corresponds to the charge density on the individual C atoms of the

aromatic rings.

Table 4.43 NPA charges and spin densities for the Fe"™ cations in the complexes with butein
results in water solution

Complex charge (e) spin density
DFT/B3LYP DFT/BP86 DFT/B3LYP DFT/BP86
results results results results
hB-1noHB1-02'-Fe(11)-09 1.874 1.769 3.922 3.862
hB-1noHB2-03-Fe(I)-04 1.912 1.876 3.950 3.918
hB-1-ring-Fe(I)-A 1.978 —a 3.989 —a
hB-1-ring-Fe(l1)-B -2 1.961 -2 3.820
hB-1noHB1-an-O2'-Fe(I1)-09 1.789 1.735 3.865 3.809
hB-1noHB2-an-03-Fe(11)-04 1.815 1.735 3.890 3.817
hB-1noHB1-02'-Fe(111)-09 1.900 2.036 3.942 4.088
hB-1noHB2-03-Fe(l11)-O4 1.951 2.145 3.974 4.109
hB-1-ring-Fe(I11)-A -2 2.101 -2 4.114
hB-1-ring-Fe(l11)-B 2.002 —a 4.006 -a
hB-1noHB1-an-02'-Fe(l11)-09 2.102 1.987 4.176 4.068
hB-1noHB2-an-03-Fe(l11)-0O4 1.982 1.947 4.017 4.089

2 On optimisation, the calculation fails to reach convergence

154



The spin density distribution for the homobutein---Fe"™" complexes formed with homobutein and
bare Fe"™ cation are shown in Figure 4.33 and the spin density distributions for the
homobutein---Fe"" complexes formed with the deprotonated ligand and the bare Fe™ cation are
shown in Figure 4.34. Among the complexes with the neutral homobutein ligand the spin density
for the Fe(ll) cation is within the 3.865-3.992 range, indicating that there is insignificant
changes in the spin density on the Fe™ ion with respect to the isolated Fe(ll) cation; the spin
density for the complexes with Fe(lll) cation has the 3.942—-4.176 range. Since spin density
change is a measure of the antioxidant ability of the ligand [243], it is reasonable to state that the
antioxidant ability of homobutein, in water solution, is more pronounced when homobutein

chelates the Fe(l11) cation than when it chelates the Fe(ll) cation.
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Figure 4.33 Spin density distribution for the homobutein---Fe"™™ complexes formed from
interactions of neutral homobutein and bare Fe™ cations, B3LYP/6-31+G(d,p) results in water
solution. The surface isovalue used is 0.0004 au. The blue colour corresponds to positive spin
densities and the green colour denotes the negative spin density.
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Figure 4.34 Spin density distribution for the homobutein---Fe™ complexes formed from
interactions of deprotonated homobutein and bare Fe™ cations, B3LYP/6-31+G(d,p) results in
water solution. The surface isovalue used is 0.0004 au. The blue colour corresponds to positive
spin densities and the green colour denotes the negative spin density.

The orbital occupancies are reported in Table 4.44. Analysis of the 4s orbital suggests that upon
complexation homobutein tends to donate electrons to the empty 4s orbital of the cation, for the
Fe(ll) cation there is minimal transfer with a range of 0.012—0.058 and 0.002—0.056 for the
Fe(I1l) cation. The dxy orbitals shows that for complexes with the Fe(ll), the ligand donates
electrons from itself to either the ligand or to the other d orbitals. The d orbitals occupancy
suggests that there is a transfer of electrons from the Fe™ cations to the ligand as seen in the dx.,
dyz, di%.,2 and d® orbitals where there is an increase in the occupancy values of the Fe™ cations
before complexation and after complexation. Analysis of the dxy orbital suggests that the Fe"*
cations tend to donate electrons from itself to the partially filled d orbitals of the homobutein

ligand, for both complexes with neutral and deprotonated ligand.
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Table 4.44 Natural atomic orbital occupancies for some valence orbitals in the isolated Fe"
cations and in complexes with homobutein results in water solution with different methods

Isolated and Fe complex Orbitals and the corresponding natural atomic orbital occupancies
S (4s) Oy (3d) | dx (3d) | dyz (3d) | dy®y? (3d) | dz%(3d)
Fe(ll) 0.000 1.998 1.000 1.000 1.000 1.000
hB-1noHB1-02'-Fe(lI1)-09 0.039 1.053 1.164 1.044 1.771 1.028
hB-1noHB2-03-Fe(I1)-04 0.029 1.037 1.170 1.056 1.473 1.296
hB-1-ring-Fe(I1)-A 0.012 1.700 1.285 1.011 1.002 1.001
hB-1-ring-Fe(I1)-B _a _a _a _a _a _a
hB-1noHB1-an-02'-Fe(I1)-09 0.058 1.185 1.303 1.089 1.08 1.45
hB-1noHB2-an-03-Fe(11)-0O4 0.051 1.313 1.084 1.520 1.139 1.041
Fe(l1) 0.000 1.000 1.000 1.000 1.000 1.000
hB-1noHB1-02'-Fe(l11)-09 0.035 1.656 1.074 1.025 1.234 1.049
hB-1noHB2-03-Fe(l11)-04 0.017 1.083 1.251 1.028 1.586 1.063
hB-1-ring-Fe(l11)-A -8 -8 -2 -8 _a _a
hB-1-ring-Fe(l11)-B 0.002 1.069 1.207 1.091 1.482 1.140
hB-1noHB1-an-02'-Fe(I11)-09 0.056 1.360 1.136 1.122 1.091 1.090
hB-1noHB2-an-03-Fe(111)-04 0.026 1.192 1.059 1.011 1.068 1.642
DFT/BP86
Fe(Il) 0.000 1.998 1.000 1.000 1.000 1.000
hB-1noHB1-02'-Fe(lI1)-09 0.046 1.717 1.064 1.063 1.217 1.054
hB-1noHB2-03-Fe(I1)-04 0.031 1.061 1.231 1.056 1.533 1.189
hB-1-ring-Fe(I)-A -2 -2 -2 -2 -2 -2
hB-1-ring-Fe(1)-B 0.004 1.011 1.015 1.233 1.563 1.199
hB-1noHB1-an-02'-Fe(I1)-09 0.068 1.401 1.525 1.09 1.224 1.19
hB-1noHB2-an-03-Fe(11)-04 0.059 1.158 1.152 1.581 1.202 1.077
Fe(ll1) 0.000 1.000 1.000 1.000 1.000 1.000
hB-1noHB1-02'-Fe(l11)-09 0.043 1.309 1.084 1.078 1.298 1.125
hB-1noHB2-03-Fe(l11)-O4 0.026 1.013 1.3 1.416 1.055 1.024
hB-1-ring-Fe(l11)-A 0.004 1.272 1.397 1.011 1.105 1.1
hB-1-ring-Fe(l11)-B -2 -2 -2 -2 -2 -2
hB-1noHB1-an-02’-Fe(l11)-09 0.071 1.324 1.231 1.109 1.116 1.155
hB-1noHB2-an-03-Fe(l11)-04 0.047 1.114 1.095 1.05 1.133 1.508

@ On optimisation the calculation fails to converge

In summary, the results of the study on butein and homobutein suggests that both compounds are
able to bind Fe" cations in vacuo and in water solution In water solution the relative energies as
well as the binding energies are significantly dampened indicating that interactions in water
solution are weaker than interactions in vacuo. Complexes with the hdyration in the coordinated

sphere have higher binding energy than complexes without hydration in the coordiated sphere.
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4.4. Comparison of the performance of the calculation methods

The section provides a comparison of the result obtained using the DFT/B3LYP method and the
results obtained using the DFT/BP86 method, the two methods utilised throughout the study. A
comparison of the relative energy trend across the conformers of the different species (e.g.,
neutral and deprotonated species of butein and homobutein) is the same for both methods,
however, the magnitude of the relative energy values suggest that the energy values obtained
using the DFT/B3LYP method are found to be lower than those obtained for the DFT/BP86

method.

Analysis of the binding energy (AE'binding, kcal/mol) values suggests that in vacuo the values
obtained using the DFT/BP86 method tend to be overestimated with respect to the values
obtained using the DFT/B3LYP method; this results is true for all complexes in vacuo and in
water solution. The tendency for the overestimation of the binding energies between the ligand
and the metal ions by the DFT/BP86 method may be related to the fact that pure functions tends
to overestimate the binding energies of complexes [244, 245] with respect to hybrid functions
such as B3LYP.

The result on the charges and the spin density values shows that the is no specific trend to be
identified in that in some complexes the DFT/B3LYP method shows the greatest reduction in
charge while for some complexes the DFT/BP86 shows the greatest reduction in charge for both
Fe(Il) and Fe(111) complexes in vacuo and in water solution.
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CHAPTER 5

RESULTS AND DISCUSSION: ANTIOXIDANT PROPERTIES
OF KANAKUGIOL AND PEDICELLIN

5.1. Introduction

This chapter provides results and discussions on the antioxidant property of kanakugiol and
pedicellin through their Fe chelation ability. The results in vacuo are reported first followed by
the results in water solution. The results reported in this chapter follow a similar pattern as that
presented in chapter 4, namely, first the results on the isolated molecules are presented followed
by the results on the ligand-Fe complexes. The naming for the conformers of kanakugiol and
pedicellin is such that the letters K and P are utilised to denote kanakugiol and pedicellin
respectively, followed by the Arabic number to indicate the different conformers. For instance,
K-1 and P-1 represent the lowest-energy conformer of kanakugiol and pedicellin respectively.
The same pattern utilised for the neutral species is adopted for the deprotonated species of
kanakugiol, however, the acronym "an" is used to indicate deprotonation and an Arabic number

is given in increasing order to indicate the different conformers.

The naming of the complexes is such that the name of the conformer from which it was obtained
is given first followed by an acronym indicating the atoms or group at which the Fe™ ion is
coordinated on the ligand and the oxidation state of the Fe" cation is indicated in round brackets.
For instance, the naming in the K-1-O2'-Fe(I1)-O3’ complex implies that the conformer K-1 was
used in preparation of this complex and that the Fe"* cation of oxidation state +2 is coordinated

at the O2' and O3’ reactive site.

As was done in Chapter 4, all bond lengths, charges, spin densities and electron density
properties reported in the text are obtained from DFT/B3LYP calculation results with the 6-
31+G(d,p) basis set unless indicated otherwise and all the energies values reported in the text are
those obtained using the B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p) calculation method.
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5.2. Results in vacuo

5.2.1. Conformational stability and geometries for kanakugiol conformers

The optimised conformers of neutral kanakugiol are shown in Figure 5.1 and the corresponding
relative energy values (AE, kcal/mol) are reported in Table 5.1. The stability of the conformers
can be related to the orientation of the 2-propen-1-one aliphatic chain, orientation of the methoxy
groups and the number of intramolecular hydrogen bonds present in the conformer. Non-bent
orientation of the aliphatic chain is preferred over the bent orientation, for instance, the AE gap
between a conformer with a non-bent orientation of the aliphatic chain (K-1) and a
corresponding conformer with a bent orientation of the aliphatic chain (K-4) is 4.415 kcal/mol.
The preferred orientation of the methoxy groups is one in which the steric effects between
neighbouring methyl groups is minimised. For instance, the AE gap between K-1 and K-3, which
differs due to the orientation of the methoxy groups, is 2.864 kcal/mol. Finally, conformers with
the high number of intramolecular hydrogen bonds are preferred to conformers with fewer
intramolecular hydrogen bonds. Kanakugiol can form two types of intramolecular hydrogen
bonds, the O—H---O and the C—H---O. The lowest-energy conformer for kanakugiol (K-1) is one
the number of intramolecular hydrogen bonds is maximised, the 2-propen-1-one aliphatic chain
has a non-bent arrangement and the steric effects between methyl groups on neighbouring

methoxy groups is minimised.

The first three lowest-energy conformers have the same number of intramolecular hydrogen
bonds and have non-bent arrangement of the aliphatic chain; the only difference among them is
the arrangement of the methoxy groups. The implication of this result is that the steric effects,
due to the arrangement of the methoxy groups, may results in an energy difference of 2-3
kcal/mol. Upon removal of the first intramolecular hydrogen bond, the energy increases beyond
5 kcal/mol, indicating that conformers that do not have the first intramolecular hydrogen bond

may not exist in vacuo (that in line with the Boltzmann’s conformational distribution).
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Figure 5.1 B3LYP/6-31+G(d,p) optimised conformers for the neutral kanakugiol arranged in
order of increasing relative energy (AE, kcal/mol), B3LYP/6-311+G(d,p)// B3LYP/6-31+G(d,p)
results in vacuo.
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Table 5.1 In vacuo relative energy values (AE, kcal/mol) for neutral kanakugiol conformers

Conformer A2 BP

total energy (Hartree) | AE (kcal/mol) | total energy (Hartree) AE (kcal/mol)

DFT/B3LYP results

K-1 -1187.4053702 0.000 -1187.6941259 0.000
K-2 -1187.4024491 1.833 -1187.6909961 1.964
K-3 -1187.4008093 2.862 -1187.6895620 2.864
K-4 -1187.3978526 4.717 -1187.6870906 4.415
K-5 -1187.3958659 5.964 -1187.6852000 5.601
K-6 -1187.3950008 6.507 -1187.6846293 5.959
K-7 -1187.3954970 6.196 -1187.6845545 6.006
K-8 -1187.3938681 7.218 -1187.6831088 6.913
K-9 -1187.3928839 7.835 -1187.6823913 7.364
K-10 -1187.3923900 8.145 -1187.6820297 7.590
K-11 -1187.3879670 10.921 -1187.6818628 7.695
K-12 -1187.3921102 8.321 -1187.6791298 9.410
K-13 -1187.3892587 10.110 -1187.6778400 10.220

DFT/BP86 results

K-1 -1187.3979923 0.000 -1187.6893257 0.000
K-2 -1187.3957707 1.394 -1187.6869374 1.499
K-3 -1187.3942605 2.342 -1187.6856625 2.299
K-4 -1187.3900831 4.963 -1187.6818524 4.690
K-7 -1187.3884863 5.965 -1187.6801860 5.735
K-8 -1187.3869160 6.951 -1187.6788032 6.603
K-5 -1187.3846466 8.375 -1187.6766978 7.924
K-6 -1187.3836310 9.012 -1187.6758850 8.434
K-9 -1187.3821254 9.957 -1187.6743574 9.393
K-10 -1187.3816150 10.277 -1187.6738553 9.708
K-12 -1187.3809489 10.695 -1187.6733905 9.999
K-13 -1187.3786294 12.150 -1187.6710970 11.440
K-11 -1187.3778200 12.658 -1187.6702531 11.970

@ Results obtained using the B3LYP/6-31+G(d,p) method
b Single point results obtained using the B3LYP/6-311+G(2d,p) method, starting from optimised geometries
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5.2.2. Relative stability and binding energies for kanakugiol--Fe™ complexes
formed from neutral kanakugiol and Fe" cations

The optimised complexes of kanakugiol---Fe"" complexes are shown in Figure 5.2 for the
DFT/B3LYP results and Figure 5.3 for the DFT/BP86 results; the corresponding AE values
(kcal/mol) are reported in Table 5.2. Among the complexes of kanakugiol with the Fe?* cation,
the lowest-energy complex corresponds to the coordination of the Fe™ cation at the
hydroxyl-methoxy site. The geometry of the ligand in the complex suggests significant
conformational changes in the arrangement of the methoxy groups at C4’ and C3'. For instance
(considering DFT/B3LYP results), the torsion angle of the C atom of the methoxy groups at C4’
and C3' are 69° and —70° respectively in the isolated K-1 conformer while in the K-1-O2'-Fe(l1)-

O3’ complex, the two C atoms have torsion angle values of 159° and —121° respectively.

Another significant geometrical change that is observed between K-1 and the complexed K-1 is
the presence of proton transfer from O2' to O9 in the complexed K-1; the O2'-H2’ bond distance
in the complex is 1.642 A, which indicates that H2' atom is no longer bonded to O2'; O9.--H2’
bond distance is 0.983A, which is within the O9—H2’ van der Waal bond distance. These bond
distance changes indicate a complete transfer of the proton from O2' to O9. The implication for
the observed changes is the loss of aromaticity for ring A in the complex. The bond distances for
the 02'---Fe?* and O3'---Fe?* interactions have values of 1.881 A and 2.046 A respectively. The
effective partial atomic charge plays crucial role in assessing the chemical bonding between Fe?*
ion and the O atoms it interacts. The calculated effective charges (obtained from natural
population analysis scheme) for Fe, 02’ and O3’ in K-1-0O2'-Fe(I1)-03’ are 1.334 e, —0.799 e and
—0.634 e respectively, what suggests significant deviations from the formal oxidation states of +2
for Fe and —2 for O atoms. These deviations are indicative of a partially covalent character of the
Fe-O bonds in K-1-02'-Fe(11)-O3’ complex. The 4s%114p®%3d8%° orbital occupancy of the

valence shells for iron suggests that this covalent character is spread between the three orbitals.
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Figure 5.2 B3LYP/6-31+G(d,p) optimised kanakugiol---Fe"™ complexes (arranged in order of
increasing relative energy (AE, kcal/mol)) formed from neutral kanakugiol and Fe"™ cations.
B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p) results in vacuo. The bond length between the
cation and the ligand is reported in A.
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Figure 5.3 BP86/6-31+G(d,p) optimised kanakugiol---Fe™ complexes (arranged in order of
increasing relative energy (AE, kcal/mol)) formed from neutral kanakugiol and Fe"™ cations.
BP86/6-311+G(2d,p)//BP86/6-31+G(d,p) results in vacuo. The bond length between the cation
and the ligand is reported in A.
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Table 5.2 In vacuo relative energy (AE, kcal/mol) for kanakugiol---Fe"™ complexes formed from

neutral kanakugiol and Fe"™ cations

Complex A2 BB

total energy AE total energy AE

(Hartree) (kcal/mol) (Hartree) (kcal/mol)

DFT/B3LYP results
K-1-02'-Fe(11)-03'¢ -1310.2626801 0.000 -2450.8423844 0.000
K-3-02'-Fe(11)-03"° ¢ —c —c —¢
K-9-09-Fe(I1)-02' -1310.2560058 4.188 -2450.8378532 2.843
K-2-03'-Fe(11)-04' -1310.2334788 18.324 -2450.8072620 22.040
K-8-06'-Fe(11)-C7,8 -1310.2279424 21.798 -2450.8054495 23.177
K-1-ring-Fe(l1)-B -1310.2419461 13.011 -2450.8045547 23.738
K-3-04'-Fe(11)-05’ -1310.2310190 19.868 -2450.8038296 24.193
K-2-05'-Fe(11)-06' -1310.2287932 21.264 -2450.8030222 24.700
K-3-05'-Fe(11)-06’ -1310.2288317 21.240 -2450.8002866 26.417
K-1-ring-Fe(I)-A -1310.2076487 34.533 -2450.7729345 43.580
K-9-09-Fe(ll1)-02’ -1309.7854768 0.000 -2450.3650325 0.000
K-1-02'-Fe(111)-03'° -1309.7831798 1.441 -2450.3562695 5.499
K-3-02'-Fe(111)-03"° —c —¢ ¢ —C
K-1-ring-Fe(l11)-B -1309.7725631 8.104 -2450.3459730 11.960
K-2-03'-Fe(l11)-04' -1309.7592485 16.458 -2450.3329258 20.147
K-3-04'-Fe(l11)-05’ -1309.7511529 21.539 -2450.3252254 24.979
K-8-06'-Fe(l11)-C7,8 -1309.7461185 24.698 -2450.3226174 26.616
K-2-05'-Fe(l11)-06’ -1309.7443482 25.809 -2450.3176927 29.706
K-3-05'-Fe(l11)-06’ -1309.7443449 25.811 -2450.3176699 29.720
K-1-ring-Fe(l11)-A —d —d —d —d
DFT/BP86 results
K-1-02'-Fe(11)-03"° -1310.3277621 0.000 -2451.0024790 0.000
K-3-02'-Fe(11)-03'° ¢ —c —¢ —C
K-9-09-Fe(I1)-02' -1310.3189842 5.5082 -2450.9962020 0.598
K-1-ring-Fe(I1)-B -1310.3168430 6.8518 -2450.9971556 3.341
K-8-06'-Fe(11)-C7,8 -1310.3096444 11.369 -2450.9884059 8.831
K-2-03'-Fe(11)-04' -1310.2985519 18.330 -2450.9698119 20.499
K-1-ring-Fe(I)-A -1310.2878001 25.077 -2450.9660503 22.859
K-3-05'-Fe(11)-06' -1310.2942728 21.015 -2450.9658350 22.994
K-2-05'-Fe(11)-06’ -1310.2943611 20.959 -2450.9658113 23.009
K-3-04'-Fe(11)-05’ -1310.2310245 60.704 -2450.9617453 25.561
K-1-ring-Fe(I11)-B -1309.8497685 1.075 -2450.5296394 0.000
K-1-02'-Fe(111)-03'¢ -1309.8514810 0.000 -2450.5239078 3.597
K-3-02'-Fe(111)-03'° —° ¢ ¢ —¢
K-9-09-Fe(l11)-02' -1309.8479056 2.244 -2450.5227222 4.341
K-2-03'-Fe(111)-04’ -1309.8271126 15.291 -2450.4967475 20.640
K-8-06'-Fe(111)-C7,8 -1309.8222504 18.342 -2450.4957345 21.276
K-3-05'-Fe(l11)-06’ -1309.8162154 22.129 -2450.4867340 26.924
K-3-04'-Fe(l11)-05’ -1309.8217658 18.648 -2450.4863066 27.192
K-2-05'-Fe(111)-06’ -1309.8161628 22.162 -2450.4867801 26.985

K-1-ring-Fe(l11)-A

d

d

d

2 Results obtained using the 6-31+G(d,p) basis set
b Results obtained using the 6-311+G(2d,p) basis set, starting from optimised geometries

¢ After optimisation, the two complexes have the same energy

4 On optimisation, the Fe(I11) ion drifts away from the aromatic ring and binds between 06" and C7=C8 region
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In the second lowest-energy complex (K-9-09-Fe(11)-02"), the Fe" ion is coordinated on the
hydroxyl—keto reactive site; the energy gap between this complex and the lowest-energy
complex is 2.844 kcal/mol. This complex also shows significant geometry changes in the
conformation of K-1-noHB1 between the isolated case and the complexed case; the changes are
associated with the arrangement of the methyl group at O3’ (it has torsion angle of 67° in the
isolated molecule and 53° in the complex), at O4’ (it has torsion angle of 110° in the isolated
molecule and 160° in the complex) as well as the arrangement of the keto O9 (it has torsion
angle of 100° in the isolated molecule and 156° in the complex). Further comparisons of the
geometries of the two complexes are limited by the fact that K-1-O2'-Fe(I1)-O3’ has further
geometric changes associated with the proton transfer process. The bond distances in K-1-
noHB1-09-Fe(11)-02' for the 02'--Fe?* and 09---Fe?* interactions have values of 2.010 A and
1.802 A respectively.

