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Abstract Phenolic amides have been investigated
extensively as efficient antioxidant compounds by means
of experimental techniques. However, their mode of
action has not been determined through the use of theo-
retical approaches. In this study, theoretical studies on
the conformational and antioxidant properties of phe-
nolic acid amides were performed to investigate factors
that contribute to their conformational preferences and
to elucidate their antioxidant properties and mecha-
nisms. The antioxidant activity of selected phenolic
acid amides has been considered through the ability of
the compounds to scavenge free radical species and che-
late metal ions. The antiradical mechanisms were inves-
tigated using the B3LYP/6-3114G(d,p) method, and
the metal chelation mechanism was investigated using
the B3LYP/6-311+G(3df,2p)//B3LYP/6-3114+G(d,p)
method. The results show that the preferred conformers
for the neutral and anionic conformers are stabilised by
the presence of intramolecular hydrogen bonds (IHBs).
The neutral and cationic radical species are stabilised
by both IHBs and the spin density delocalisation of the
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unpaired electron. The preferred Cu complex is one in
which the Cu ion interacts simultaneously with the car-
bonyl group and the benzene ring of the aromatic amine
moiety. An estimated metal ion affinity is influenced by
the nature of the ligand and the media. In comparison
with the isolated Cu(Il) ion, the charge on the coordi-
nated metal ion decreases from 2 to ~1 suggesting that
the Cu ion is reduced on interaction with the ligand mol-
ecule undergoes oxidation.
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Abbreviations
MIA Metal ion affinity
IHB Intramolecular hydrogen bond

ROS Reactive oxygen species

RNS Reactive nitrogen species

DFT Density functional theory

HAT Hydrogen atom transfer

SET Single-electron transfer

SET-PT Single-electron transfer followed by proton
transfer

SPLET  Sequential proton loss electron transfer

BDE Bond dissociation enthalpy

AIP Adiabatic ionisation potential
PDE Proton dissociation enthalpy
ETE Electron transfer enthalpy

PA Proton affinity

T™C Transition metals chelation
NBO Natural bond order
AIM Atoms in molecule

Cp Critical point
BCP Bond critical point
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Introduction

Many biochemical reactions in our body involve the gen-
eration of reactive oxygen species (ROS) or reactive nitro-
gen species (RNS). Under normal conditions, the balance
between the generation and reduction in ROS is controlled
by the body’s antioxidant defence mechanism. However,
under certain pathological conditions, when ROS are not
effectively eliminated by the body’s antioxidant defence
mechanism, the dynamic balance between the generation
and elimination of ROS is broken. As a result, ROS may
attack the biomolecules such as lipids, carbohydrates, pro-
teins and DNA, causing cellular damage and resulting in
oxidative stress. The consequence of cellular damage is the
development of various degenerative diseases such as cardi-
ovascular, neurodegenerative and Alzheimer’s diseases, and
cancers [1-4]. In order to protect against cellular damage
by ROS, both synthetic and natural antioxidant molecules
are increasingly utilised to enhance the antioxidant capabil-
ity of the body system. However, synthetic antioxidants are
less preferred to natural products because of their adverse
side effects on some of the body organs, such as liver [5-7].
Thus, considerable attention has been given to the search
for natural antioxidants (often from plant sources). The
current study focuses on the antioxidant potential of phe-
nolic acid amide derivatives. These compounds have been
reported both as natural products and as synthetic prod-
ucts. They possess various biological activities includ-
ing antibacterial, antiviral, anti-inflammatory, antioxida-
tive, and antiproliferative [8—14]. Phenolic acid amides
are conjugates of aromatic amines to phenolic acids. Both

aromatic amines and phenolic acids have been reported to
possess antioxidant activities [15-20]. Therefore, a study
of the antioxidant activity of phenolic acid amides would
yield useful information on the effect of conjugation of the
constituent molecules on the antioxidant properties of the
phenolic acid amides. The aromatic amines selected for the
study are phenylethylamine, tyramine and dopamine, and
the phenolic acids selected for the study are cinnamic acid,
coumaric acid and caffeic acid. The conjugated phenolic
acid amides selected for the study include caffeoyltyramine
(CaTy), caffeoyldopamine (CaD), caffeoylphenylethyl-
amine (CaPEA), cinnamoyldopamine (CiD) and p-cou-
maroyldopamine (p-CoD). The structures of the selected
compounds are shown in Fig. 1 together with the atom
numbering interesting for the discussion of the study.
Although extensive experimental and theoretical studies
on the antioxidant activity of the isolated aromatic amines
and phenolic acids have been reported [20-26], only exper-
imental findings have been reported extensively on the anti-
oxidant activity of phenolic acid amide derivatives [10, 12,
14, 27]. Therefore, the objective of this work is to study the
electronic and molecular properties of these compounds
in order to understand the mechanism of their antioxidant
activity and to compare the information thereof with that
of the constituent phenolic acids and aromatic amines. The
study is performed utilising the density functional theory
(DFT) with the B3LYP functional, for both the study of
both the antiradical activity and the metal chelation mecha-
nism. The calculations are performed in vacuo, in benzene,
in acetonitrile and in water solvents. The investigation in
different media is meant to mimic the different aqueous and
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caffeonylphenylethylamine caffeonyltyramine caffeonyldopamine p-coumaroyldopamine cinnamonyldopamine
(CaPEA) (CaTy) (CaD) (p-CoD) (CiD)