Complexes in which the Fe(ll) ion is coordinated simultaneously at the methoxy—methoxy site,
on the aromatic ring (both ring A and ring B) and simultaneously on O6’ and the C7=C8 double
bond in the aliphatic chain have very high AE values (22.040-43.580 kcal/mol) that they may be
considered to not exist in vivo. The most characterising features of these geometries (with the
exception of K-8-06'-Fe(ll)-C7,8 and K-1-ring-Fe(l1)-B) is the existence of a proton transfer
from 02’ to O9 in the geometry of the ligand.

Among the kanakugiol---Fe3* complexes, the preferred one corresponds to the situation in which
the cation is bidentated at the hydroxyl—keto site (between O9 and O2'). The energy gap between
K-9-09-Fe(111)-O2" and the second lowest-energy complex (K-1-O2'-Fe(ll1)-O3’) is about
5.499kcal/mol. The geometric parameters between the ligand and the Fe(lll) ion show some
interesting trend; the O2'---Fe and the O9---Fe bond distances in K-9-09-Fe(111)-O2’ have values
of 2.097 A and 1.811 A respectively; the 02'---Fe and the O3'---Fe bond distances (A) in K-2-
02'-Fe(l11)-03' have values of 1.927 A and 2.122 A respectively. These results suggest that
coordination of the Fe(lll) cation to kanakugiol results in longer bond distances than Fe(ll).
Other significant geometric changes involve specifically the ligand. For instance, upon formation
of the complex, internal proton transfer is observed for situations in which the metal ion is
bidentated at the methoxy—methoxy sites as well as at the methoxy—a,3 unsaturated site. The
arrangement of some of the methoxy groups as well as the keto group changes significantly

between the optimised kanakugiol and the kanakugiol structure in the complexes, for instance, a
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comparison of the torsion angle of O9 in K-9 (100.4°) and in K-9-09-Fe(l11)-O2" (151.3°), the
lowest-energy complex suggests a distortion of ~51°; a comparison of the torsion angle of the C
atom of the methoxy group at C4' in the isolated conformer (K-9) and in the complex (K-9-09-
Fe(111)-02") shows a distortion of 55°. Complexes in which the Fe*" ion is coordinated at the
methoxy—methoxy sites, on the aromatic ring (both ring A and ring B) and at the methoxy—a,3
unsaturated site have high relative energy values (above 5 kcal/mol), suggesting that they may

not exist in vacuo.

The binding energy (AE'binding, kcal/mol) values are reported in Table 5.3. Among the complexes
of neutral kanakugiol with Fe(ll) ion, it is observed that the arrangement of the Fe"" ion in the
hydroxyl—keto site and in the hydroxyl-methoxy region results in the highest MIA. The least
MIA corresponds to the coordination of the Fe"" ion on the aromatic ring A (230.021 kcal/mol).
These results suggest that the binding energy difference for either of the lowest-energy
complexes (hydroxyl—keto site and the hydroxyl-methoxy site) and the complexes in which the
Fe™ ion binds to the methoxy—methoxy site, aromatic ring or methoxy—a, unsaturated site is
greater than 20 kcal/mol. A comparison of the MIA values for kanakugiol with Fe(ll) and those
of kanakugiol with Cu(ll) and Co(ll) cations [230] shows that the trend in the binding energies is

such that Cu?* > Co?* > Fe?". This trend is in agreement with the Irving William series [246].
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Table 5.3 Binding energy (AE'pinging, kcal/mol) values for kanakugiol---Fe™ complexes formed
from neutral kanakugiol and Fe™ cations in vacuo. The complexes are arranged in order of

decreasing AE’inding Values

Complex A2 BE
AEinter, AEdef AE'binding, AEinter, AEdef AE'binding,
kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol
DFT/B3LYP results
K-9-09-Fe(11)-02' —239.794 22.006 261.800 —254.072 23.430 277.502
K-1-02'-Fe(11)-03'° —236.147 26.171 262.318 —249.552 26.836 276.388
K-3-02'-Fe(11)-03'° - - - —C —C —C
K-8-06'-Fe(11)-C7,8 —221.566 22.319 243.885 —233.298 23.238 256.536
K-2-03'-Fe(11)-04' —219.655 20.249 239.904 —229.477 20.563 250.040
K-2-05'-Fe(11)-06’ -216.715 11.048 227.763 —226.816 22.370 249.186
K-3-05'-Fe(11)-06’ —217.768 21.724 239.492 —226.000 21.876 247.876
K-1-ring-Fe(I)-B —223.136 19.474 242.610 —225.814 20.793 246.607
K-3-04'-Fe(11)-05’ -219.141 23.449 242.590 —228.223 9.552 237.775
K-1-ring-Fe(l)-A -201.614 29.300 230.914 —205.972 24.049 230.021
K-9-09-Fe(l11)-02' —687.120 33.672 720.792 —685.510 47.934 733.444
K-1-ring-Fe(l11)-B -671.181 37.030 708.211 —666.187 38.317 704.504
K-8-06'-Fe(l1)-C7,8 —661.805 31.504 693.309 —658.444 32.914 691.358
K-1-02'-Fe(11)-03"° —677.843 37.915 715.758 —672.648 14.091 686.739
K-3-02'-Fe(l1)-03° —° —° - —° —° —°
K-2-03'-Fe(111)-04’ —664.659 17.388 682.047 —659.964 18.010 677.974
K-3-04'-Fe(111)-0O5’ —660.608 19.415 680.023 —656.031 20.027 676.058
K-2-05'-Fe(111)-0O6’ —655.309 21.161 676.470 —650.405 21.746 672.151
K-3-0O5'-Fe(111)-06’ —656.336 20.101 676.437 —651.290 20.815 672.105
K-1-ring-Fe(l11)-A —d —d —d —d d —d
DFT/BP86 results
K-9-09-Fe(I1)-02’' —259.428 17.536 276.964 —276.081 18.854 294.935
K-1-02'-Fe(11)-03’° —254.980 20.727 275.707 —270.628 21.217 291.845
K-3-02'-Fe(11)-03'° - - —° —C —C —C
K-8-06'-Fe(I)-C7,8 —250.561 21.259 271.820 —268.399 22.119 290.518
K-1-ring-Fe(11)-B —248.128 19.050 267.178 —267.287 20.206 287.493
K-1-ring-Fe(l)-A —229.903 24.735 254.638 —247.768 25.622 273.390
K-3-04'-Fe(I)-05’ -196.618 20.406 217.024 —247.366 18.879 266.245
K-3-05'-Fe(11)-06’ —236.307 15.094 251.401 —249.932 15.173 265.132
K-2-05'-Fe(I)-06’ —235.414 16.086 251.500 —249.117 16.015 265.105
K-2-03'-Fe(11)-04' —238.044 12.703 250.747 —251.627 12.794 264.421
K-9-09-Fe(l11)-02’ —712.296 26.868 739.164 —713.591 28.320 741911
K-1-ring-Fe(l11)-B —703.508 26.291 729.799 —708.539 29.095 782.634
K-1-02'-Fe(111)-03'¢ —704.583 30.122 734.705 —704.942 30.981 735.923
K-3-02'-Fe(l11)-03'¢ - - —° —C —C —C
K-8-06'-Fe(11)-C7,8 -693.191 23.241 716.432 —693.866 24.372 718.238
K-2-03'-Fe(111)-04' —690.686 19.836 710.522 —689.397 20.306 709.703
K-3-04'-Fe(111)-05’ —688.278 23.885 712.163 —683.646 21.846 705.492
K-2-05'-Fe(111)-06’ —683.815 21.987 705.802 —683.143 22.180 705.323
K-3-05'-Fe(111)-06’ —684.795 20.954 705.749 —683.914 21.298 705.212
K-1-ring-Fe(l11)-A —d —d —d —d —d —d

2 Results obtained using the 6-31+G(d,p) basis set

b Results obtained using the 6-311+G(2d,p) basis set, starting from optimised geometries

¢ After optimisation, the two complexes have the same energy

4 On optimisation, the Fe(III) ion drifts away from the aromatic ring and binds between O6” and C7=C8 region
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Among the complexes of neutral kanakugiol---Fe®*, the highest MIA corresponds to the situation
in which the Fe"" ion binds to the hydroxy—keto reactive site (733.444 kcal/mol). Therefore for
both kanakugiol---Fe?* and kanakugiol---Fe3*, the strongest interaction site between kanakugiol
and the Fe"™ ion is the hydroxyl—keto reactive site. The preference for the hydroxyl—keto binding
site has also been reported for other polyphenol derivatives such as flavonoids [55, 113, 247].
The cation---r interactions (for the interaction between the Fe" ion and ring B) has the second
highest MIA (704.504 kcal/mol); this is significantly different from the trend observed for the
Fe(Il) complexes were the methoxy—methoxy reactive site has higher MIA than the cation---n
interactions. The MIA difference for the hydroxyl—keto reactive site and the aromatic ring B site
is nearly 30 kcal/mol, what suggests that hydroxyl—keto reactive site may be the only interaction
site between the ligand and the metal ions. With the kanakugiol---Fe** complexes, the
methoxy—methoxy site corresponds to the weakest binding energy (672.1-678 kcal/mol).
However because the MIA in all the cases are largely positive, it is reasonable to infer that in
vacuo, kanakugiol can strongly bind both Fe(Il) and Fe(lll) ions. Since the vacuum medium is
used in this study to represent the most ideal non-polar media (where the dielectric constant, € =
1), it is possible to infer that the interaction between kanakugiol and the Fe™ ions would
represent strong interaction in non-polar media. The MIA results also suggest that kanakugiol
binds Fe(lll) much stronger than it binds Fe(ll), a result that has also been reported for other

chalcone derivatives [248].

5.2.3. Binding energies for the kanakugiol.--Fe"™ complexes formed from

deprotonated kanakugiol and Fe"™ cations

A study on the interaction between Fe™ cations and deprotonated kanakugiol was performed
because experimental findings have shown that in biological systems, polyphenol derivatives
may deprotonated under neutral or acidic solution [249]. There is only one possible site for
deprotonation for kanakugiol (i.e., the H atom of the O2'UH2' hydroxyl group). After
deprotonation, the Fe™ cation can be coordinated at all possible reactive sites on the
deprotonated kanakugiol molecule. However, for the purpose of this work, the Fe" cation has
been coordinated only at the deprotonated reactive site (i.e., the O2"009 site, after the removal
of the H2' proton). The optimised kanakugiol---Fe"* complexes formed from deprotonated
kanakugiol ligand and Fe™ cations are shown in Figure 5.4. The MIA (kcal/mol) corresponding
to the interaction between the Fe(Il) and the Fe(l11) with the deprotonated kanakugiol is 464.903

and 989.792 respectively.
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Therefore, in comparison with the neutral species, the deprotonated kanakugiol has higher MIA
than the neutral molecule. The implication for this is that, under physiological conditions,
deprotonated kanakugiol has greater tendency to chelate free metal ions than neutral kanakugiol.
This result is in agreement with the experimental findings that deprotonated polyphenol
derivatives give rise to particular large metal-binding stability constants with Fe(lll) than with
Fe(Il) [55, 250]. Another implication of this result is that since deprotonated kanakugiol have
higher binding energies, they are likely to exhibit greater antioxidant properties than neutral

kanakugiol.
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Figure 5.4 Optimised kanakugiol---Fe™ complexes formed from deprotonated kanakugiol and
Fe" cations. The first two structures were obtained using the DFT/B3LYP method and the last
two structures were obtained using the DFT/BP86 method. The interaction energies reported
below each structure were obtained from single point calculations using the 6-311+G(2d,p) basis
set starting from the optimised geometries. The bond length between the cation and the ligand is
reported in A.
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5.2.4. AIM analysis of the bonding within the kanakugiol---Fe complexes

The results obtained for the study of the bond critical properties of the electron density
distribution p(r), its Laplacian V?p (r) are reported in Table 5.4 for the DFT/B3LYP results and
Table 5.5 for the DFT/BP86 results. Among the complexes of kanakugiol with the Fe(ll) cation
the strongest bond corresponds to the 0O9.--Fe?* bond in the K-9-09-Fe(11)-02’ complex with p
value of 0.136 e/A%. The methoxy—methoxy sites have a range of 0.055-0.065 e/A3 for the
values of p while the weakest bond corresponds to C4'---Fe?* bond with p value of 0.039 e/A3.
These results are in agreement with the results obtained for the binding energies, where the
preferred binding site is the hydroxyl—keto reactive site and the least preferred site for the

coordination of the Fe(ll) cation is the r system of aromatic ring A.

Among the complexes of neutral kanakugiol with the Fe(lll) cation the largest p value (i.e.,
0.670 e/A%) corresponds to the 03---Fe®* bond in K-2-03'-Fe(I11)-0O4’. The range of p among
the complexes with Fe(lll) is 0.055-0.068 e/A3. For the complexes with the deprotonated
kanakugiol and either Fe(ll) or Fe(lll) cation the O9---Fe™ bond is stronger than the O2'---Fe"*
bond, the p values are 0.140 for Fe(ll) cation and 0.125 for Fe(lll) cation.

Analysis of the V2p (e/A®) of the electron density shows that for complexes with either neutral
or deprotonated kanakugiol ligand all values are less than 1 and are positive, which is indicative
of dative interactions. This is further supported by the values of H and the |V|/G ratio; the values
of H are inclined more towards zero, and the |V|/G ratio values have a 1.0-1.5 range, what is

indicative that the interactions are dative in nature.
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Table 5.4 Bond critical point data for the kanakugiol---Fe"" complexes, UB3LYP/6-31+G(d,p)

results in vacuo

Complex Bond P VZp \Y G H V]

type elA3 e/AS | (Hartree) | (Hartree) (Hartree) G
K-2-03'-Fe(11)-04’ 03'---Fe | 0.059 0.342 —0.086 0.086 —4E-04 1.004
04'---Fe | 0.059 0.327 —0.836 0.827 —-0.010 1.012
K-2-05’-Fe(11)-06’ O5'---Fe | 0.065 0.376 —0.097 0.096 —0.002 1.016
06'---Fe | 0.057 0.317 —0.081 0.080 —7E-04 1.009
K-1-02'-Fe(11)-03’ 02'--Fe | 0.113 0.602 —0.199 0.175 -0.024 1.138
03'--Fe | 0.072 0.407 -0.110 0.106 —0.004 1.037
K-3-04'-Fe(11)-05’ 04'---Fe | 0.062 0.350 —0.090 0.089 —0.001 1.013
O5'---Fe | 0.055 | 0.312 —0.078 0.078 1x10°% 1.000
K-3-05’-Fe(11)-06’ 05'---Fe | 0.063 0.386 —0.098 0.097 —7E-04 1.007
06'---Fe | 0.056 0.321 —0.081 0.081 —-3E-04 1.003
K-8-06’-Fe(11)-C7,8 06'---Fe | 0.098 0.168 -0.107 0.075 —0.033 1.438
C8---Fe 0.060 0.338 —0.086 0.085 —8E-04 1.010
K-1-ring-Fe(11)-A Cl'--Fe | 0.051 0.135 —0.055 0.044 —-0.010 1.236
C4'--Fe | 0.039 0.105 —0.039 0.033 —0.007 1.201
K-1-ring-Fe(11)-B C2---Fe 0.048 0.115 —0.049 0.039 —0.010 1.258
C3---Fe 0.043 0.145 —0.049 0.043 —0.006 1.150
C5.--Fe 0.051 0.124 —0.053 0.042 -0.011 1.257
K-9-09-Fe(I1)-02 02'---Fe | 0.077 0.436 -0.119 0.114 —0.005 1.043
09--Fe | 0.136 0.732 —0.265 0.224 -0.041 1.183
K-1-an-02'-Fe(11)-09 02'---Fe | 0.140 0.704 -0.264 0.220 -0.044 1.200
09---Fe | 0.119 0.606 —0.208 0.180 —0.028 1.156
K-2-03'-Fe(l11)-04’ 03'---Fe | 0.670 0.396 —0.103 0.101 —0.002 1.017
04'---Fe | 0.063 0.344 —0.090 0.088 —0.002 1.022
K-2-0O5'-Fe(l11)-06’ 05'---Fe | 0.068 0.396 —0.103 0.101 —0.002 1.022
06’---Fe | 0.055 0.295 -0.075 0.075 —8E-04 1.010
K-1-02'-Fe(111)-03’ 02'---Fe | 0.099 0.549 —0.168 0.153 —-0.015 1.099
03'---Fe | 0.063 0.300 —0.081 0.078 —0.003 1.037
K-3-04'-Fe(111)-05’ 04'---Fe | 0.068 0.382 —0.100 0.098 —0.002 1.024
O5'--Fe | 0.064 | 0.371 —0.096 0.094 —0.001 1.014
K-3-05'-Fe(l11)-06’ O5'---Fe | 0.068 0.394 —0.130 0.101 —0.002 1.021
06'---Fe | 0.055 0.293 —0.075 0.074 —8E-04 1.010
K-8-06'-Fe(l1)-C7,8 06'---Fe | 0.066 0.362 —0.096 0.093 —0.003 1.027
C8---Fe 0.093 0.111 -0.091 0.059 —0.032 1.532

K-1-ring-Fe(I11)-A —a _a _a _a _a _a _a
K-1-ring-Fe(111)-B C4..-Fe 0.085 0.126 —0.085 0.058 -0.027 1.462
K-9-09-Fe(l11)-02' 02'--Fe | 0.131 0.723 —0.253 0.217 —0.036 1.166
09---Fe | 0.060 0.343 —0.086 0.086 —3E-05 1.000
K-1-an-O2'-Fe(111)-09 02'---Fe | 0.119 0.597 —0.206 0.177 —0.028 1.159
09---Fe | 0.125 0.642 —0.225 0.193 —0.032 1.168

2 On optimisation the Fe(III) ion drifts away from the aromatic ring and binds between O6" and C7=C8 region
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Table 5.5 Bond critical point data for the kanakugiol---Fe"" complexes, UBP86/6-31+G(d,p)

results in vacuo

Complex Bond P VZp \Y G H V]

type elA3 e/AS | (Hartree) | (Hartree) (Hartree) G
K-2-03'-Fe(11)-04’ 03'---Fe | 0.075 0.427 -0.116 0.111 —0.005 1.045
04'---Fe | 0.071 0.385 -0.104 0.100 —0.004 1.040
K-2-05’-Fe(11)-06’ O5'--Fe | 0.076 0.424 -0.116 0.111 —0.005 1.045
06'---Fe | 0.069 0.376 -0.101 0.097 —0.004 1.041
K-1-02'-Fe(11)-03’ 02'--Fe | 0.104 | 0.554 -0.175 0.157 —0.018 1.115
03'--Fe | 0.070 0.386 -0.104 0.100 —0.004 1.040
K-3-04'-Fe(11)-05’ 0O4'--Fe | 0.064 | 0.338 —0.089 0.087 —0.002 1.023
O5'--Fe | 0.057 | 0.303 —0.078 0.076 —0.002 1.026
K-3-05’-Fe(11)-06’ 05'---Fe | 0.076 0.423 -0.117 0.111 —0.006 1.054
06'---Fe | 0.070 0.377 -0.102 0.098 —0.004 1.041
K-8-06’-Fe(11)-C7,8 06'--Fe | 0.076 | 0.409 -0.114 0.108 —0.006 1.056
C7---Fe 0.078 0.221 —0.095 0.075 —-0.020 1.267
C8---Fe 0.084 | 0.217 —0.100 0.077 —0.023 1.299
K-1-ring-Fe(11)-A Cl'--Fe | 0.070 | 0.148 | —-0.074 0.055 —0.019 1.345
C4'--Fe | 0.050 | 0.098 —0.047 0.036 -0.011 1.306
K-1-ring-Fe(11)-B C2--Fe | 0.058 | 0.177 | —0.068 0.056 —0.012 1.214
C3---Fe 0.057 0.184 —0.068 0.057 -0.011 1.193
C5---Fe 0.057 0.180 —0.067 0.056 -0.011 1.196
C6---Fe 0.056 0.178 —0.066 0.055 -0.011 1.200
K-9-09-Fe(I)-02’ 02'---Fe | 0.086 0.468 —0.135 0.126 —0.009 1.071
09.-Fe | 0.127 | 0.669 —0.236 0.201 —-0.035 1.174
K-1-an-O2'-Fe(11)-09 02'---Fe | 0.135 0.692 —0.253 0.213 —0.040 1.188
09---Fe | 0.125 0.629 -0.222 0.189 —0.033 1.175
K-2-03'-Fe(l11)-04’ 03'---Fe | 0.068 0.382 -0.101 0.098 —0.003 1.031
04'--Fe | 0.067 | 0.361 —0.096 0.093 —0.003 1.032
K-2-05’-Fe(111)-06’ O5'--Fe | 0.077 0.429 -0.118 0.113 —0.005 1.004
06'--Fe | 0.064 | 0.343 —0.091 0.088 —0.003 1.034
K-1-02'-Fe(111)-03’ 02'--Fe | 0.097 0.523 —-0.159 0.144 —-0.015 1.104
03'---Fe | 0.061 0.322 —0.084 0.082 —0.002 1.024
K-3-04'-Fe(l11)-05’ 04'---Fe | 0.075 0.414 -0.112 0.108 —0.004 1.037
05'---Fe | 0.069 0.376 -0.101 0.097 —0.004 1.041
K-3-05'-Fe(l11)-06’ O5'---Fe | 0.076 0.424 -0.117 0.111 —0.006 1.054
06'---Fe | 0.065 0.345 —0.092 0.089 —0.003 1.034
K-8-06’-Fe(l111)-C7,8 06'---Fe | 0.058 0.296 -0.077 0.075 —0.002 1.027
C8--Fe | 0.099 | 0.162 —0.106 0.073 —0.033 1.452

K-1-ring-Fe(I11)-A -a _a _a _a _a _a _a
K-1-ring-Fe(111)-B C3---Fe 0.051 0.144 —0.056 0.045 -0.011 1.244
C5---Fe | 0.053 0.150 —0.057 0.047 —0.010 1.213
C6---Fe | 0.051 0.147 —0.055 0.046 —0.009 1.196
K-9-09-Fe(l11)-02' 02'---Fe | 0.058 0.319 —0.080 0.080 0.000 1.000
09.--Fe | 0.128 0.701 -0.243 0.209 —-0.034 1.163
K-1-an-02'-Fe(111)-09 02'--Fe | 0.111 0.603 -0.197 0.173 -0.024 1.139
09--Fe | 0.132 0.688 —0.246 0.209 —-0.037 1.177

2 On optimisation the Fe(III) ion drifts away from the aromatic ring and binds between O6” and C7=C8 region
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5.2.5. NPA charges, spin density and orbital occupancies

The charges and the spin densities of the complexes are reported in Table 5.6. Among the
complexes of Fe(Il) with the neutral kanakugiol, the charge of the cation is reduced from 2 to a
0.9-1.4 e range and from 3 to a 1.1-1.4 e range for Fe(lll) complexes, this reduction in positive
charge implies that upon complexation electron density is transferred from the ligand to the
cation. For complexes coordinating the Fe(ll) cation the highest positive charge transfer

corresponds to the methoxy—methoxy reactive sites and the © system of the aromatic rings.

Among the complexes with the Fe (I11) cation similar trends are observed to those of the Fe(ll)
complexes in that the highest amount of charge transfer corresponds to the methoxy—methoxy
reactive sites and the m system of the aromatic rings. For the complexes with the deprotonated
ligand there is positive charge transfer of 0.6 e and 1.6 e for the Fe(ll) and Fe(lll) cations
respectively. The fact that the Fe(lll) cation is reduced to ~2 suggest that Fe(lll) binds stronger
than Fe(ll) to the kanakugiol ligand for complexes with either neutral or deprotonated
kanakugiol ligand. It is reasonable to conclude, therefore, that the initial neutral ligand is
oxidized to a radical cation (i.e., kanakugiol**) while the initial deprotonated ligand is oxidized
to a neutral radical species (i.e., kanakugiol®). The reduction of ferric ions (Fe(lll)) to ferrous
form by kanakugiol implies that the results obtained here are in agreement with what would be
expected experimentally through the use of the ferric ions (Fe(lll)) reducing antioxidant power
assay technique [251].

The spin density distributions for the kanakugiol---Fe"™ complexes formed from neutral
kanakugiol and Fe" cations are shown in Figure 5.5 and the spin density distributions for the
kanakugiol---Fe"" complexes formed from deprotonated kanakugiol and Fe™ cations are shown
in Figure 5.6. The spin density on the free Fe"* cations are 4 and 5 respectively, however after
coordination to the kanakugiol ligand, there is a decrease in the spin density of the cations with a
of 2.941-3.653 range for the Fe(ll) complexes and a 3.124-3.579 range for the Fe(lll)
complexes. This decrease in the spin density shows kanakugiol is able to act as good antioxidant
when chelating both the Fe(ll) and Fe(l1l) cations.
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Table 5.6 NPA charges and spin density values for the Fe"* cations in the kanakugiol complexes

charge (e) spin density
Complex DFT/B3LYP results | DFT/BP86 results | DFT/B3LYP results | DFT/BP86 results
K-2-03'-Fe(11)-04' 0.917 1.029 2.987 3.136
K-2-05'-Fe(11)-06' 0.933 1.014 3.008 3.127
K-1-02'-Fe(11)-03' 1.334 1.161 3.474 3.313
K-3-04'-Fe(11)-05' 0.895 0.895 2.965 3.073
K-3-05'-Fe(11)-06’ 0.928 1.014 3.003 3.127
K-8-06’-Fe(11)-C7,8 0.977 0.933 3.027 3.046
K-1-ring-Fe(11)-A 0.929 0.963 3.244 3.205
K-1-ring-Fe(11)-B 0.966 0.881 2.941 2.853
K-9-09-Fe(I)-02’ 1.441 1.213 3.563 3.368
K-1-an-02'-Fe(11)-09 1.337 1.133 3.518 3.297
K-2-03'-Fe(l11)-04’ 1.179 1.162 3.254 3.256
K-2-05'-Fe(l11)-06’ 1.077 1.135 3.150 3.238
K-1-02'-Fe(111)-03' 1.341 1.243 3.445 3.365
K-3-04'-Fe(l11)-0O5’ 1.138 1.165 3.212 3.943
K-3-05’-Fe(111)-06’ 1.075 1.136 3.148 3.239
K-8-06’-Fe(l111)-C7,8 1.259 1.083 3.522 3.198
K-1-ring-Fe(I11)-A —a 1.229 —a 3.360
K-1-ring-Fe(111)-B 1.055 1.074 3.124 3.116
K-9-09-Fe(l1)-02’ 1.441 1.299 3.550 3.417
K-1-an-02'-Fe(I11)-09 1.430 1.312 3.579 3.434

@ On optimisation the Fe™ cation migrates to the electron rich 02'03', becoming identical to K-3-02-Fe(l11)-O3 complex
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Figure 5.5 Spin density distribution for the kanakugiol---Fe"™ complexes formed from
interactions of neutral kanakugiol and Fe"™ cations, B3LYP/6-31+G(d,p) results in vacuo. The
surface isovalue used is 0.0004 au. The blue colour corresponds to positive spin densities and the
green colour denotes the negative spin density.
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K-1-an-02'-Fe(11)-09 K-1-an-02'-Fe(111)-09

Figure 5.6 Spin density distribution for the kanakugiol---Fe"* complexes formed from
interactions of deprotonated kanakugiol and Fe™ cations, B3LYP/6-31+G(d,p) results in vacuo.
The surface isovalue used is 0.0004 au. The blue colour corresponds to positive spin densities
and the green colour denotes the negative spin density.

The orbital occupancies for the kanakugiol---Fe™ for complexes formed from either neutral
kanakugiol or deprotonated kanakugiol are reported in Table 5.7. Analysis of the 4s orbital
shows that upon coordination to the different reactive sites (on the kanakugiol ligand) there is a
transfer of electrons from the ligand to the empty 4s orbital of the Fe"" cations, this observation
is supported by the increase in the number of electrons in the 4s orbital as seen in Table 5.7.
Before complexation the 4s orbitals have occupancy of 0.000 and after complexation the
occupancy of the 4s orbital has a range of 0.113-0.196 e for the Fe(ll) cation and 0.088-0.215 e
for the Fe(lll) cation. The d orbital occupancies shows that for the dyy orbital the Fe(ll) cation
tends to donate electrons to the central ligand with a range of 1.081-1.702 e. Coordination of the
Fe(Il) cation shows that for the dxy orbital the ligand tends to donate electrons to the partially
filled d orbitals of the cation. Analysis of the dx, dyz, di%y?, and d,? orbitals shows that upon
coordination the ligand tends to donate electrons to the partially filled d orbitals of the Fe™

cations (i.e., both Fe(Il) and Fe(l11) cations).
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Table 5.7 Natural atomic orbital occupancies for some valence orbitals in the isolated Fe"
cations and in complexes of kanakugiol, results in vacuo

Isolated and Fe complex Orbitals and the corresponding natural atomic orbital occupancies

S (4s) dxy (3d) dxz (3d) dy; (3d) d%,? (3d) d/? (3d)
DFT/B3LYP results
Fe(ll) 0.000 1.998 1.000 1.000 1.000 1.000
K-2-03'-Fe(11)-04’ 0.165 1.192 1.202 1.184 1.708 1.598
K-2-05'-Fe(11)-06’ 0.155 1.339 1.116 1.293 1.547 1.582
K-1-02'-Fe(11)-0O3’ 0.113 1.081 1.252 1.57 1.391 1.208
K-3-04'-Fe(I1)-05’ 0.178 1.778 1.297 1.221 1.117 1.476
K-3-05'-Fe(11)-06’ 0.163 1.393 1.020 1.080 1.563 1.819
K-8-06'-Fe(11)-C7,8 0.144 1.645 1.253 1.574 1.1 1.218
K-1-ring-Fe(l1)-A 0.116 1.782 1.082 1.013 1.109 1.915
K-1-ring-Fe(11)-B 0.052 1.420 1.314 1.48 1.337 1.317
K-9-09-Fe(I)-02’ 0.116 1.250 1.436 1.416 1.085 1.17
K-1-an-02'-Fe(I1)-09 0.196 1.298 1.173 1.597 1.085 1.235
Fe(ll1) 0.000 1.000 1.000 1.000 1.000 1.000
K-2-03'-Fe(l11)-04' 0.089 1.251 1.018 1.125 1.572 1.731
K-2-05'-Fe(l11)-06’ 0.105 1.243 1.096 1.140 1.566 1.741
K-1-02'-Fe(l11)-03' 0.090 1.087 1.518 1.573 1.296 1.054
K-3-04'-Fe(l11)-05’ 0.095 1.689 1.125 1.238 1.162 1.513
K-3-05'-Fe(l11)-06’ 0.107 1.278 1.028 1.021 1.564 1.893
K-8-06'-Fe(l11)-C7,8 0.215 1.125 1.098 1.221 1.384 1.649
K-1-ring-Fe(l11)-A —a —a —a —a —a —a
K-1-ring-Fe(111)-B 0.142 1.190 1.308 1.701 1.468 1.116
K-9-09-Fe(l11)-02’ 0.088 1.219 1.767 1.217 1.090 1.128
K-1-an-02'-Fe(I11)-09 0.172 1.197 1.373 1.253 1.077 1.432
DFT/BP86 results
Fe(ll)
K-2-03'-Fe(11)-04’ 0.147 1.253 1.143 1.226 1.557 1.603
K-2-05'-Fe(11)-0O6’ 0.153 1.284 1.130 1.191 1.505 1.684
K-1-02'-Fe(11)-0O3’ 0.130 1.098 1.244 1.649 1.481 1.189
K-3-04'-Fe(11)-O5’ 0.178 1.779 1.298 1.225 1.116 1.472
K-3-05'-Fe(11)-06’ 0.157 1.328 1.052 1.058 1.499 1.855
K-8-06'-Fe(11)-C7,8 0.192 1.461 1.331 1.266 1.280 1.386
K-1-ring-Fe(I1)-A 0.204 1.340 1.279 1.433 1.499 1.197
K-1-ring-Fe(I1)-B 0.097 1.241 1.237 1.691 1.420 1.327
K-9-09-Fe(I)-02’ 0.148 1.443 1.185 1.298 1.181 1.470
K-1-an-02'-Fe(I1)-09 0.244 1.244 1.407 1.243 1.117 1.536
Fe(ll1)
K-2-03'-Fe(l11)-04' 0.093 1.218 1.062 1.085 1.654 1.691
K-2-05'-Fe(111)-06’ 0.115 1.339 1.106 1.018 1.497 1.754
K-1-02'-Fe(111)-03' 0.107 1.106 1.515 1.589 1.352 1.050
K-3-04'-Fe(111)-O5'’ 0.101 1.719 1.326 1.158 1.065 1.430
K-3-05'-Fe(l11)-06’ 0.114 1.303 1.173 1.117 1.459 1.662
K-8-06'-Fe(l11)-C7,8 0.200 1.156 1.336 1.605 1.480 1.076
K-1-ring-Fe(lll)-A 0.116 1.127 1.210 1.206 1.516 1.558
K-1-ring-Fe(111)-B 0.091 1.258 1.390 1.489 1.422 1.189
K-9-09-Fe(I11)-02’ 0.102 1.245 1.741 1.252 1.117 1.198
K-1-an-02'-Fe(I11)-09 0.129 1.271 1.357 1.487 1.115 1.286

@ on optimisation the Fe™ cation migrates to the electron rich 02'03’, becoming identical to K-3-O2-Fe(l111)-0O3 complex
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5.2.6. Conformational stability and geometries for the pedicellin conformers

The optimised conformers of pedicellin are shown in Figure 5.7 and the corresponding AE values
(kcal/mol) are reported in Table 5.8. The energy difference among the conformers is small and
remains below 3.5 kcal/mol (with the exception of P-14), therefore it is reasonable to consider

that most conformers of pedicellin are populated and may co-exist in vacuo.

The first five conformers of pedicellin corresponds to a situation where the aliphatic chain has a
bent chain arrangement; this may suggest that in this molecule bent aliphatic chain arrangement
is often preferred to non-bent aliphatic chain arrangement. This result is significantly different to
the trend observed for butein, homobutein and kanakugiol where the prefered conformers are
those in which the aliphatic chain has non-bent arrangement. Among the pedicellin conformers,
the bent aliphatic chain arrangement (i.e., an arrangement that results in the C1'-C9-C8-C7
torsion angle of nearly 0) often results in an interaction of the C7—H7 group with the  system of
ring A. The resultant C—H---maromatic interactions may account for the often preference for the
conformers with the bent aliphatic chain to the conformers with the non-bent aliphatic chain

(where such interactions are absent).

The major difference among the geometries of pedicellin conformers is related to the orientation
of the methoxy groups in ring A, however the AE gap between the P-1 and P-2 conformers is
<lkcal/mol, which suggests that the difference in the methoxy group orientation has minimal

roles in determining conformational stability.

Since all the conformers can be considered to exist in vacuo, a comprehensive study on the
complexes of pedicellin with Fe"™ cations would require that all the conformers be considered for
the investigation. However, since the reactive sites are the same in all the conformers and the
rigidity of the conformers suggest that no major geometric changes may be expected upon
interaction with the cation (beside the changes on the orientation of the methyl groups as well as
the orientation of the O9 atom), the study on the complexes considered only a selected set of
conformers for interaction with the Fe"" cations. The selected conformers are considered to be
representative enough to cover for all the significant features of pedicellin that should be

included in the study of the ligand---metal cation interaction.
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Figure 5.7 B3LYP/6-31+G(d,p) optimised conformers of the isolated pedicellin conformers
arranged in order of increasing relative energy (AE, kcal/mol). B3LYP/6-31+G(d,p)//B3LYP/6-
311+G(d,p) results in vacuo.
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Table 5.8 In vacuo relative energy (AE, kcal/mol) values for the pedicellin conformer

Conformer A? Bb

total energy (Hartree) AE (kcal/mol) total energy AE (kcal/mol)

(Hartree)

DFT/B3LYP results
P-1 -1226.6898862 0.068 -1226.9869193 0.000
P-2 -1226.6899947 0.000 -1226.9868568 0.039
P-3 -1226.6868327 1.984 -1226.983562 2.107
P-4 -1226.6865849 2.140 -1226.9835562 2.110
P-5 -1226.6864611 2.217 -1226.9834346 2.187
P-6 -1226.6863234 2.304 -1226.9831087 2.391
P-7 -1226.6855166 2.810 -1226.9823583 2.862
P-8 -1226.6851366 3.049 -1226.9822742 2.915
P-9 -1226.6849702 3.153 -1226.9818253 3.197
P-10 -1226.6847920 3.265 -1226.9817891 3.219
P-11 -1226.6848175 3.249 -1226.9817711 3.231
P-12 -1226.6842964 3.576 -1226.9814681 3.421
P-13 -1226.6844140 3.502 -1226.9814409 3.438
P-14 -1226.6813677 5.414 -1226.9779690 5.616
DFT/BP86 results
P-2 -1226.6731145 0.000 -1226.9726794 0.000
P-1 -1226.6727950 0.200 -1226.9725873 0.058
P-4 -1226.6727945 0.201 -1226.9725874 0.058
P-3 -1226.6710257 1.311 -1226.9705258 1.351
P-5 -1226.6704787 1.654 -1226.9701585 1.582
P-6 -1226.6704598 1.666 -1226.9700018 1.680
P-9 -1226.6695361 2.245 -1226.9690392 2.284
P-8 -1226.6691317 2.499 -1226.9689535 2.338
P-10 -1226.6688229 2.693 -1226.9685719 2.576
P-12 -1226.6686205 2.820 -1226.9683475 2.718
P-13 -1226.6689074 2.640 -1226.9685529 2.589
P-11 -1226.6683239 3.006 -1226.9680549 2.902
P-7 -1226.6668058 3.959 -1226.9662350 4.044
P-14 -1226.6552676 11.200 -1226.9552834 10.916

a Results obtained using the B3LYP/6-31+G(d,p) method

b Results obtained using the B3LYP/6-311+G(2d,p) method, starting from optimised geometries
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5.2.7. Relative stability and binding energies for the pedicellin--Fe"™ complexes
from neutral pedicellin and Fe™ cations

The optimised pedicellin---Fe"™™ complexes are shown in Figure 5.8 and Figure 5.9 for
DFT/B3LYP and DFT/BP86 method respectively; the corresponding AE (kcal/mol) values are
reported in Table 5.9. The lowest-energy complex corresponds to coordination of the Fe™ ion at
the methoxyl—keto reactive site, which indicates that the methoxyl—keto site is the preferred site
for the coordination of the metal ion. The AE gap between the first lowest-energy complex and
the second lowest-energy complex is 8.411 kcal/mol for Fe(ll) cation and 24.069 kcal/mol for
Fe(lll), this energy gap is too high such that the second lowest-energy complexes may be
considered not populated in vacuo. The implication of this result is that for pedicellin, there is
only one site for interaction with the Fe" cation, (i.e., the methoxyl-keto reactive site). The
coordination of the Fe"™ ion at the n system of the aromatic rings is preferred over the

coordination to the methoxy—methoxy reactive sites.