Fig. 1 Schematic representation of the studied phenolic acid amides,
and the atom numbering for the main skeletal is shown on caffeonyl-
dopamine structure. The O atoms and the H atoms are given the num-
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ber of the C atom to which they are bonded. The phenolic acid ring is
denoted X and the aromatic amine ring is denoted Y



Eur Food Res Technol (2015) 241:553-572

555

lipophilic environments found in biological systems where
antioxidants interact with both radical species and toxic
transition metal ions [4, 28, 29].

The schematic representation of the selected phenolic
acid amide derivatives and the atom numbering utilised in
this work are shown in Fig. 1. The structures are arranged
in order of increasing number of hydroxyl groups on the
aromatic amine ring (ring Y) and decreasing number of
hydroxyl groups on the phenolic acid ring (ring X). The
two main torsional degrees of freedom about the aliphatic
chain (the C1’'-C12-C11-N10 and the C12-C11-N10-C9’
torsion angles) and the single C—O bonds, connecting the
OH groups to the aromatic rings, are flexible, and their rota-
tion may result in several possible conformations. Because
of the presence of catecholic moiety (moieties) in all the
compounds, it is expected that all the compounds can be
stabilised by intramolecular hydrogen bonds (IHB) involv-
ing the phenolic OH groups at C3 and C4 or those at C3’
and C4’. THB are known to play significant roles in stabilis-
ing molecular conformations and in influencing biological
activities [30-42]. For instance, the antioxidant activities
of several biological molecules have been reported to be
enhanced by the presence of the IHB because of the role
of this interaction is stabilising the radical species formed
due to the transfer of the hydrogen atom or the electron [3,
4,29, 43, 44].

The assessment of antioxidant properties by a single
mechanism underestimates the antioxidant potential for
that particular molecule because it reflects only the ability
to inhibit a precise class of oxidants present. To this effect,
the current study investigates the antioxidant mechanism of
phenolic acid amides through both the antiradical and the
metal chelation mechanisms. The antiradical-scavenging
activity is often discussed through four mechanisms, the
hydrogen atom transfer (HAT, [45-47]), the single-electron
transfer (SET, [48]), the single-electron transfer followed
by proton transfer (SET-PT, [49]) and the sequential pro-
ton loss electron transfer (SPLET, [50]) mechanisms. The
HAT, SET-PT and SPLET mechanisms depend on the pres-
ence 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 4 ArOH — RH + ArO' (1)

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 ArO’ radical species, such as the resonance
delocalisation of the electron within the aromatic ring and
the formation of the quinine structure, increase the antiradi-
cal activity. The ability of phenolic antioxidants to donate a
hydrogen atom is mainly governed by the homolytic O-H
bond dissociation enthalpy (BDE).

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 spe-
cies. In the case of antioxidant reactions involving radical
species, the antioxidant compound (ArOH) transfers a sin-
gle electron to the radical species (R):

R + ArOH — ArOH™' + R~ )

Relative reactivity in SET mechanism is primarily deter-
mined by adiabatic ionisation potential (AIP) value [51, 52]
of the reactive functional group. The lower the AIP value,
the more favourable the electron transfer reaction [48, 53].
The single-electron transfer followed by proton transfer
(SET-PT, [49]) 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.

3.1)

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.

R + ArOH —> ArOH ™" + R~

ArOH T — ArO + H' (3.2)

The numerical parameters related with the SET-PT mecha-
nism are the adiabatic ionisation 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™ @.1)

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 + HT — ArO + XH

The numerical parameters related with this mechanism are
the proton affinity (PA), for the first reaction step, and elec-
tron transfer enthalpy (ETE) for the second step.