The major geometric change between the isolated pedicellin and the complexed pedicellin is the
arrangement of the methoxy group at the C5’ position. For instance, the torsion angle for the C
atom of the methoxy group at the C5’ position varies by 47° in P-2-02'-Fe(11)-09 (it is 103° in
the isolated conformer and 150° in the complex) and by 56° in P-2-O2'-Fe(111)-O9 (it is 159° in
the complex). The torsion angle of O9 also changes significantly between the isolated pedicellin
(where it has a value of —54°) and the complexed pedicellin (where it has a value of 36° in P-2-

02'-Fe(11)-09 and 41° in P-2-02'-Fe(111)-009).

The bond distances between the Fe™ cation and the site to which it is coordinated have values of
1.952 A and 2.044 A for the O2'---Fe?* and 02'---Fe®* respectively; O9---Fe"™ bond distance has a
value of 1.825 A and 1.824 A for 09---Fe** and 09.--Fe** respectively. These bond distance
parameters suggests that the coordination of the Fe"™ cation onto the pedicellin ligand does not

show specific preference for either Fe(l1) or Fe(l11) cation.
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Figure 5.8 B3LYP/6-31+G(d,p) optimised pedicellin---Fe"* complexes arranged in order of
increasing relative energy (AE, kcal/mol). B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p) results

in vacuo. The bond length between the cation and the ligand are reported in A
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Figure 5.9 BP86/6-31+G(d,p) optimised pedicellin---Fe™ complexes arranged in order of
increasing relative energy (AE, kcal/mol). BP86/6-311+G(2d,p)//BP86/6-31+G(d,p) results in
vacuo. The bond length between the cation and the ligand are reported in A
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Table 5.9 In vacuo relative energy (AE, kcal/mol) for pedicellin---Fe™ complexes formed from

neutral pedicellin and Fe" cations

Complex A2 BB

total energy AE total energy AE

(Hartree) (kcal/mol) (Hartree) (kcal/mol)

DFT/B3LYP results
P-2-02'-Fe(11)-09° -1349.5537290 0.000 -2490.1291140 0.000
P-2-ring-Fe(11)-A° ¢ ¢ ¢ —¢
P-2-ring-Fe(11)-B -1349.5265803 17.036 -2490.1157097 8.411
P-1-06'-Fe-(11)-C7,8 -1349.5263864 17.158 -2490.1113875 11.124
P-9-03'-Fe(I)-04' -1349.5107523 26.968 -2490.0941303 21.953
P-1-02'-Fe(I)-03' -1349.5030850 31.780 -2490.0872073 26.297
P-1-02'-Fe(111)-09¢ -1349.0886924 0.000 -2489.6765141 0.000
P-1-ring-Fe(l11)-A° ¢ ¢ ¢ —¢
P-2-ring-Fe(l11)-B -1349.0510219 23.639 -2489.6381576 24.069
P-1-02'-Fe(111)-0O3’ -1349.0479296 25.579 -2489.6309698 28.579
P-1-06'-Fe-(I11)-C7,8 -1349.0393814 30.943 -2489.6290282 29.798
P-9-03'-Fe(111)-04' -1349.0442703 27.875 -2489.6275073 30.752
DFT/BP86 results
P-2-02'-Fe(11)-09° -1349.6144857 0.000 -2490.2991001 0.000
P-2-ring-Fe(l11)-A° - - - —c
P-1-06'-Fe-(11)-C7,8 -1349.5962397 11.450 -2490.2808028 11.480
P-2-ring-Fe(I1)-B -1349.5907329 14.905 -2490.2799018 12.050
P-9-03'-Fe(11)-04' -1349.5692203 28.404 -2490.2498193 30.920
P-1-02'-Fe(11)-03’ -1349.5645813 31.315 -2490.2456315 33.552
P-2-02'-Fe(111)-09° -1349.1433180 0.000 -2489.8255866 0.000
P-2-ring-Fe(l11)-A° - - - -
P-1-06'-Fe-(111)-C7,8 -1349.1088953 21.601 -2489.7963666 18.336
P-1-02'-Fe(I11)-03' -1349.1059171 23.469 -2489.7852000 25.343
P-9-03'-Fe(l11)-04' -1349.1004661 26.890 -2489.7795282 28.902
P-2-ring-Fe(l111)-B -1349.0953012 30.131 -2489.7759857 31.125

2 Results obtained using the 6-31+G(d,p) basis set
b Results obtained using the 6-311+G(2d,p) basis set, starting from optimised geometries

¢On optimisation, the Fe™ cation drifts away from the aromatic ring and the two complexes become identical
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The binding energy (AE'vinding, kcal/mol) values for the pedicellin---Fe™ complexes are reported
in Table 5.10. Among the complexes with the Fe" cations the strongest binding corresponds to
the coordination of the cations to the methoxy—keto site with MIA values of 271.079 kcal/mol
for Fe(lIl) cation and 731.600 kcal/mol for Fe(l1l) cation, what is in agreement with the relative
energy results where coordination to the methoxy—keto reactive site is the most preferred.
However, since the binding energies are positive for all the complexes, it is envisaged that the
interaction between pedicellin with the Fe"" cations is a favourable thermodynamic process in
vacuo. Among the complexes with the Fe(ll) cation, there is no preference of coordination to the
7 System on aromatic ring B over coordination at the methoxy—a,3-unsaturated reactive site (i.e.,
the binding energy difference between the two complexes is less than 1 kcal/mol). The weakest
binding corresponds to the coordination of the Fe"™ cation to the methoxy—methoxy reactive site.
Therefore, coordinating the metal ions at the methoxy—methoxy reactive site results in the least
preferred geometry and the weakest binding energy. The implication of this result is that the Fe"*

cation probably does not at all interact with this site

A comparison of the AE'binding Values between complexes formed with Fe(ll) and complexes
formed with Fe(l11) cation suggest that pedicellin acts as a better antioxidant when chelating the
Fe(lll) cation than the Fe(ll) cation. This result is also consistent with the results obtained for
butein, homobutein and kanakugiol where in all cases, Fe(lll) cation tends to bind stronger to the
ligand than Fe(ll) cation. The preference for the stronger interaction of the Fe(lll) cation with the

ligand is related to its high positive charge.
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Table 5.10 Binding energy (AE'vinding, kcal/mol) values for pedicellin---Fe™ complexes in vacuo.
The complexes are arranged in order of decreasing AE'binding Values

Complex A? BB
AEinter, AEdef AE/binding, AEinter, AEdef AE’binding,

kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol
DFT/B3LYP results
P-2-02'-Fe(11)-09° -240.178 23.888 264.066 | —245.786 25.293 271.079
P-2-ring-Fe(Il)-A° - - - £ £ £
P-1-06'-Fe-(11)-C7,8 —223.088 24.587 247.675 | —234.623 25.634 260.257
P-2-ring-Fe(l1)-B -223.142 21.731 244.873 | -237.375 22.847 260.222
P-9-03'-Fe(I)-04' -216.363 6.4862 222.849 | —226.991 7.0113 234.002
P-1-02'-Fe(11)-03’ —208.667 13.760 222.427 | -219.450 14.453 233.903
P-2-02'-Fe(l11)-09¢ —690.951 40.110 731.061 | -689.913 41.687 731.600
P-2-ring-Fe(l111)-A° —c _c _c _c c c
P-2-ring-Fe(l111)-B -667.312 35.736 703.048 | -665.844 37.209 703.053
P-1-06'-Fe-(111)-C7,8 —660.076 35.405 695.481 | -660.076 36.490 696.566
P-1-02'-Fe(I11)-03' —665.440 27.029 692.469 | -661.294 28.013 689.307
P-9-03'-Fe(I11)-04' —666.228 15.501 681.729 | -662.318 16.479 678.797
DFT/BP86 results
P-2-02'-Fe(I1)-09¢ —262.260 19.929 282.189 | —278.953 21.075 300.028
P-2-ring-Fe(11)-A° —c —c _c —c —c _c
P-1-06'-Fe-(11)-C7,8 -251.011 21.206 272.217 | —-267.529 22.222 289.751
P-2-ring-Fe(11)-B —247.355 19.654 267.009 | —266.906 20.680 287.586
P-1-02'-Fe(11)-0O3’ -231.145 13.561 247.706 —245.549 14.006 259.465
P-9-03'-Fe(I)-04' -236.101 6.862 242,963 | —250.313 7.175 257.488

0

P-2-02'-Fe(l11)-09¢ —715.072 29.157 744.229 —716.441 30.690 747.131
P-2-ring-Fe(l11)-A° —c —c —c —c —c —c
P-1-06'-Fe-(111)-C7,8 —693.672 34.013 727.685 | —698.163 35.109 733.272
P-9-03'-Fe(l11)-04' -620.427 13.805 704.232 | -689.823 21.613 711.436
P-1-02'-Fe(111)-03' -691.803 23.032 714.835 | —-691.156 16.723 707.879
P-2-ring-Fe(l11)-B -689.423 30.126 719.048 | -695.823 27.335 723.158

2 Results obtained using the 6-31+G(d,p) basis set
b Results obtained using the 6-311+G(2d,p) basis set, starting from optimised geometries
¢ On optimisation, the Fe™ cation drifts away from the aromatic ring and the two complexes become identical
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5.2.8. AIM analysis of the bonding within the pedicellin---Fe"™* complexes

The BCP values for the electron density distribution p(r), its Laplacian V2p (r) are reported in
Table 5.11 for the DFT/B3LYP results and Table 5.12 for the DFT/BP86 results. Among the
complexes of pedicellin with the Fe™ cation the largest value of p corresponds to the O9---Fe"*
bond with a value of 0.130 e/A for both Fe(Il) and Fe(lll) cation, which is agreement with the
results obtained for the binding energy values (i.e., both values indicates that O9 is the strongest
interaction site with the metal ion). The values of p among complexes with either Fe(ll) or
Fe(I11) cations has a 0.046-0.130 e/A2 range. The values of V?p are all less than 1 e/A%and are
all positive; positive values of V2p are indicative of dative character between the cation and the
central ligand. Analysis of the values of total energy density (H), which are negative and close to
zero, is also indicative of dative character shell interactions. The |V|/G ratio has a range of
1.00-1.43, which a further indication of the dative nature for the type of bonding between

pedicellin and the Fe"" ions (i.e., a type of bonding reflecting both ionic and covalent nature).

Table 5.11 Bond critical point data for the studied pedicellin---Fe™ complexes, UB3LYP/6-
31+G(d,p) results in vacuo

Complex Bond p V2p V G H V1]
type e/A3 e/A5 | (Hartree) (Hartree) (Hartree) G

P-2-02'-Fe(11)-09 02'---Fe | 0.092 0.490 —0.146 0.134 —-0.012 1.088
09---Fe | 0.130 0.710 —0.251 0.214 —0.037 1.171

P-2-ring-Fe(l1)-B Cl---Fe 0.046 0.144 —0.051 0.043 —0.007 1.170
C2---Fe 0.046 0.147 —0.052 0.044 —0.007 1.167

C4.--Fe 0.048 0.152 —0.054 0.046 —0.008 1.173

C5---Fe 0.047 0.152 —0.053 0.045 —0.007 1.164

P-1-02'-Fe(11)-03’ 02'---Fe | 0.069 0.380 —-0.102 0.099 —0.004 1.036
03'---Fe | 0.070 0.400 —0.106 0.103 —0.003 1.029

P-9-03'-Fe(I1)-04’ 03'---Fe | 0.065 0.369 —0.096 0.094 —0.002 1.020
04'---Fe | 0.068 0.390 —0.103 0.100 —0.003 1.025

P-1-06'-Fe-(I1)-C7,8 06'---Fe | 0.056 0.312 —0.079 0.079 0.000 1.008
C7---Fe 0.091 0.152 —0.097 0.067 —0.029 1.434

P-2-02'-Fe(111)-09 02'--Fe | 0.071 0.407 —-0.108 0.105 —0.003 1.032
09--Fe | 0.130 0.682 -0.242 0.206 —0.036 1.173

P-2-ring-Fe(111)-B C4..-Fe 0.053 0.151 —0.058 0.048 —0.010 1.216
P-1-02'-Fe(111)-03' 02'---Fe | 0.070 0.404 —-0.107 0.104 —0.003 1.029
03'---Fe | 0.072 0.411 —0.109 0.106 —0.003 1.031

P-9-03'-Fe(111)-04' 03'---Fe | 0.072 0.415 -0.111 0.107 —0.004 1.034
04'---Fe | 0.069 0.380 -0.101 0.099 —0.003 1.026

P-1-06'-Fe-(111)-C7,8 06'---Fe | 0.081 0.416 -0.119 0.111 —0.007 1.065
C2---Fe 0.050 0.114 —0.047 0.038 —0.009 1.249

C7---Fe 0.053 0.140 —0.057 0.046 —-0.011 1.235
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Table 5.12 Bond critical point data for the studied pedicellin---Fe"* complexes, UBP86/6-
31+G(d,p) results in vacuo

Complex Bond p Vép \ G H V1
type e/A3 e/A5 | (Hartree) (Hartree) (Hartree) G

P-2-02'-Fe(11)-09 02'--Fe | 0.052 | 0.290 —0.069 0.071 0.002 0.972
09---Fe | 0.005 | 0.020 —0.004 0.005 0.001 0.800

P-2-ring-Fe(1)-B Cl--Fe | 0.048 | 0.256 —0.061 0.063 0.002 0.968
C2.-Fe | 0.035 | 0.155 —0.038 0.038 0.000 1.000

C4.-Fe | 0.052 | 0.289 —0.069 0.07 0.001 0.986

C5.-Fe | 0.037 | 0.181 —0.435 0.044 —0.391 9.886

P-1-02'-Fe(11)-03’ 02'--Fe | 0.051 | 0.291 —0.069 0.071 0.002 0.972
03'--Fe | 0.011 | 0.036 —-0.010 0.009 —-0.001 1.111

P-9-03'-Fe(I1)-0O4’ 03'--Fe | 0.048 | 0.254 —0.061 0.062 0.001 0.984
O4'--Fe | 0.040 | 0.195 —0.047 0.048 0.001 0.979

P-1-06'-Fe-(I1)-C7,8 O6'---Fe | 0.005 | 0.017 —0.003 0.004 0.001 0.750
C7---Fe | 0.053 | 0.309 —-0.070 0.075 0.005 0.933

P-2-02'-Fe(111)-09 02'--Fe | 0.004 | 0.017 —0.003 0.004 0.001 0.750
09---Fe | 0.005 | 0.018 —0.004 0.004 0.000 1.000

P-2-ring-Fe(111)-B C4.-Fe | 0.043 | 0.233 —0.054 0.056 0.002 0.964
P-1-02'-Fe(111)-O3’ 02'--Fe | 0.067 | 0.354 —0.092 0.090 —0.002 1.022
03'---Fe | 0.092 | 0.485 —0.144 0.133 —0.011 1.083

P-9-03'-Fe(111)-O4’ 03'---Fe | 0.060 | 0.298 —-0.077 0.755 0.678 0.102
O4'--Fe | 0.088 | 0.467 —0.136 0.126 —0.010 1.079

P-1-06'-Fe-(111)-C7,8 06’---Fe | 0.065 | 0.364 —0.093 0.092 —0.001 1.011
C2---Fe | 0.045 | 0.255 —0.059 0.061 0.002 0.967

C7--Fe | 0.048 | 0.256 —0.061 0.063 0.002 0.968

5.2.9. NPA charges, spin density and orbital occupancies

The NPA charges and the spin density values are reported in Table 5.13 for the pedicellin---Fe"*
complexes. Among the complexes with the Fe(ll) cation the charge is reduced from +2 to a
0.911-1.398 e range and from +3 to a 1.003-1.444 e range for the Fe(ll) and Fe(lll) cation
respectively. The largest amount of charge transfer corresponds to the coordination of the Fe™
cations to the = system of aromatic ring B, this phenomenon may be explained in terms of the
electron cloud of the benzene ring; the benzene ring has ample of electrons to donate to the Fe"*
cations therefore more electron density is transferred from the ligand to the cation. Coordination
at the methoxy—Kketo site shows the least amount of charge transfer (i.e., 0.602 e and 1.556 e for
Fe(Il) and Fe(l11) cations respectively). From the results obtained it is reasonable to infer that the
electron cloud of the benzene ring has high electron density to donate to the metal cation than the
lone pairs on O9. The coordination at the methoxy—methoxy reactive sites has values of 0.837 e
and 0.964 e for the Fe(ll) cation and 1.786 e and 1.752 e for the Fe(l1l) cation.

190



Table 5.13 NPA charges and spin density values for the Fe™ cations in the pedicellin--Fe
complexes

charge (e) spin density

Complex DFT/B3LYP results | DFT/BP86 results | DFT/B3LYP results | DFT/BP86 results
P-2-02'-Fe(11)-09? 1.398 1.159 3.558 3.323
P-2-ring-Fe(11)-A? —a —a -a —a
P-2-ring-Fe(l1)-B 0.911 0.877 2.940 2.856
P-1-02'-Fe(I1)-03' 1.163 1.082 3.221 3.166
P-9-03'-Fe(I1)-04’ 1.036 1.057 3.123 3.171
P-1-06'-Fe-(11)-C7,8 1.022 0.955 3.038 3.008
P-2-02'-Fe(I11)-09* 1.444 1.263 3.574 3.395
P-2-ring-Fe(l11)-A? -a —a -a _a
P-2-ring-Fe(l111)-B 1.003 1.112 3.043 3.381
P-1-02'-Fe(111)-03' 1.214 1.176 3.292 3.361
P-9-03'-Fe(I11)-04' 1.248 1.178 3.330 3.279
P-1-06'-Fe-(111)-C7,8 1.321 1.077 3.576 3.245

@ On optimisation the cation migrates from the ring and the two complexes become identical

The spin density distributions for the pedicellin---Fe"™" complexes are shown in Figure 5.10. The
spin density values of the Fe"™ cations have a range of 2.940-3.558 for the Fe(ll) cation and
3.043-3.576 for the Fe(lll) cation which is indicative of a transfer of electros from the ligand to
the partially filled d orbitals of the Fe"™ cation. This reduction in the spin density value of the
cations implies that pedicellin has the ability to act as a good antioxidant agent. The reduction is
the spin density is more significant for the Fe(ll1) cation than for the Fe(ll) cation.

Analysis of the spin density distribution indicates that the spin density is distributed throughout
the ligand and the Fe™ cation, however, it is also clear that for the spin density is more
distributed to the ligand in the case of the ligand:--Fe(Ill) complexes than in the case of
ligand---Fe(II). An implication of the broad delocalisation of the spin density, between the ligand
the Fe™ ion, is that the interaction between pedicellin and Fe"* cation is likely to be a mixture of
ionic and covalent character (i.e., a dative type of bonding), because if it was entirely ionic in
nature, the spin density would be localised entirely on the Fe"" cation. This information is
therefore in agreement with the conclusion reached in section 5.2.8, that the type of bonding in

the complexes of pedicellin with the Fe™ cations is dative in nature.
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P-2-02'-Fe(11)-09 P-2-ring-Fe(l1)-B P-1-02'-Fe(I1)-03'  P-9-03'-Fe(l1)-04 P-1-06'-Fe-(11)-C7,8

P-2-02"-Fe(111)-09 P-2-ring-Fe(111)-B P-1-02'-Fe(111)-03' P-9-03'-Fe(I11)-04'  P-1-06'-Fe-(111)-C7,8

Figure 5.10 Spin density distribution for the pedicellin---Fe"™ complexes formed from
interactions of neutral pedicellin and Fe"™ cations B3LYP/6-31+G(d,p) results in vacuo. The
surface isovalue used is 0.0004 au. The blue colour corresponds to positive spin densities and the
green colour denotes the negative spin density.

The natural orbital occupancies are reported in Table 5.14 for the pedicellin---Fe"™ complexes.
Analysis of the 4s orbitals shows that upon complexation the ligand tends to donate electrons to
the Fe™ cations, which is seen by the increase from 0.000 to a 0.075-0.187 e range for the Fe(ll)
cation and from 0.000 to a 0.076— 0.176 e range for the Fe(lll) cation. For the d orbitals among
the complexes with the Fe(ll) cation, the occupancy of the dxy orbital decreases when it is
complexes with the ligand(i.e., there is less number of electrons within it as compared to when it
is isolated). The decrease in the occupancy of the dxy orbital may mean that it has either donated
some of its electrons to the ligand (i.e., back-donation mechanism) or it has distributed some of
its electrons to other d orbitals of the metal ion. Among the complexes with the Fe(l1l) cation,
the occupancy of the dyy orbital tends to increases, which also imply that the orbital has received
electrons density from the ligand or from other d orbitals of the metal ion. Analysis of the dy,
dyz, dx?.?, and the d,? orbital shows that upon complexation the ligand tends to donate electrons
to the partially filled d orbitals of the Fe"™ cations. This can be seen by the increase in the

occupancies of these orbitals (Table 5.14).
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Table 5.14 Natural atomic orbital occupancies for some valence orbitals of the isolated Fe"*
cations and in pedicellin---Fe™ complexes, results in vacuo

Isolated and Fe complex Orbitals and the corresponding natural atomic orbital occupancies

S (4s) dyy (3d) dy; (3d) dy; (3d) dy%? (3d) d,? (3d)
DFT/B3LYP results
Fe(ll) 0.000 1.998 1.000 1.000 1.000 1.000
P-2-02'-Fe(11)-09? 0.130 1.342 1.113 1.473 1.108 1.365
P-2-ring-Fe(l11)-A? - —a - —a —a -a
P-2-ring-Fe(11)-B 0.075 1.588 1.317 1.601 1.104 1.313
P-1-02'-Fe(11)-03' 0.133 1.482 1.545 1.221 1.159 1.253
P-9-03'-Fe(11)-04' 0.142 1.218 1.14 1.044 1.609 1.773
P-1-06'-Fe-(I1)-C7,8 0.141 1.303 1.623 1.424 1.229 1.18
Fe(l11) 0.000 1.000 1.000 1.000 1.000 1.000
P-2-02'-Fe(111)-09? 0.103 1.552 1.198 1.176 1.094 1.379
P-2-ring-Fe(l11)-A? —a -2 —a —a —a —a
P-2-ring-Fe(l11)-B 0.076 1.290 1.707 1.344 1.352 1.156
P-1-02'-Fe(111)-03' 0.097 1.219 1.148 1.856 1.299 1.13
P-9-03'-Fe(l11)-04’ 0.095 1.283 1.132 1.034 1.415 1.758
P-1-06'-Fe-(111)-C7,8 0.176 1.149 1.214 1.659 1.251 1.092
DFT/BP86 results
Fe(ll)
P-2-02'-Fe(11)-09? 0.168 1.327 1.138 1.522 1.215 1.404
P-2-ring-Fe(11)-A? —a —a —a —a —a -a
P-2-ring-Fe(l1)-B 0.098 1.544 1.328 1.609 1.115 1.321
P-1-02'-Fe(11)-O3’ 0.149 1.434 1.369 1.688 1.159 1.079
P-9-03'-Fe(11)-04’ 0.153 1.246 1.203 1.072 1.498 1.734
P-1-06'-Fe-(I1)-C7,8 0.180 1.359 1.545 1.582 1.182 1.076
Fe(l11)
P-2-02'-Fe(111)-09? 0.121 1.641 1.294 1.124 1.114 1.392
P-2-ring-Fe(l11)-A? —a —a —a —a —a —a
P-2-ring-Fe(l11)-B 0.101 1.211 1.288 1.069 1.331 1.178
P-1-02'-Fe(l11)-03’ 0.111 1.234 1.151 1.813 1.298 1.181
P-9-03'-Fe(l11)-04’ 0.113 1.289 1.203 1.047 1.429 1.709
P-1-06'-Fe-(111)-C7,8 0.183 1.349 1.329 1.361 1.245 1.312

@ On optimisation, the Fe™ cation drifts away from the aromatic ring and the two complexes become identical
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5.3. Results in water solution

5.3.1. Conformational stability and geometries of isolated kanakugiol

The optimised conformers of kanakugiol in water solution are shown in Figure 5.11 and the
relative energy (AE, kcal/mol) are reported in Table 5.15. The lowest energy conformer in water
solution is the same as that obtained in vacuo. However, the energy gap among conformers is
significantly reduced such that all conformers have relative energies less than 3.5 kcal/mol, what
suggests that they may all be considered to co-exist under physiological conditions. In this way,
it is reasonable to infer that beside the usual factors contributing to conformational stability (i.e.,
the presence of intramolecular hydrogen bonds, the orientation of the aliphatic chain and the
methoxy groups) solvent effects may also be considered as another factor that play significant
role in determining conformational stability. The AE gap between K-1 and K-3 is 0.232
kcal/mol, which suggests that, in water solution, the orientations of the methoxy groups have

minimal role in determine the conformational preference.

It also important to note the relative energy order obtained in vacuo is not maintained in solution;
in some instance, some conformers that had high energy in vacuo have lower energy in water
solution. One reason for the preference of some conformers in water solution to have lower
energy than other conformers is that the solvent effects may have greater contribution on specific
conformers than on other conformers, a factor that is determined by the ability of the solvent
molecules to interact with the various functional groups within a given conformer. Since the
solvent molecules considered here are water molecules, the likely interaction between the
kanakugiol ligand and the solvent molecules is the intermolecular hydrogen bonds involving the
hydrogen bond donor and acceptor groups within the ligand. Therefore, the accessibility of these
donor and acceptor groups to the water molecules highly influences the stability of the resultant
conformers in water solution; conformers that will form stronger intermolecular hydrogen bonds
with water molecules are likely to be greatly stabilised than conformers that have minimal

interaction with solvent molecules.

As discussed in the previous sections, the fact that all the conformers are likely to exist in
solution implies that a thorough investigation of the kanakugiol---Fe complexes should consider
all the possible conformers. However, for simplicity sake, representative conformers were

selected for utilisation for the study of the kanakugiol---Fe complexes in water solution.
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Figure 5.11 B3LYP/6-31+G(d,p) optimised conformers for the neutral kanakugiol (arranged in
order of increasing relative energy (AE, kcal/mol)), B3LYP/6-31+G(d,p)//B3LYP/6-

311+G(2d,p) results in water solution.
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Table 5.15 Relative energy (AE, kcal/mol) values for neutral kanakugiol conformers in water

solution

Conformer

Aa

BB

total energy (Hartree)

AE (kcal/mol)

total energy (Hartree)

AE (kcal/mol)

DFT/B3LYP results

K-1 -1187.4178308 0.000 -1187.7043528 0.000
K-3 -1187.4174926 0.212 -1187.7039828 0.232
K-2 -1187.4170281 0.504 -1187.7036540 0.439
K-11 -1187.4123026 3.469 -1187.6998803 2.807
K-7 -1187.4124282 3.390 -1187.7009038 2.164
K-9 -1187.4131207 2.956 -1187.7000936 2.673
K-4 -1187.4129892 3.038 -1187.7000308 2.712
K-10 -1187.4128404 3.132 -1187.6998403 2.832
K-5 -1187.4127615 3.181 -1187.6996317 2.963
K-12 -1187.4129833 3.042 -1187.6995591 3.008
K-8 -1187.4125346 3.323 -1187.6994425 3.081
K-6 -1187.4137720 2.547 -1187.6992850 3.180
K-13 -1187.4126232 3.268 -1187.6990615 3.320
DFT/BP86 results

K-1 -1187.4103116 0.000 -1187.6995110 0.000
K-2 -1187.4094855 0.518 -1187.6986607 0.534
K-3 -1187.4093998 0.572 -1187.6985713 0.590
K-8 -1187.4039582 3.987 -1187.6936012 3.708
K-4 -1187.4030057 4.585 -1187.6927108 4.267
K-7 -1187.4023893 4.971 -1187.6919304 4,757
K-5 -1187.4010761 5.795 -1187.6907266 5.512
K-11 -1187.4011455 5.752 -1187.6908283 5.448
K-6 -1187.4007519 5.999 -1187.6906163 5.582
K-12 -1187.4005570 6.121 -1187.6903381 5.756
K-9 -1187.4005020 6.156 -1187.6902403 5.817
K-13 -1187.4004853 6.166 -1187.6901881 5.850
K-10 -1187.4001691 6.365 -1187.6899468 6.002

a Results obtained using the B3LYP/6-31+G(d,p) method
b Results obtained using the B3LYP/6-311+G(2d,p) method, starting from optimised geometries
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5.3.2. Relative stability and binding energies for the kanakugiol---Fe"

complexes formed from neutral kanakugiol and Fe™ cations

The optimised kanakugiol---Fe"™ complexes formed from neutral kanakugiol and bare Fe™
cations are shown in Figure 5.12 and Figure 5.13 for the DFT/B3LYP and DFT/BP86 methods
respectively; the corresponding AE (kcal/mol) are reported in Table 5.16. Among the complexes
with the Fe(ll) cation, the lowest-energy complex corresponds to the coordination of the Fe™
cation to the hydroxyl—keto reactive site (K-9-09-Fe(11)-O2). The AE gap between the first
lowest-energy complex and the second lowest-energy complex is 0.784 kcal/mol, which suggests
that the two complexes may co-exist in vivo. The coordination of the Fe(l1) cation at the different
methoxy—methoxy reactive sites have AE range of 1.612-5.069 kcal/mol, what suggests that
complexes where the Fe"* cation is coordinated to the different methoxy—methoxy reactive sites
may also be considered to exist in vivo, this result differs from those obtained in vacuo where
coordination to the different methoxy—methoxy reactive sites is not preferred. The least preferred
coordination of the Fe?* cation is at the m systems of aromatic ring A and B, and the
methoxy—o, 3-unsaturated sites; these sites have AE values of 10.300, 9.909 and 9.146 kcal/mol
respectively and therefore may be considered not to exist in vivo. Among the complexes formed
from the interaction between kanakugiol and the Fe(lll) cation, the lowest-energy complex
corresponds to the coordination of the Fe3* cation at the hydroxyl-methoxy reactive site. The
second lowest-energy complex corresponds to the coordination of the cation at the
hydroxyl-keto and has AE of 4.526 kcal/mol. The AE gap between the first-lowest energy
complex and the remaining complexes is > 5 kcal/mol, what suggests that in water solution the
complexes may not be populated. The least preferred coordination site is at the

methoxy—a., 3—unsaturated reactive site.
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Figure 5.12 B3LYP/6-31+G(d,p) optimised kanakugiol---Fe"* (arranged in order of increasing
relative energy (AE, kcal/mol)) formed from neutral kanakugiol and Fe"™ cations, B3LYP/6-
311+G(2d,p)//B3LYP/6-31+G(d,p) results in water solution. The bond length between the cation
and the ligand are reported in A.
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Figure 5.13 BP86/6-31+G(d,p) optimised kanakugiol---Fe"™ (arranged in order of increasing
relative energy (AE, kcal/mol)) formed from neutral kanakugiol and Fe"™ cations, BP86/6-
311+G(2d,p)//BP86/6-31+G(d,p) results in water solution. The bond length between the cation

and the ligand are reported in A.
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Table 5.16 Relative energy (AE, kcal/mol) values for kanakugiol---Fe™ complexes formed from

neutral kanakugiol and Fe™ cations in water solution

Complex A2 BB

total energy AE total energy AE

(Hartree) (kcal/mol) (Hartree) (kcal/mol)

DFT/B3LYP results
K-9-09-Fe(I)-02’ -1310.6282163 0.091 -2451.2020306 0.000
K-1-02'-Fe(11)-03'¢ -1310.6283613 0.000 -2451.2007805 0.784
K-3-02'-Fe(I1)-03' —c —c —c ¢
K-3-05'-Fe(11)-06’ -1310.6270602 0.816 -2451.1994620 1.612
K-2-05'-Fe(11)-06' -1310.6262258 1.344 -2451.1980716 2.484
K-2-03'-Fe(11)-04’ -1310.6241302 2.655 -2451.1957941 3.913
K-3-04'-Fe(11)-05’ -1310.6226706 3.571 -2451.1939520 5.069
K-1-ring-Fe(11)-B -1310.6147297 8.554 -2451.1862397 9.909
K-8-06’-Fe(11)-C7,8 -1310.6149049 8.444 -2451.1874548 9.146
K-1-ring-Fe(l1)-A -1310.6148368 10.299 -2451.1856178 10.300
K-1-02'-Fe(l11)-03¢ -1310.4320406 0.000 -2451.0032298 0.000
K-3-02'-Fe(I11)-03" ¢ —c —c —c
K-9-09-Fe(l11)-02' -1310.4231151 5.601 -2450.9960168 4.526
K-2-05’-Fe(111)-06’ -1310.4182048 8.682 -2450.9882440 9.404
K-2-03'-Fe(l11)-04' -1310.4178337 8.915 -2450.9882608 9.393
K-3-04'-Fe(l11)-05’ -1310.4174799 9.137 -2450.9882342 9.410
K-3-05'-Fe(l11)-06’ -1310.4170137 9.430 -2450.9876836 9.755
K-1-ring-Fe(l11)-B -1310.4152803 10.517 -2450.9859720 10.830
K-1-ring-Fe(l11)-A -1310.4158746 10.144 -2450.9856913 11.010
K-8-06-Fe(l1)-C7,8 -1310.4097082 14.014 -2450.9808122 14.070
DFT/BP86 results
K-1-02'-Fe(I1)-03'° -1310.6691419 0.000 -2451.3382943 0.000
K-3-02'-Fe(11)-03'¢ ¢ —c _c ¢
K-9-09-Fe(I)-02’ -1310.6629163 3.907 -2451.3345838 2.328
K-2-05’-Fe(11)-06’ -1310.6625920 4.110 -2451.3299201 5.255
K-3-05'-Fe(11)-06’ -1310.6626567 4.070 -2451.3297713 5.348
K-2-03'-Fe(11)-04' -1310.6583355 6.781 -2451.3257067 7.900
K-3-04'-Fe(11)-05’ -1310.6564525 7.963 -2451.3230374 9.574
K-8-06'-Fe(I1)-C7,8 -1310.6465822 14.156 -2451.3181730 12.626
K-1-ring-Fe(l1)-A -1310.6505117 11.691 -2451.3139470 15.278
K-1-ring-Fe(11)-B -1310.6485510 12.921 -2451.3115572 16.778
K-1-02'-Fe(l11)-03¢ -1310.4726061 0.000 -2451.1438458 0.000
K-3-02'-Fe(111)-03'¢ ¢ —c _c _c
K-9-09-Fe(l11)-02' -1310.4626066 6.275 -2451.1365132 4.601
K-3-05’-Fe(111)-06’ -1310.4615675 6.927 -2451.1300625 8.649
K-2-05’-Fe(111)-06’ -1310.4609964 7.285 -2451.1284689 9.649
K-2-03'-Fe(111)-04’ -1310.4588484 8.633 -2451.1253433 11.610
K-3-04'-Fe(111)-05’ -1310.4571274 9.713 -2451.1229298 13.125
K-1-ring-Fe(111)-B -1310.4557125 10.601 -2451.1186294 15.824
K-1-ring-Fe(l11)-A -1310.4551960 10.920 -2451.1179946 16.222
K-8-06’-Fe(l111)-C7,8 -1310.4400724 20.420 -2451.1116603 20.197

2 Results obtained using the 6-31+G(d,p) basis set
b Results obtained using the 6-311+G(2d,p) basis set, starting from optimised geometries

¢ After optimisation, the two complexes have the same energy
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The AE'binding (kcal/mol) values are reported in Table 5.17. Among the complexes formed from
the interaction between kanakugiol and the Fe(Il) cation, the strongest binding corresponds to the
coordination of the cation to the methoxy—methoxy site with MIA value of 19.777 kcal/mol in
K-2-O5'-Fe(I1)-O6’ complex. This result is different to the result obtained for the relative energy
results and the results reported for the binding energies in vacuo, this difference in the trend of
binding energies may be related to the extent of deformation of the conformer used in the
preparation of the complexes. In vacuo, the coordination of the Fe?* ions at the hydroxyl-keto
reactive site and the hydroxyl-methoxy reactive site results in the highest AEqer value while in
water solution, the coordination of the Fe?* ion at the methoxy—methoxy reactive sites results in
the highest AEqer value. The coordination of the cation to the = system of the aromatic rings
corresponds to the weakest binding. Among the Fe(lll) complexes the strongest binding
corresponds to coordination at the hydroxyl-methoxy site with MIA value of 77.410 kcal/mol.
The coordination at the methoxy—methoxy reactive sites shows a difference of less than 1
kcal/mol what is suggests that there in water solution there is no preference of the Fe(lll) cation
to coordinate at one methoxy site over the other. The weakest binding corresponds to the
coordination at the m system of the aromatic ring B, which is in agreement with the result

obtained for the Fe(ll) cation.

From the result obtained it is reasonable to infer that in water solution kanakugiol binds the
Fe(Il) cation better than the Fe(ll) cation, similar trends were observed for the results in vacuo.
Furthermore, it is reasonable to infer that in water solution the binding energy values are
significantly dampened with respect to the result in vacuo, what may suggest that the presence of
solvent molecules reduces the strength of interactions between the cations and the ligand. The
weakening in the interactions can also be realised through the analysis of the Fe---ligand bond
distances in vacuo and in water solution; the bond distances are shorter in vacuo than the bond
distances in water solution (Figure 5.2 and Figure 5.12).
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Table 5.17 The binding energy (AE’binding, kcal/mol) values for kanakugiol---Fe"™" complexes
formed from neutral kanakugiol and Fe" cations in water solution. The complexes are arranged

in order of decreasing AE'pinding Values

Complex A2 BB
AEinter, AEdef AE'binding, AEinter, AEdef AE’binding,

kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol
DFT/B3LYP results
K-2-05’-Fe(11)-06’ 3.013 0.622 -2.391 —-9.5641 10.236 19.777
K-2-03'-Fe(11)-04’ 4.328 0.214 -4.114 -8.021 10.392 18.413
K-9-09-Fe(I)-02' —-0.688 1.588 2.276 —-14.169 1.857 16.026
K-1-02'-Fe(11)-03'¢ 2.177 1.679 —0.498 -10.712 1.891 12.603
K-3-02'-Fe(11)-03'¢ ¢ ¢ —C - - -
K-3-05’-Fe(11)-06’ 2.781 1.028 —-1.753 -10.117 1.005 11.122
K-8-06’-Fe(11)-C7,8 7.297 3.008 —4.289 -5.432 2.970 8.402
K-3-04'-Fe(11)-05’ 5.536 0.982 —4.554 —6.659 1.029 7.688
K-1-ring-Fe(11)-B 10.730 0.247 -10.483 -1.587 0.235 1.822
K-1-ring-Fe(11)-A 10.663 0.393 -10.270 -1.197 0.543 1.740
K-1-02'-Fe(111)-03’° -61.212 20.380 81.592 -56.874 20.536 77.410
K-3-02'-Fe(l11)-03° ¢ ¢ ¢ - - -
K-9-09-Fe(l1)-02’ —58.567 13.509 72.076 —55.020 13.775 68.795
K-1-ring-Fe(l11)-A -51.068 20.901 71.969 —45.868 20.935 66.803
K-2-03'-Fe(l11)-04’ -52.801 15.412 68.213 -47.918 15.629 63.547
K-2-05’-Fe(111)-06’ -53.034 14.828 67.862 —47.908 14.973 62.881
K-3-05’-Fe(111)-06’ -52.288 15.020 67.308 —47.350 15.136 62.486
K-3-04'-Fe(111)-05’ -51.995 14.658 66.653 —47.696 14,522 62.218
K-8-06’-Fe(111)-C7,8 -50.522 15.399 65.921 —45.887 15.446 61.333
K-1-ring-Fe(111)-B -50.695 14.780 65.475 —46.044 15.021 61.065
DFT/BP86 results
K-9-09-Fe(Il)-02' -3.689 1.831 5.520 -20.517 2.244 22.761
K-1-02'-Fe(I1)-0O3'¢ —1.440 4,747 6.187 -17.028 4.814 21.842
K-3-02'-Fe(I1)-03'¢ ¢ ¢ ¢ ¢ ¢ ¢
K-8-06’-Fe(11)-C7,8 8.730 6.238 —2.492 -8.110 6.281 14.391
K-3-05'-Fe(11)-06’ 2.057 1.067 —-0.990 -12.269 1.010 13.279
K-2-05’-Fe(11)-06’ 2.152 0.692 —-1.460 -12.307 0.651 12.958
K-2-03'-Fe(11)-04’ 4.823 2.040 —2.783 —9.663 2.017 11.680
K-3-04'-Fe(I1)-05’ 5.950 1.644 —4.306 -8.044 1.602 9.646
K-1-ring-Fe(1)-A 10.251 0.143 -10.108 -1.750 0.224 1.974
K-1-ring-Fe(11)-B 11.481 1.175 -10.306 —-0.250 1.208 1.458
K-1-02'-Fe(l1)-03° -70.671 13.724 84.395 —72.163 13.891 86.054
K-3-02'-Fe(l11)-03’° - - - —C - -
K-9-09-Fe(l11)-02' —70.552 11.396 81.948 —73.380 11.862 85.242
K-3-05’-Fe(111)-06’ —64.317 12.522 76.839 -64.104 12.247 76.351
K-2-05’-Fe(111)-06’ —63.905 12.837 76.742 -63.048 12.616 75.664
K-2-03'-Fe(111)-04 —62.557 13.900 76.457 -61.086 13.736 74.822
K-8-06’-Fe(l111)-C7,8 —54.243 16.379 70.622 -55.675 16.531 72.206
K-3-04'-Fe(111)-05’ —62.996 13.525 76.521 -58.333 12.840 71.173
K-1-ring-Fe(111)-A -59.746 14.344 74.090 -55.942 14.499 70.441
K-1-ring-Fe(111)-B —-60.070 14.388 74.548 -56.340 14.554 68.894

2 Results obtained using the 6-31+G(d,p) basis set

b Results obtained using the 6-311+G(2d,p) basis set, starting from optimised geometries

¢ After optimisation, the two complexes have the same energy
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5.3.3. Binding energies for the kanakugiol--Fe™ complexes formed from
deprotonated kanakugiol and Fe" cations

The optimised kanakugiol---Fe"" complexes formed from deprotonated ligand and Fe"" cation are
shown in Figure 5.14. The values of the binding energies for the deprotonated complexes of
kanakugiol with the Fe(ll) and the Fe(lll) are 35.584 kcal/mol and 96.454 kcal/mol respectively.
This result suggests that in solution, the interaction between the Fe™ ion and the selected
chalcone derivatives is a favourable thermodynamic process. A comparison of the MIA values
for the ligand---Fe™ complexes involving the neutral and deprotonated species of kanakugiol
suggests that it is greater for deprotonated kanakugiol than for neutral kanakugiol, which
suggests that under physiological conditions (where the aqueous media play an important role),
deprotonated kanakugiol would have greater tendency to chelate the free metal ions than neutral
kanakugiol. It is therefore meaningful to conclude that the antioxidant properties of kanakugiol

in physiological conditions are more related to their deprotonated species than to their neutral

species.
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Figure 5.14 Optimised kanakugiol---Fe"" complexes formed from deprotonated kanakugiol and
Fe™ cations. The first two structures were obtained using the DFT/B3LYP method and the last
two structures were obtained using the DFT/BP86 method. The interaction energies reported
below each structure were obtained from single point calculations using the 6-311+G(2d,p) basis
set starting from the optimised geometries. The bond length between the cation and the ligand is
reported in A.
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5.3.4. AIM analysis of the bonding within the kanakugiol---Fe™ complexes

The bond critical points (BCP) values for the electron density, p, and its second derivative (the
Laplacian, V?p) are reported in Table 5.18 for the DFT/B3LYP results and Table 5.19 for the
DFT/BP86 results. Among the complexes with the neutral kanakugiol ligand, the strongest bond
corresponds to the O9---Fe bond, with p value of 0.062 e/A3 for the Fe(ll) cation and 0.067 e/A3
for the Fe(lll) cation. For the complexes with the deprotonated kanakugiol ligand the strongest
bond corresponds to the O2'---Fe bond with p values of 0.092 and 0.077 e/A? for the Fe(ll) and
Fe(ll) cations respectively. These results are in agreement with the results obtained for both the
binding energy values in that coordination of the Fe"" cation at the hydroxyl-keto is the most
preferred. The weakest bond among the complexes formed from the neutral kanakugiol ligand
corresponds to the coordination of the cation to the = system of the aromatic rings. The results

obtained here are also consistent with the results obtained in vacuo.

Analysis of the values of the Laplacian implies that the interactions between the ligand and the
cation are closed-shell interactions; this is evident from the positive values of the Laplacian
which are inclined more towards zero. The values of H which are inclined more towards zero are
also suggestive of the interactions between the cation and the Fe"™ cation being closed-shell
interactions. This observation is further supported by the V|/G ratio values with a range of
0.8-1.0. The results obtained in water solution are consistent to those obtained in vacuo, in that
the interactions between the cation and the ligand are considered to be closed-shell interactions, a
trend what is different from that reported in vacuo, where the type of bonding is largely dative in

nature.
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Table 5.18 Bond critical point data for the studied kanakugiol---Fe"™ complexes, UB3LYP/6-
31+G(d,p) results in water solution

Complex Bond

p VZp \% G H V1
type elA3 e/AS | (Hartree) | (Hartree) (Hartree) G

K-2-03'-Fe(11)-04’ 03'--Fe | 0.052 0.290 —0.069 0.071 0.002 0.972
H---Fe 0.005 0.020 —0.004 0.005 0.001 0.800

K-2-05’-Fe(11)-06’ O5'--Fe | 0.048 0.256 —0.061 0.063 0.002 0.968
06'--Fe | 0.035 0.155 —0.038 0.038 0.000 1.000

K-1-02'-Fe(11)-03’ 02'---Fe | 0.052 0.289 —0.069 0.07 0.001 0.986
03'---Fe | 0.037 0.181 —0.435 0.044 -0.391 9.886

K-3-04'-Fe(11)-05’ 04'---Fe | 0.051 0.291 —0.069 0.071 0.002 0.972
0O5'---Fe | 0.011 0.036 —-0.010 0.009 —-0.001 1.111

K-3-05’-Fe(11)-06’ O5'--Fe | 0.048 | 0.254 —0.061 0.062 0.001 0.984
06'---Fe | 0.040 0.195 —0.047 0.048 0.001 0.979

K-8-06’-Fe(11)-C7,8 C8---Fe | 0.005 | 0.017 —0.003 0.004 0.001 0.750
06'---Fe | 0.053 0.309 —-0.070 0.075 0.005 0.933

K-1-ring-Fe(l)-A Cl---Fe 0.004 | 0.017 —0.003 0.004 0.001 0.750
K-1-ring-Fe(11)-B C5---Fe 0.005 0.018 —0.004 0.004 0.000 1.000
K-9-09-Fe(Il)-02' 02'--Fe | 0.043 0.233 —0.054 0.056 0.002 0.964
09'---Fe | 0.067 0.354 —0.092 0.090 —-0.002 1.022

K-1-an-02'-Fe(11)-09 02'---Fe | 0.088 0.467 —0.136 0.126 -0.010 1.079
0Q9'---Fe | 0.065 0.364 —0.093 0.092 -0.001 1.011

K-2-03'-Fe(111)-04’ 03'--Fe | 0.045 0.255 —0.059 0.061 0.002 0.967
H---Fe 0.006 0.021 —0.005 0.005 0.000 1.000

K-2-0O5'-Fe(l11)-06’ 05'---Fe | 0.032 0.150 —0.035 0.036 0.001 0.972
06'---Fe | 0.042 0.216 —0.051 0.053 0.002 0.962

K-1-02'-Fe(l11)-03’ 02'---Fe | 0.057 0.312 -0.077 0.077 0.000 1.000
03'--Fe | 0.034 | 0.164 —0.038 0.040 0.002 0.950

K-3-04'-Fe(111)-05’ 04'---Fe | 0.050 0.289 —0.068 0.070 0.002 0.971
K-3-05’-Fe(111)-06’ O5'--Fe | 0.026 0.113 -0.028 0.028 0.000 1.000
06'--Fe | 0.029 0.130 -0.319 0.032 —-0.287 9.969

K-8-06'-Fe(l1)-C7,8 C8.--Fe 0.035 0.182 —0.042 0.044 0.002 0.955
06'---Fe | 0.061 0.018 —0.004 0.004 0.000 1.000

K-1-ring-Fe(l11)-A C4.--Fe 0.005 0.018 —0.002 0.004 —-0.301 1.000
K-1-ring-Fe(111)-B C6---Fe 0.005 0.017 —0.003 0.004 0.001 0.750
K-9-09-Fe(l11)-02' 02'--Fe | 0.043 0.233 —0.054 0.056 0.002 0.964
09.--Fe | 0.067 0.354 —0.092 0.090 —-0.002 1.022

K-1-an-02'-Fe(111)-09 02'--Fe | 0.077 0.446 -0.120 0.116 —-0.004 1.034
09---Fe | 0.069 0.353 —0.093 0.091 —-0.002 1.022
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Table 5.19 Bond critical point data for the studied kanakugiol---Fe"™ complexes UBP86/6-
31+G(d,p) results in water solution

Complex Bond p V?p \% G H VI
type e/A3 e/ A5 (Hartree) (Hartree) (Hartree) G
K-2-03'-Fe(11)-04' 03'---Fe | 0.050 0.247 —0.061 0.061 0.002 0.967
04'---Fe | 0.041 0.191 —-0.047 0.047 0.000 1.000
K-2-05'-Fe(11)-06’ 05'--Fe | 0.052 0.261 —0.065 0.065 0.001 0.972
06'---Fe | 0.038 0.163 —-0.042 0.041 0.002 0.962
K-1-02'-Fe(11)-03' 02'--Fe | 0.076 0.379 —0.105 0.010 0.000 1.000
03'--Fe | 0.043 0.201 —0.050 0.050 0.002 0.950
K-3-04'-Fe(11)-05' O4'---Fe | 0.056 0.311 —0.076 0.077 0.002 0.971
0O5'--Fe | 0.015 0.043 —-0.013 0.012 0.000 1.000
K-3-05'-Fe(11)-06’ 05'--Fe | 0.052 0.263 —0.065 0.066 0.000 1.000
06'---Fe | 0.046 0.219 —0.055 0.055 0.000 1.000
K-8-06'-Fe(11)-C7,8 06'---Fe | 0.066 0.324 —0.086 0.083 —0.001 1.024
C8---Fe 0.048 0.097 —0.043 0.033 —0.095 1.050
K-1-ring-Fe(11)-A C3'--Fe | 0.005 0.017 —0.004 0.004 0.000 1.000
C5'--Fe | 0.005 0.018 —0.004 0.004 0.001 0.987
K-9-09-Fe(I1)-02' 02'---Fe | 0.054 0.271 —0.066 0.067 —0.001 1.083
09---Fe | 0.084 0.454 —-0.129 0.121 0.001 0.985
K-1-an-02'-Fe(11)-09 02'--Fe | 0.099 0.512 —0.159 0.144 0.000 1.000
09---Fe | 0.087 0.467 —-0.135 0.125 —0.003 1.036
K-2-03'-Fe(111)-04’ 03'---Fe | 0.050 0.258 —0.062 0.063 —-0.010 1.303
K-2-05’-Fe(111)-06’ 0O5'---Fe | 0.054 0.257 —0.064 0.064 0.000 1.000
06'--Fe | 0.037 0.150 —0.038 0.038 0.000 1.000
K-1-02'-Fe(111)-03’ 02'--Fe | 0.069 0.349 —-0.092 0.090 0.001 0.985
03'---Fe | 0.037 0.158 —0.038 0.039 —0.008 1.066
K-3-04'-Fe(111)-05’ 04'---Fe | 0.051 0.309 -0.074 0.070 —0.004 1.056
05'--Fe | 0.012 0.042 —0.010 0.011 0.001 0.909
K-3-05'-Fe(111)-06’ 05'---Fe | 0.056 0.269 —0.067 0.067 0.001 0.984
06'--Fe | 0.048 0.223 —0.056 0.056 0.000 1.000
K-8-06’-Fe(111)-C7,8 06'--Fe | 0.055 0.257 —0.065 0.064 0.000 1.000
C8---Fe 0.054 0.113 —0.050 0.039 —0.002 1.022
K-1-ring-Fe(l11)-A C3'--Fe | 0.006 0.018 —0.003 0.004 0.001 0.974
C5'--Fe | 0.006 0.018 —0.003 0.004 0.001 0.750
K-9-09-Fe(111)-02’ 02'--Fe | 0.047 0.240 —0.056 0.058 0.002 0.966
09---Fe | 0.096 0.498 —-0.151 0.138 0.000 1.000
K-1-an-02'-Fe(111)-09 02'--Fe | 0.010 0.541 —0.168 0.151 0.000 1.000
09---Fe | 0.096 0.471 —0.145 0.131 —0.001 1.016

5.3.5. NPA charges, spin density and orbital occupancies

The NPA charges and the spin density of the Fe"™ cations after complexation are reported in
Table 5.20. Among the kanakugiol---Fe"" complexes with neutral kanakugiol ligand the positive
charge decreases from 2 to a 1.8—1.9 e range for the Fe(ll) cation and from 3 to a 1.9-2 e range
for Fe(l1l) cations. This result implies that there is minimal positive charge transfer from the
Fe(Il) cation to the ligand (conversely one can say there is minimal electron density transfer from

the ligand to the metal ion).
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The implication of this finding is that in water solution, and indeed in biological systems, the
Fe(ll) cation is not reduced by kanakugiol (both the neutral and the deprotonated species). Since
similar results were obtained for butein and homobutein (section 4.3.5 and 4.3.10, Chapter 4) in
water solution, it is reasonable to infer that in general, the Fe(ll) chelation antioxidant properties
of chalcone derivatives is relatives to their ability to coordinate the Fe(ll) ions and not on their

ability to reduce the Fe(ll) ions.

Among the complexes for which kanakugiol coordinates the Fe(l11) cation, the highest amount of
positive charge transfer corresponds to the coordination of the cation at the hydroxyl—keto
reactive site. The ability of kanakugiol (both neutral and deprotonated species) to reduce the
Fe(lll) cation to nearly +2 and the fact that the highest MIA values corresponds to the
coordination of the Fe(lll) cation rather than the Fe(Il) cation suggests that kanakugiol acts as a

better antioxidant when chelating the Fe(l11) cation than the Fe(ll) cation.

The coordination of Fe(l11) cation to kanakugiol in water solution implies that the overall charge
of the complex is three. However, since the charge on the metal cation is found to be =2+ in most
cases, this implies that the charge on the kanakugiol ligand in the complex is +1. Thus, in the
process of reducing the metal ion from a charge of 3+ to a charge of 2+, kanakugiol is oxidised
to a positively charged radical cation species. Therefore the complex formed from the interaction
of kanakugiol and Fe(lll) cation is actually an interaction between positively charged radical

kanakugiol species (i.e., kanakugiol** species) and an Fe(ll) cation.
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Table 5.20 NPA charges and spin density values for the Fe"™ cations in the complexes of
kanakugiol obtained in water solution

charge (e) spin density
Complex DFT/B3LYP results | DFT/BP86 results | DFT/B3LYP results | DFT/BP86 results
K-2-03'-Fe(11)-04' 1.953 1.878 3.965 3.915
K-2-05'-Fe(11)-06' 1.922 1.878 3.944 3.907
K-1-02'-Fe(11)-03' 1.904 1.804 3.945 3.863
K-3-04'-Fe(11)-05' 1.906 1.914 3.963 3.935
K-3-05'-Fe(11)-06’ 1.918 1.871 3.942 3.903
K-8-06'-Fe(11)-C7,8 1.946 1.854 3.963 3.869
K-1-ring-Fe(I)-A 1.964 1.954 3.991 3.979
K-1-ring-Fe(I1)-B 1.987 1.978 3.993 3.985
K-9-09-Fe(lI1)-02' 1.876 1.831 3.922 3.879
K-1-an-02'-Fe(11)-09 1.800 1.757 3.868 3.821
K-2-03'-Fe(l11)-04' 1.970 2.010 3.975 4.025
K-2-05'-Fe(l11)-06’ 1.951 1.994 3.963 4.021
K-1-02'-Fe(111)-03' 1.932 2.034 3.970 4.079
K-3-04'-Fe(l11)-05’ 1.958 1.975 3.968 4.003
K-3-05'-Fe(l11)-06’ 1.963 1.995 3.972 4.024
K-8-06'-Fe(111)-C7,8 1.964 1.893 3.978 3.895
K-1-ring-Fe(l11)-A 1.985 2.041 4.009 4.069
K-1-ring-Fe(l11)-B 1.989 1.999 3.994 4.002
K-9-09-Fe(I11)-02' 1.923 1.998 3.950 4.041
K-1-an-02'-Fe(I11)-09 1.910 1.956 3.966 4.026

The spin density values are largely unchanged with respect to the isolated Fe(ll) cation while
they decrease from 5 to a 3.930-4.009 range for Fe(l1l) cation. A decrease in the spin density for
the complexes formed with the Fe(lll) cation is an indication of the electron density transfer
from the ligand to the metal cation. The spin density distributions for the kanakugiol---Fe™
complexes formed from neutral and deprotonated kanakugiol are shown in Figure 5.15 and
Figure 5.16 respectively. The spin density distribution of the Fe(ll) complexes shows that in
water solution it is largely localised on the Fe(ll) cation and minimally delocalised across the
ligand, what is in agreement with the results obtained for the charge transfer, where in water
solution the Fe(ll) cation is undergoes minimal reduction compared to the results in vacuo. This
results also implies that the type of bonding between the ligand the Fe(ll) cation is largely ionic
in nature, which is in agreement with the assessment of the Laplacian (V?p) and the V|/G ratio

values obtained from AIM analysis.

Among the kanakugiol---Fe"™ complexes formed from the interaction between kanakugiol and
Fe(111) cation, the spin density distribution shows that there is a significant spin density on the
ligand, specifically localised on ring A. In this way, the spin density distribution also highlights

the fact that there is electron density transfer from the ligand to the Fe(ll1) cation.
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Figure 5.15 Spin density distribution for the kanakugiol---Fe"™ complexes formed from
interactions of neutral kanakugiol and Fe"™ cations B3LYP/6-31+G(d,p) results in water solution.
The surface isovalue used is 0.0004 au. The blue colour corresponds to positive spin densities
and the green colour denotes the negative spin density.
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K-1-02'-Fe(I1)-O9-an K-1-02'-Fe(l11)-09-an

Figure 5.16 Spin density distribution for the kanakugiol---Fe™ complexes formed from
interactions of deprotonated kanakugiol and Fe" cations B3LYP/6-31+G(d,p) results in water
solution. The surface isovalue used is 0.0004 au. The blue colour corresponds to positive spin
densities and the green colour denotes the negative spin density.

The orbital occupancies for the 4s and 3d orbitals of the metal cations are reported in Table 4.24.
Analysis of the 4s indicates that there is an increase in the occupancy in comparison to the
isolated Fe" cation. The increase in the occupancy of the 4s may be interpreted to mean that the
ligand tends to donate electrons to the 4s orbital of the Fe™ cation. Analysis of the d orbitals
shows that the occupancy of the dyxy orbital among the Fe(Il) complexes tends to decrease with
respect to the isolated Fe(ll) cation; a decrease in the occupancy of this orbital may imply that it
tends to donate electrons to the orbitals of the ligand (i.e., there is back-donation process from
the metal ion to the ligand). The extent of decrease in the occupancy of this orbital is however
dependent on the reactive site to which the metal ion is coordinated. In all other d orbitals of
Fe(Il), and indeed in all d orbitals of Fe(lll) cation, the occupancy tends to increase; the increase
in the orbital occupancy may be understood to imply that the ligand tends to donate elections to
the partially filled d orbitals of the Fe" cations, a result that is consistent with the in vacuo

results (section 5.2.5).
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Table 5.21 Natural atomic orbital occupancies for some valence orbitals of the isolated Fe™
cations in a number of complexes with kanakugiol in water solution

isolated and Fe complex orbitals and the corresponding natural atomic orbital occupancies

S (4s) Oxy (3d) dx. (3d) dy; (3d) d®y? (3d) d;? (3d)
DFT/B3LYP result
Isolated Fe(ll) 0.000 1.998 1.000 1.000 1.000 1.000
K-2-03'-Fe(11)-04’ 0.009 1.063 1.114 1.232 1.235 1.377
K-2-05'-Fe(11)-06’ 0.020 1.032 1.011 1.158 1.297 1.541
K-1-02'-Fe(11)-03’ 0.032 1.140 1.084 1.193 1.616 1.007
K-3-04'-Fe(11)-05’ 0.012 1.743 1.127 1.088 1.012 1.051
K-3-05'-Fe(11)-06’ 0.020 1.346 1.013 1.117 1.560 1.005
K-8-06'-Fe(11)-C7,8 0.011 1.316 1.519 1.004 1.022 1.161
K-1-ring-Fe(l1)-A 0.008 1.039 1.004 1.186 0.002 1.057
K-1-ring-Fe(l1)-B 0.003 1.051 1.325 1.528 1.037 1.060
K-9-09-Fe(I)-02' 0.036 1.466 1.298 1.068 1.219 1.010
K-1-an-02'-Fe(I1)-09 0.054 1.063 1.190 1.384 1.286 1.180
Isolated Fe(l1) 0.000 1.000 1.000 1.000 1.000 1.000
K-2-03'-Fe(l11)-04' 0.007 1.264 1.014 1.361 1.034 1.339
K-2-05'-Fe(111)-06’ 0.013 1.345 1.077 1.082 1.502 1.015
K-1-02'-Fe(111)-03' 0.029 1.035 1.020 1.924 1.010 1.026
K-3-04'-Fe(111)-O5'’ 0.011 1.645 1.203 1.057 1.023 1.090
K-3-05'-Fe(111)-06’ 0.010 1.461 1.003 1.110 1.437 1.003
K-8-06'-Fe(l11)-C7,8 0.009 1.287 1.686 1.001 1.012 1.022
K-1-ring-Fe(l11)-A 0.006 1.007 1.161 1.651 1.097 1.068
K-1-ring-Fe(l11)-B 0.002 1.002 1.007 1.106 1.252 1.633
K-9-09-Fe(I11)-02' 0.023 1.062 1.076 1.211 1.198 1.489
K-1-an-02'-Fe(I11)-09 0.046 1.167 1.057 1.043 1.092 1.649
DFT/BP86 result
Isolated Fe(ll) 0.000 1.998 1.000 1.000 1.000 1.000
K-2-03'-Fe(11)-04’ 0.024 1.079 1.115 1.047 1.814 1.019
K-2-05'-Fe(11)-06’ 0.022 1.041 1.020 1.176 1.279 1.564
K-1-02'-Fe(11)-03’ 0.047 1.050 1.288 1.349 1.355 1.081
K-3-04'-Fe(11)-05’ 0.016 1.772 1.101 1.107 1.024 1.048
K-3-05'-Fe(11)-06’ 0.025 1.242 1.035 1.199 1.595 1.012
K-8-06'-Fe(11)-C7,8 0.045 1.041 1.022 1.700 1.136 1.163
K-1-ring-Fe(l1)-A 0.008 1.001 1.159 1.027 1.250 1.578
K-1-ring-Fe(11)-B 0.003 1.753 1.084 1.010 1.161 1.004
K-9-09-Fe(I1)-02' 0.045 1.200 1.349 1.177 1.149 1.220
K-1-an-02'-Fe(I1)-09 0.065 1.132 1.482 1.228 1.126 1.165
Isolated Fe(l1) 0.000 1.000 1.000 1.000 1.000 1.000
K-2-03'-Fe(l11)-04' 0.009 1.718 1.036 1.096 1.100 1.015
K-2-05'-Fe(l11)-06’ 0.019 1.212 1.032 1.091 1.624 1.009
K-1-02'-Fe(l11)-03' 0.033 1.077 1.150 1.636 1.021 1.026
K-3-04'-Fe(111)-O5'’ 0.036 1.078 1.458 1.209 1.067 1.085
K-3-05'-Fe(111)-06’ 0.022 1.329 1.019 1.143 1.457 1.014
K-8-06'-Fe(l11)-C7,8 0.045 1.088 1.011 1.415 1.161 1.348
K-1-ring-Fe(l11)-A 0.008 1.026 1.058 1.764 1.008 1.075
K-1-ring-Fe(l11)-B 0.002 1.015 1.124 1.025 1.224 1.603
K-9-09-Fe(l11)-02' 0.039 1.121 1.421 1.122 1.103 1.171
K-1-an-O2'-Fe(l11)-09 0.058 1.214 1.033 1.091 1.094 1.525

211



5.3.6. Conformational stability and geometries for the pedicellin conformers

The optimised conformers of pedicellin in water solution are shown in Figure 5.17 and the
corresponding relative energy (AE, kcal/mol) values are reported in Table 5.22. The AE gap in
water solution among the conformers is significantly dampened with respect to the in vacuo
results, a trend that has been observed with all the studied chalcone derivatives. In water solution
the energy difference between conformers remains below 2.5 kcal/mol (with the exception of the
P-11 conformer for the DFT/B3LYP results), implies that all conformers may be considered to

Co-exist.

The lowest energy conformers are those stabilised by the presence of intramolecular hydrogen
bonds (which includes the O-H---O and a number of C-H:--O). The results obtained also suggest
the bent aliphatic chain arrangement is preferred over the non-bent aliphatic chain arrangement,
these results are consistent with the in vacuo geometries. The results further imply that in water
solution the orientation of the methoxy groups has minimal effect on conformational stability as
seen by the infinitesimal difference in the AE gap among the conformers (i.e., less than
1kcal/mol). Since a similar result was obtained for kanakugiol in water solution, it is reasonable
to generalised that for chalcone derivatives with methoxy substituents, the orientation of such
groups have minimal effects in determining conformational stability, as long as solvent effects

are taken into consideration.

Beside the fact that the energy gap between the conformers has significantly decreased when
comparing the results in vacuo with the results in solution, it is also worth noting that the energy
trend among the conformers (i.e., the relative energy order) is significantly different from that
obtained in vacuo. The alteration of the energy order among conformers may be explain in the
same manner as it was described for the conformers of kanakugiol in water solution, namely that
the solvent effects may stabilise different conformers differently, depending on the ability of

individual conformers to form intermolecular interactions with the solvent molecules.
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Figure 5.17 B3LYP/6-31+G(d,p) optimised conformers of the isolated pedicellin arranged in
order of increasing relative energy (AE, kcal/mol), B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p)
results in water solution.
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Table 5.22 Relative energy (AE, kcal/mol) values for the pedicellin conformer in water solution

Conformer A2 Bb
total energy (Hartree) AE (kcal/mol) total energy AE (kcal/mol)
(Hartree)

DFT/B3LYP results

P-1 -1226.7051282 0.000 -1226.9996859 0.000
P-5 -1226.7044199 0.444 -1226.9988501 0.524
p-2 -1226.7038580 0.797 -1226.9982955 0.872
P-8 -1226.7037152 0.887 -1226.9980214 1.044
P-6 -1226.7031583 1.236 -1226.9975006 1.371
P-7 -1226.7030342 1.314 -1226.9972689 1.517
P-12 -1226.7029698 1.354 -1226.9972459 1.531
P-9 -1226.7028667 1.419 -1226.9972001 1.570
P-3 -1226.7026558 1,551 -1226.9969760 1.700
P-4 -1226.7027308 1.504 -1226.9969562 1.713
P-13 -1226.7025670 1.607 -1226.9968752 1.764
P-10 -1226.7023005 1.774 -1226.9965499 1.968
P-14 -1226.7016324 2.194 -1226.9958063 2.434
P-11 -1226.7034598 1.047 -1226.9916249 5.058

DFT/BP86 results

P-1 -1226.6867457 0.018 -1226.9841367 0.000
P-5 -1226.6867736 0.000 -1226.9839969 0.088
P-6 -1226.6865535 0.138 -1226.9837525 0.241
P-8 -1226.6863433 0.270 -1226.9834988 0.400
P-11 -1226.6859671 0.506 -1226.9831773 0.602
P-2 -1226.6857276 0.656 -1226.9830104 0.707
P-9 -1226.6856260 0.720 -1226.9828556 0.804
P-4 -1226.6856283 0.719 -1226.9826967 0.904
P-3 -1226.6853130 0.917 -1226.9825168 1.017
P-12 -1226.6854506 0.830 -1226.9822884 1.160
p-7 -1226.6848361 1.216 -1226.9819730 1.358
P-10 -1226.6845743 1.380 -1226.9817780 1.480
P-13 -1226.6845950 1.367 -1226.9817603 1.491
P-14 -1226.6844996 1.427 -1226.9815990 1.592

a Results obtained using the B3LYP/6-31+G(d,p) method
b Results obtained using the B3LYP/6-311+G(2d,p) method, starting from optimised geometries
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5.3.7. Relative stability and binding energies for the pedicellin-.-Fe™ complexes
The optimised pedicellin---Fe"" complexes are shown in Figure 5.18 for the DFT/B3LYP method
and Figure 5.19 for the DFT/BP86 method; the corresponding AE (kcal/mol) values are reported
in Table 5.23. Among the complexes of pedicellin with the Fe(ll) cation the lowest-energy
complex corresponds to coordination at the methoxy—keto reactive site, which is a result similar
to that found in vacuo. Although the AE gap in water solution is significantly dampened with
respect to that in vacuo, it is reasonable to state that since all other conformers have relative
energies above 5 kcal/mol, the coordination at the methoxy—keto reactive site is the most
probable to observe in water solution. The least preferred coordination site is the r system of the

aromatic ring B.

Among the Fe(l1l) complexes, the AE gap is significantly decreased with respect to the results in
vacuo. However, most of the complexes of pedicellin with Fe(lll) cation have large relative
energy values, so that they may not be considered to exist in vivo. The results also show that the
Fe™ ion does not prefer to coordinate to the  system of ring B, what is consistent with the

results observed in vacuo.

The bond distances in for the 02'---Fe?* interactions in P-2-02'-Fe(11)-09 and in P-2-02'-
Fe(111)-09 complex have values of 2.185 A and 2.235 A respectively, while the 09---Fe?* bond
distance has values of 2.079 A and 2.096 A respectively. These values suggest elongation of the
bond distances in water solution with respect to the results in vacuo. The elongation in the bond
distances are in agreement with the fact that both the ligand molecule and the Fe"* cations are

interacting not only with each other but also with the solvent molecules within their vicinity.
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P-2-02"-Fe(Il)-09 P-1-06'-Fe-(11)-C7,8  P-9-03'-Fe(lll)-04'  P-1-02'-Fe(ll)-03'  P-2-ring-Fe(111)-B

Figure 5.18 B3LYP/6-31+G(d,p) optimised pedicellin---Fe"" complexes arranged in order of
increasing relative energy (AE, kcal/mol). B3LYP/6-311+G(2d,p)//B3LYP/6-31+G(d,p) results
in water solution. The bond length between the cation and the ligand are reported in A.
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0.000 7.900 11.011 11.377 20.440
P-2-02'-Fe(I1)-09  P-9-03'-Fe(I1)-04’ P-1-02'-Fe(I1)-03'  P-1-06'-Fe-(11)-C7,8  P-2-ring-Fe(11)-B

0.000 8.894 10.772 13.027 18.321
P-2-02'-Fe(Il)-09  P-1-02'-Fe(ll)-03'  P-9-03"-Fe(ll)-04'  P-1-06'-Fe-(111)-C7,8  P-1-ring-Fe(ll)-B

Figure 5.19 BP86/6-31+G(d,p) optimised pedicellin---Fe"* complexes arranged in order of

increasing relative energy (AE, kcal/mol). BP86/6-311+G(2d,p)//BP86/6-31+G(d,p) results in
water solution. The bond length between the cation and the ligand are reported in A.
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Table 5.23 Relative energy (AE, kcal/mol) values for pedicellin---Fe"" complexes formed from

neutral pedicellin and Fe" cations in water solution

Complex A2 BB

total energy AE total energy AE

(Hartree) (kcal/mol) (Hartree) (kcal/mol)

DFT/B3LYP results
P-2-02'-Fe(I)-09° -1349.9200337 0.000 -2490.5024865 0.000
P-2-ring-Fe(11)-A° —c ¢ —c —c
P-1-02'-Fe(I)-03' -1349.9078188 7.665 -2490.4924995 6.267
P-1-06'-Fe-(11)-C7,8 -1349.9104170 6.035 -2490.4904843 7.531
P-9-03'-Fe(I)-04' -1349.9117427 5.203 -2490.4881777 8.979
P-2-ring-Fe(l1)-B -1349.9004202 12.308 -2490.4801380 14.020
P-1-02'-Fe(I11)-09° -1349.7122635 -2490.2962266 0.000
P-1-ring-Fe(lI)-A° - - - €
P-1-06'-Fe-(111)-C7,8 -1349.7020600 6.403 -2490.2900106 3.901
P-9-03'-Fe(I11)-04' -1349.7008398 7.168 -2490.2880595 5.125
P-1-02'-Fe(I11)-03' -1349.6757134 22.94 -2490.2652881 19.410
P-2-ring-Fe(l11)-B -1349.7006059 7.315 -2490.2549995 25.870
DFT/BP86 results
P-2-02'-Fe(I1)-09¢ -1349.9497026 0.000 -2490.6261296 0.000
P-2-ring-Fe(l11)-A° —c ¢ ¢ —c
P-9-03'-Fe(I)-04' -1349.9376421 7.568 -2490.6135409 7.900
P-1-02'-Fe(I)-03’ -1349.9341213 9.777 -2490.6085821 11.011
P-1-06'-Fe-(11)-C7,8 -1349.9325548 10.760 -2490.6079989 11.377
P-2-ring-Fe(11)-B -1349.9213428 17.796 -2490.5935562 20.440
P-2-02'-Fe(I11)-09° -1349.7461459 0.000 -2490.4272431 0.000
P-2-ring-Fe(l11)-A° - - - -
P-1-02'-Fe(I11)-03’ -1349.7357788 6.505 -2490.4130700 8.894
P-9-03'-Fe(l11)-04’ -1349.7323328 8.668 -2490.4100765 10.772
P-1-06'-Fe-(111)-C7,8 -1349.7303668 9.902 -2490.4064840 13.027
p-2-ring-Fe(I11)-B -1349.7293461 10.542 -2490.3980467 18.321

2 Results obtained using the 6-31+G(d,p) basis set
b Results obtained using the 6-311+G(2d,p) basis set, starting from optimised geometries

¢On optimisation, the Fe™ cation drifts away from the aromatic ring and the two complexes become identical
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The binding energy (AE'binding, kcal/mol) values for the pedicellin--Fe™ complexes are reported
in Table 5.24. All the binding energies are positive, indicative that the interaction between
pedicellin and the Fe™ cations leads to favourable thermodynamic reaction. In water solution the
binding energy values are significantly dampened with respect to the result in vacuo. Among the
complexes with the Fe™ cations the strongest binding corresponds to the coordination of the
cations to the methoxy—keto reactive site, with MIA values of 18.082 kcal/mol for Fe(Il) cation
and 75.499 kcal/mol for Fe(lll) cation. Coordination of the Fe"* cation to the methoxy—methoxy
reactive site gives a MIA value of 11.296 kcal/mol. The weakest binding corresponds to the

coordination of the Fe(ll) cation to the r system of the aromatic ring B.

Among the complexes with the Fe(lll) cation, coordination to the methoxy—a,—unsaturated
reactive site corresponds to the second highest binding energy of 62.681 kcal/mol, a trend
different to that observed for the coordination of the Fe(ll) cation. The weakest binding energy
corresponds to the coordination of the cation to the methoxy—methoxy reactive site, with MIA

value of 36.780 kcal/mol, this trend is different to that observed for the Fe(Il) complexes.

A comparison of the AE'pinding Values of the complex with pedicellin suggest that pedicellin acts
as a better antioxidant when chelating the Fe(lll) cation than the Fe(ll) cation. A trend also

observed for the complexes with kanakugiol both in vacuo and in water solution.

Overall, it is reasonable to state that both kanakugiol and pedicellin have high metal ion affinity
and the formation of their complexes with Fe"™ ions is a thermodynamically favored process.
However, their AE'binding Values are lower than those of flavonoids such as quercetin [113] and
oxovitisin [242], indicating that chalcone derivatives may be weaker metal chelators than

flavonoid derivatives.
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Table 5.24 Binding energy values for pedicellin---Fe™ complexes in water solution. The

complexes are arranged in order of decreasing AE’vinding Values

Complex A2 BB
AEinter, AEdef AE/binding, AEinter, AEdef AE’binding,

kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol
DFT/B3LYP results
P-2-02'-Fe(11)-09° -1.366 2.151 3.517 -15.583 2.499 18.082
P-2-ring-Fe(11)-A° -8 -8 -8 -2 —a —a
P-9-03'-Fe(I1)-0O4’ 3.215 1.298 -1.917 -10.003 1.2925 11.296
P-1-02'-Fe(11)-03’ 7.096 3.700 —3.396 -5.7321 3.8419 9.574
P-1-06'-Fe-(11)-C7,8 5.466 0.401 —5.065 —7.180 0.468 7.648
P-2-ring-Fe(l1)-B -10.942 0.091 11.033 —-1.556 0.184 1.743
P-2-02'-Fe(I11)-09° —45.020 7.227 52.247 -43.730 31.719 75.499
P-2-ring-Fe(l11)-A° -2 -8 -8 -2 —a —a
P-1-06'-Fe-(111)-C7,8 -50.370 17.139 67.509 -45.321 17.450 62.681
P-2-ring-Fe(l111)-B 47.036 15.215 62.246 -11.584 37.055 48.639
P-9-03'-Fe(111)-04' -51.023 13.591 64.614 -47.158 13.586 60.744
P-1-02'-Fe(I11)-03' —33.837 6.781 40.618 -46.132 17.648 63.780
DFT/BP86 results
P-2-02'-Fe(I1)-09¢ —4.668 2.383 7.051 -19.749 2.734 22.483
P-2-ring-Fe(11)-A° -2 —a —a —a —a —a
P-9-03'-Fe(11)-04’ 2.836 1.333 -1.503 —11.946 1.347 13.293
P-1-02'-Fe(11)-03’ 5.748 2.871 —-2.877 -8.031 3.020 11.051
P-1-06'-Fe-(11)-C7,8 6.731 1.506 -5.225 —7.665 1.754 9.419
P-2-ring-Fe(11)-B 13.128 0.217 -12.911 0.691 0.311 —0.380
P-2-02'-Fe(l11)-09¢ —69.494 10.430 79.924 —72.100 10.871 82.971
P-1-02'-Fe(I1)-03'¢ —62.350 12.410 74.760 —62.499 12.632 72.131
P-2-ring-Fe(111)-A -a —a _a _a _a _a
P-1-06'-Fe-(111)-C7,8 -58.954 11.57 70.524 -58.366 11.855 70.221
P-9-03'-Fe(I11)-04' —60.890 9.189 70.079 —61.424 9.116 70.540
P-2-ring-Fe(l11)-B —61.125 8.010 69.135 -60.759 10.364 71.123

2 Results obtained using the 6-31+G(d,p) basis set

b Results obtained using the 6-311+G(2d,p) basis set, starting from optimised geometries

¢On optimisation, the Fe™ cation drifts away from the aromatic ring and the two complexes become identical
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5.3.8. AIM analysis of the bonding within the pedicellin---Fe"™* complexes

The bond critical point values for the analysis of the electron density p(r) and its Laplacian
V2p(r) of the electron density are reported in Table 5.25 for the DFT/B3LYP results and Table
5.26 for the DFT/BP86 results. Among the complexes of the Fe(ll) cation the strongest bond
corresponds to the 09---Fe bond with p value of 0.064 e/A3 and 0.075 e/A® for the Fe(lI1) cation.
These results are consistent with the results in vacuo and the trend in the binding energies. The
weakest bond corresponds to the coordination of the Fe™ cation to C7 with p value of 0.006 e/A3
for both the Fe(ll) and Fe(l11) cation.

The positive values of the Laplacian are indicative of closed-shell interactions between the cation
and the ligand molecule. This observation if further supported by the values of H which are
closer to zero. The |V|/G ratio is however largely < 1, which suggests that the interactions are
inclined towards ionic character. Therefore, with all the investigated chalcone derivatives,

interactions in water solution are significantly weak as compared to the interactions in vacuo.

Table 5.25 Bond critical point data and spin density for the studied pedicellin---Fe™ complexes,
UB3LYP/6-31+G(d,p) results in water solution

Complex Bond P VZp \Y G H V]
type e/A3 e/AS (Hartree) | (Hartree) (Hartree) G

P-2-02'-Fe(11)-09 02'---Fe 0.048 0.263 —0.063 0.064 0.001 0.984
09---Fe 0.064 0.327 -0.084 0.083 —0.001 1.012

P-1-02'-Fe(11)-0O3' 02'---Fe 0.046 0.238 —0.058 0.059 0.001 0.983
03'---Fe 0.038 0.179 —0.043 0.044 0.001 0.977

P-9-03'-Fe(11)-O4' 03'--Fe 0.047 0.247 —0.059 0.060 0.001 0.983
04'---Fe 0.046 0.238 —0.057 0.058 0.001 0.983

P-1-06'-Fe-(I1)-C7,8 06'---Fe 0.057 0.316 -0.077 0.078 0.001 0.987
C7---Fe 0.006 0.018 —0.004 0.004 0.000 1.000

P-2-02'-Fe(111)-09 02'---Fe 0.045 0.200 —0.048 0.049 0.001 0.980
09---Fe 0.075 0.420 -0.112 0.108 —0.004 1.037

P-1-02'-Fe(111)-03' 02'---Fe 0.039 0.184 -0.044 0.045 0.001 0.978
03'---Fe 0.035 0.164 —0.039 0.040 0.001 0.975

P-9-03'-Fe(111)-04' 03'---Fe 0.032 0.146 —-0.034 0.035 0.001 0.971
0O4'---Fe 0.038 0.189 —0.045 0.046 0.001 0.978

P-1-06'-Fe-(111)-C7,8 06'---Fe 0.009 0.030 —0.008 0.008 0.000 1.000
C7---Fe 0.006 0.017 —0.004 0.004 0.000 1.000
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Table 5.26 Bond critical point data and spin density for the studied pedicellin---Fe™ complexes,
UB3LYP/6-31+G(d,p) results in water solution

Complex Bond p V?p \% G H VI
type e/ A3 e/ A5 (Hartree) (Hartree) (Hartree) G

P-2-02'-Fe(11)-09 02'--Fe 0.092 0.490 —-0.146 0.134 —-0.012 1.088
09---Fe 0.130 0.710 —-0.251 0.214 —0.037 1.171

P-2-ring-Fe(11)-B Cl--Fe 0.046 0.144 —0.051 0.043 —0.007 1.170
C2---Fe 0.046 0.147 —0.052 0.044 —0.007 1.167

C4---Fe 0.048 0.152 —0.054 0.046 —0.008 1.173

C5---Fe 0.047 0.152 —0.053 0.045 —0.007 1.164

P-1-02'-Fe(11)-03' 02'---Fe 0.069 0.380 —-0.102 0.099 —0.004 1.036
03'--Fe 0.070 0.400 —-0.106 0.103 —0.003 1.029

P-9-O3'-Fe(l1)-04' 03'--Fe 0.065 0.369 —0.096 0.094 —0.002 1.020
04'--Fe 0.068 0.390 —0.103 0.100 —0.003 1.025

P-1-O6'-Fe-(I1)-C7.,8 06'---Fe 0.056 0.312 —-0.079 0.079 0.000 1.008
C7--Fe 0.091 0.152 —-0.097 0.067 —-0.029 1.434

P-2-02'-Fe(111)-09 02'---Fe 0.071 0.407 —0.108 0.105 —0.003 1.032
09---Fe 0.130 0.682 —0.242 0.206 —0.036 1.173

P-2-ring-Fe(l11)-B C4---Fe 0.053 0.151 —0.058 0.048 —0.010 1.216
P-1-02'-Fe(l11)-03' 02'---Fe 0.070 0.404 —-0.107 0.104 —0.003 1.029
03'---Fe 0.072 0.411 —0.109 0.106 —0.003 1.031

P-9-O3'-Fe(l11)-04' 03'---Fe 0.072 0.415 -0.111 0.107 —0.004 1.034
04'---Fe 0.069 0.380 -0.101 0.099 —0.003 1.026

P-1-O6'-Fe-(111)-C7,8 06'---Fe 0.081 0.416 -0.119 0.111 —0.007 1.065
C2---Fe 0.050 0.114 —0.047 0.038 —0.009 1.249

C7--Fe 0.053 0.140 —0.057 0.046 —0.011 1.235

5.3.9. NPA charges, spin density and orbital occupancies

The NPA charges and the spin density values are reported in Table 5.27 for the pedicellin---Fe"*
complexes. Among the complexes with the Fe(ll) cation the charge is reduced from +2 to a
1.867-1.988 e range and from +3 to a 1.652—2.016 e range for the Fe(ll) and Fe(lll) cation
respectively. Therefore in water solution, the Fe(ll) cation undergoes minimal reduction
compared to the in vacuo results, a results which was also found for butein, homobutein and
kanakugiol. The largest amount of charge transfer corresponds to the coordination of the Fe™
cations to the methoxy—keto reactive site for the Fe(ll) cation and to the
methoxy—a., —unsaturated reactive site for the Fe(ll) cation. Coordination of the Fe(ll) cation to
the m system of aromatic ring B shows that at this site there is less charge transfer, a different
trend is observed for the in vacuo study. For the Fe(lll) cation the least amount of charge is

transferred at the coordination to the methoxy—methoxy site shows.
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Table 5.27 NPA charges and spin density values for the Fe"™ cations in complexes with
pedicellin results in water solution

charge (e) spin density

Complex DFT/B3LYP results | DFT/BP86 results | DFT/B3LYP results | DFT/BP86 results
P-2-02'-Fe(I1)-09? 1.869 1.804 3.914 3.857
P-2-ring-Fe(11)-A? -a —a _a _a
P-2-ring-Fe(l1)-B 1.988 1.985 3.994 3.989
P-1-02'-Fe(I)-03' 1.961 1.876 3.947 3.909
P-9-03'-Fe(I)-04' 1.915 1.872 3.939 3.903
P-1-06'-Fe-(11)-C7,8 1.942 1.894 3.960 3.918
P-2-02'-Fe(I11)-09? 2.016 1.996 3.896 4.154
P-2-ring-Fe(l11)-A? -2 -a -a _a
P-2-ring-Fe(111)-B 1.867 3.889 4.021
P-1-02'-Fe(111)-03' 1.935 2.015 3.955 4.044
P-9-03'-Fe(I11)-04' 1.946 2.026 3.961 4,051
P-1-06'-Fe-(111)-C7,8 1.979 1.927 3.993 3.940

@ On optimisation the Fe™ cations migrates from the ring and the two complexes become identical

Analysis of the spin density values suggests that there is a decrease in the spin density values
with a 3.914-3.994 range for the Fe(ll) which indicates minimal transfer, similar results are
obtained for the charge transfer, where is water solution Fe(ll) is minimally reduced and a
3.955-3.993 range for the Fe(lll) cation. This reduction in the spin density implies that
pedicellin has the ability to act as a good antioxidant in both media. The spin density
distributions for the pedicellin---Fe"" complexes are shown in Figure 5.20. The trend in the spin
density distribution is similar to that reported for kanakugiol, namely, for the pedicellin---Fe?*,
the spin density is largely localised on the Fe™ cation while for the pedicellin---Fe** complexes,

the spin density is also delocalised towards the neighbouring rings of the pedicellin molecule.
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Figure 5.20 Spin density distribution for the pedicellin---Fe"™ complexes formed from
interactions of neutral pedicellin B3LYP/6-31+G(d,p) results in water solution. The surface
isovalue used is 0.0004 au. The blue colour corresponds to positive spin densities and the green
colour denotes the negative spin density.

The natural orbital occupancies are reported in Table 5.28 for the pedicellin---Fe™ complexes.
Analysis of the 4s orbitals shows that upon coordination to the ligand to from metal---ligand
complexes the ligand tends to donate electrons to the Fe™ cations, which is seen by the increase
in the occupancy from 0.000 to a 0.002—0.078 e range for the Fe(Il) cation and from 0.000 to a
0.014-0.126 e range for the Fe(l11) cation. Analysis of the occupancy of the d orbitals among the
complexes with the Fe(ll) cation suggests that the dxy may have a tendence to donate electrons to
the pedicellin ligand while among the complexes with the Fe(lll) cation the ligand donates
electrons to the partially filled dyy orbital of Fe"™ cation. Analysis of the dx, dyz, dx??, and the
d/* orbital shows that upon complexation the ligand tends to transfer electron density to the
partially filled dy, dyz, dx%y?, and d,? orbitals of the Fe"* cations. Similar results were obtained

for other chalcone derivatives investigated in this work.
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Table 5.28 Natural atomic orbital occupancies for some valence orbitals in the isolated Fe"
cations pedicellin---Fe"™ complexes in water solution

Isolated and Fe complex Orbitals and the corresponding natural atomic orbital occupancies

S (4s) dyy (3d) dx, (3d) dy; (3d) dy%? (3d) d/ (3d)
DFT/B3LYP results
Fe(ll) 0.000 1.998 1.000 1.000 1.000 1.000
P-2-02’'-Fe(I1)-09 0.037 1.454 1.102 1.140 1.025 1.345
P-2-ring-Fe(11)-A - - - - -a —a
P-2-ring-Fe(11)-B 0.002 1.023 1.244 1.681 1.051 1.003
P-1-02'-Fe(11)-03' 0.018 1.330 1.075 1.378 1.113 1.141
P-9-03'-Fe(11)-04’ 0.022 1.233 1.278 1.047 1.411 1.075
P-1-06'-Fe-(11)-C7,8 0.012 1.149 1.824 1.011 1.017 1.022
Fe(l1) 0.000 1.000 1.000 1.000 1.000 1.000
P-2-02'-Fe(111)-09 0.036 1.140 1.088 1.095 1.060 1.537
P-2-ring-Fe(l11)-A -8 -8 -8 —a —a —a
P-2-ring-Fe(l11)-B 0.118 1.165 1.233 1.274 1.117 1.161
P-1-02'-Fe(111)-03’ 0.015 1.300 1.091 1.396 1.145 1.096
P-9-03'-Fe(111)-04’ 0.014 1.094 1.257 1.021 1.525 1.126
P-1-06'-Fe-(111)-C7,8 0.126 1.084 1.120 1.496 1.277 1.168
DFT/BP86 results
Fe(ll) 0.000 1.998 1.000 1.000 1.000 1.000
P-2-02'-Fe(I1)-09 0.168 1.327 1.138 1.522 1.215 1.404
P-2-ring-Fe(l1)-A -a —a _a _a _a _a
P-2-ring-Fe(l1)-B 0.098 1.544 1.328 1.609 1.115 1.321
P-1-02'-Fe(11)-03 0.149 1.434 1.369 1.688 1.159 1.079
P-9-03'-Fe(11)-04' 0.153 1.246 1.203 1.072 1.498 1.734
P-1-06'-Fe-(11)-C7,8 0.180 1.359 1.545 1.582 1.182 1.076
Fe(ll1) 0.000 1.000 1.000 1.000 1.000 1.000
P-2-02'-Fe(111)-09 0.121 1.641 1.294 1.124 1.114 1.392
P-2-ring-Fe(l1)-A —a —a —a —a —a -2
P-2-ring-Fe(l11)-B 0.118 1.165 1.233 1.274 1.117 1.161
P-1-02'-Fe(l11)-03’ 0.111 1.234 1.151 1.813 1.298 1.181
P-9-03'-Fe(111)-04’ 0.113 1.289 1.203 1.047 1.429 1.709
P-1-06'-Fe-(111)-C7,8 0.183 1.349 1.329 1.361 1.245 1.312

@ On optimisation, the Fe™ cation drifts away from the aromatic ring and the two complexes become identical

The results of the study presented in this chapter can be summarised in terms of the prefered
binding site, the spin density distribution as well as charge distribution. The prefered binding site
is the hydroxy-keto site for kanakugiol and the methoxy-keto site for pedicellin. There is a
decrease in the charge as well as the spin density on the Fe" ions upon coordiation to the ligand.
Analysis of the metal orbial occupancies suggests that the 4s orbital occupancy tends to increase,

while the occupancy of the d orbitals is variant and non-univocal.
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5.4. Comparison of the results obtained with different calculation

methods

This section gives a comparison of the results obtained using the DFT/B3LYP method and the
DFT/BP86 method. Analysis of the relative stability of the conformers shows that for the
conformers of kanakugiol in vacuo, the first four conformers remain the same among the
different calculation methods, for the remaining conformers, different trends are observed.
Analysis of the conformers of pedicellin shows different trends in the relative stability of the
conformers with DFT/B3LYP and the DFT/BP86 method. In water solution, a comparison of the
kanakugiol conformers across the different methods shows that only the lowest-energy
conformer remains the same, the remaining conformers show different trends. The conformers of
pedicellin show similar trends to those of kanakugiol that in water solution. However the relative
energy values shows that the DFT/BP86 method gives higher values than the DFT/B3LYP
method. The same trend is observed for the relative energy values of the complexes of the Fe™*
cations with either kanakugiol or pedicellin (i.e., values are higher with DFT/BP86 than with
DFT/B3LYP).

Analysis of the binding energy values suggest that in both media, the DFT/BP86 method tends to
overestimate the binding energy with respect to the values obtained using the DFT/B3LYP
method. The extent of overestimation is dependent on the site at which the metal ion is
coordinated. The tendency for BP86 functional to overestimate the binding energy has also been

reported for the butein and homobutein complexes (Chapter 4).

The result of the charges and the spin density values shows that the is no specific trend to be
identified that in some complexes the DFT/B3LYP method shows the greatest reduction in
charge while for some complexes the DFT/BP86 shows the greatest reduction in charge for both
Fe(Il) and Fe(l11) complexes in vacuo and in water solution. A similar conclusion was arrived at
when comparing the performance of these methods on the determining the charges and spin

density values for butein and homobutein.
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CHAPTER 6

SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

The iron chelation ability of four chalcone derivatives namely, butein, homobutein, kanakugiol
and pedicellin has been investigated with the aim of elucidating their antioxidant properties, in
vacuo and in water solution. Three parameters, which provide information on the antioxidant
properties, which were investigated, are the metal ion affinity, spin density and partial charges on
the metal cations. The study has been performed using the DFT/B3LYP and DFT/BP86
methods; the 6-31+G(d,p) basis set has been selected for the description of the C, H and O atoms
while the LANL2DZ basis set has been selected for the Fe™ cations. Single point calculations,
using the 6-311+G(2d,p) basis set, have been performed to refine the energies.

The initial study for each of the chalcone derivative involved the investigation of the preferred
conformation. The results show that conformational stability is influenced by an interplay
between intramolecular hydrogen bonds, arrangement of the 2-propen-1-one aliphatic chain,
orientation of the methoxy groups (i.e., in the kanakugiol and pedicellin ligands) and in water
solution, the solvent effects. The presence of the intramolecular hydrogen bonds plays the
greatest role in conformational stability. The influence of the aliphatic chain arrangement is such
that the conformers with the non-bent chain are preferred for butein, homobutein and kanakugiol
and conformers with the bent chain are preferred for pedicellin. In water solution the relative
energies of the conformers is dampened with respect to the results in vacuo such that some of the
conformers that are considered not populated in vacuo are populated in water solution. The

preference of such conformers is related to their ability to interact with solvent molecules.

Analysis of the relative energy results obtained for the ligand---Fe"" complexes shows that for
both the results in vacuo and in water solution the most preferred coordination are at the
hydroxyl-keto reactive site for butein and homobutein, while for pedicellin it is the
methoxy—keto reactive site. Among the complexes of kanakugiol, the preferred binding sites
include the hydroxyl-keto and the hydroxyl-methoxy reactive sites. Complexes formed by
coordinating the Fe" ion at all other possible reactive sites can be considered not to exist in
vacuo. However, in water solution, the relative energy among the different complexes are

significantly decreased such that coordination at other reactive sites, such as the methoxy-
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methoxy, may be observed in vivo. The implication for the results reported here is that the metal
chelation antioxidant activity of the studied chalcone derivatives may be related to the
coordination of the Fe"" cations at the hydroxyl-keto reactive site for butein, homobutein and

kanakugiol and at the methoxy—keto reactive site for pedicellin.

The metal ion affinity values for all the metal-ligand complexes investigated have positive
values, which suggest that the selected chalcone derivatives are able to bind the Fe™ cations in
vacuo and in water solution. In water solution the binding energies are significantly dampened
indicating that interactions in water solution are weaker than interactions in vacuo. However,
with all the calculation methods and in all the media, the strongest interaction between the ligand
and the Fe™ cations involves the hydroxyl-keto reactive site for butein, homobutein and
kanakugiol, and involves the methoxy—keto reactive site for pedicellin. The implication for these
findings is that the Fe" cation rarely binds at the methoxy-methoxy reactive sites present in both
kanakugiol and pedicellin, which in turn implies that the antioxidant properties of the studied
compounds is most probably related to their ability to interact with the Fe™ ions at the
hydroxyl—keto reactive site for butein, homobutein and kanakugiol, and at the methoxy—keto
reactive site for pedicellin. The deprotonated species of butein, homobutein and kanakugiol give
higher Fe" ion affinity than the corresponding neutral species, which may be related to the high
electron density of the deprotonated anion species. This result implies that deprotonated species
of chalcone derivatives are likely to exhibit greater antioxidant properties than the corresponding

neutral species.

The metal ion affinity ordering among the ligand species often corresponds to their antioxidant
activity. A comparison of the Fe"* ion affinity for kanakugiol and pedicellin with that of butein
and homobutein indicates that the former are better Fe chelators than the latter. The results
obtained also show that the selected chalcone derivatives tend to bind the Fe(lll) cation better
than they do the Fe(ll) cation. The ability of the Fe(lll) to bind all chalcone derivatives much
stronger than Fe(ll) cation; Fe(l1l) is considered as a hard Lewis acid while Fe(ll) is a borderline
Lewis acid, and does not bind as strongly to the hard O atoms of polyphenols as does Fe(lll). In
comparison with other groups of polyphenols, the binding energies values for butein,
homobutein, kanakugiol and pedicellin suggests that they are lower than those of flavonoids such
as quercetin, which implies that chalcone derivatives may be weaker metal chelators than

flavonoids.
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The atom in molecule (AIM) analysis scheme was also utilised to investigate the nature of the
bonding between the metal ion and the ligand molecules. The results suggest that the strongest
bond corresponds to the coordination of the cation to the keto O atom, and that in vacuo, the in
interactions between the cation and the ligands tend to be dative in character while in water

solution, the interaction between the cation and the ligand tend to be pure ionic in nature.

An appraisal of the reducing ability of the selected chalcone derivatives was performed through
analysis of the partial atomic charge on the Fe"™ ions when coordinated at a particular site on the
ligand. In vacuo, there is significant positive charge transfer for both the Fe(ll) and the Fe(lll)
cations while in water solution there is minimal charge transfer for the Fe(ll) cation. This result
may imply that in water solution the chalcone derivatives only chelate the Fe(Il) cation without
necessarily reducing it while the Fe(l11) cation is both chelated and reduced to Fe(ll). The ability
of the selected chalcone derivatives to reduce Fe(lll) ion to Fe(ll) ion is another indication of the
possible antioxidant effectiveness of the selected chalcone derivatives. This observation is
further supported by the reduction in the spin density of the Fe"" cations.

The results reported in this work provide a reasonable starting basis for understanding the metal
chelation antioxidant properties of chalcone derivatives. However, it is worth considering that
there can be further improvements on various level of this study in order to enhance the
simulation of the antioxidant activities of chalcone derivatives, and indeed other groups of
compounds that exhibit antioxidant properties. For instance, a recommendation is made that
further studies on the antioxidant properties of chalcone derivatives should consider inclusion of
the polarisation functions for the description of the Fe"* cations — in order to improve the
description of the geometries of the resultant complexes. Future studies could also consider
investigating the antioxidant properties of chalcone derivatives in non-polar media, since the
biological media consist of aqueous medium and non-aqueous medium; therefore, it would be
meaningful to also simulate the metal chelation mechanism in non-polar medium. Another
recommendation that is of high importance, is related to the stoichiometry ratio between the
ligand and the metal ion. Polyphenol derivatives are known to chelate transition metal ions with
a variety of stoichiometries. Complexes with a metal:polyphenol ratio of 1:1, 1:2, 2:2 and 2:3
stoichiometries have been reported. The current study investigated only the 1:1 stoichiometry
ratio. It is therefore recommended that future studies could consider investigation of at least the
1:2 stoichiometry ratio, whenever computational affordability allows for such studies.
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