The other mechanism used to describe antioxidant prop-
erties is transition metals chelation (TMC, [45]). Transition
metals have the ability to catalyse oxidative processes lead-
ing to the formation of hydroxyl radical species and

ArOH — ArO~ + H™ (5.1)

Transition metals also have the ability to decompose
hydroperoxides through the Fenton reaction:

H,05 + M"" — HO™ + HO' + M"tD+ (5.2)
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In the TMC mechanism associated with the formation of
the hydroxyl radical species (Eq. 5.1), each molecule which
may dissociate has the ability to chelate transition metal
ions. In particular, anions of polyphenols have the signifi-
cant abilities to chelate transition metal ions. Since chela-
tion of metals often occurs due to deprotonated hydroxyls
in the polyphenols, the ability of a molecule to produce the
proton is taken into consideration. The numerical param-
eter related with this mechanism is the gas-phase acidity,
which is identified with the vacuum enthalpy of the com-
pound (AH,g4jy). For the calculations in solvent media, the
free Gibbs energy (AG,gyy) 18 the parameter of interest.

Although the metal chelation mechanism is considered
a minor reaction in comparison with radical-scavenging
mechanisms [54], its occurrence in biological systems
plays significant role in the removal of toxic transition
metal ions through altering their redox potentials thereby
rendering them inactive. In cases where the metal chelation
mechanism is possible, it is governed by the ability of the
antioxidant molecule to reduce the transition metal ion (by
donating electrons to the metal ion) and to form a stable
metal-ligand complex. The formation of a stable complex
structure, as a result of the interaction of the antioxidant
(ligand) with the toxic transition metal ion, shields biologi-
cal targets from the metal ion (e.g. Fe’*, Fe’t, Cu*, ...),
thereby preventing metal-catalysed free radical reactions
[54, 55].

Phenolic acid amide derivatives, with their multiple
hydroxyl groups, aromatic rings and the carbonyl group on
the aliphatic chain, have several available sites for metal
complexation. However, there has not been any investiga-
tion concerned with the formation of stable complexes
between phenolic acid amides and transition metals ions.
This study considers the possible 1:1 stoichiometry that
metal/phenolic acid amide complexes can exhibit. The
copper(Il) cation (Cu®") has been selected for the inves-
tigation mainly because Cu and Fe are the most abundant
transition metal ions in biological systems.

Computational details

The geometry optimisations for the neutral species and the
radical species of phenolic acid amides were performed
with the DFT/B3LYP method using the 6-3114G(d,p)
basis sets [28, 56-58]. The restricted wave function was
employed for the closed-shell neutral species, and the unre-
stricted wavefunction was utilised for the open-shell radical
species. Geometry optimisation of each ArO’ radical was
performed starting from the optimised structure of the par-
ent molecule, after the H atom was removed from the pos-
sible position. Frequency calculations were performed, at
the same level of calculations as the geometry optimisation,
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on fully optimised conformers, to determine the nature
of the stationary points. Zero-point and thermal enthalp-
ies corrections, computed at 7 = 298 K and p = 1 atm in
the rigid rotor harmonic oscillator approximation, were
performed to obtain free energies and enthalpies. Solvent
effects on geometries and relative conformational stabilities
have been taken into consideration using the solvent model
density (SMD) model [59]. Calculations in different media
were performed using the B3LYP/6-3114-G(d,p) method
and starting from the optimised geometries in vacuo. The
utilisation of the geometry obtained in vacuo for calcula-
tions in the presence of the solvent allows for the possibil-
ity of tracking geometry changes as a result of the geom-
etry relaxation in solution.

The adiabatic ionisation potential (AIP) was estimated
using the equation [48, 53]

AIP = HM*)—HM) (6)

where M is the lowest-energy conformer for each of the
studied compounds, HMM %) is the enthalpy of the M cation
radical species, and H(M) is the enthalpy of M. The bond
dissociation enthalpy (BDE) was estimated by using the
equation

BDE = H, (ArO’) + Hy,(H') — Hy,(ArOH) %

where H, is the enthalpy of the radical generated by H
abstraction, Hy, is the enthalpy of the H atom, and H,, is the
enthalpy of parent compound. A low O-H BDE value, usu-
ally associated with greater ability to donate the H atom,
corresponds to high radical-scavenging ability by the phe-
nolic compound [45, 46]. Proton dissociation enthalpy
(PDE) has been calculated using the equation

PDE = Hy, + Hfi—H oy (8)

in which Hy,q is the enthalpy of the radical, Hj; is the
enthalpy of the proton, Hy oy is the enthalpy of cationic
radical. Proton affinity has been estimated by using the
equation

PA = H, o + Hj{—Haron 9)

where, Hj, is the enthalpy of the anion, Hj} is the enthalpy
of the proton, H,,y; is the enthalpy of the compound. Elec-
tron transfer enthalpy (ETE) has been estimated using the
equation

ETE = Hjo—Hyyo (10)

where Hj, is the enthalpy of the radical and Hj,q is the
enthalpy of the anion.

The CaD---Cu’*t complexes were optimised using
UB3LYP/6-3114+G(d,p) method. Harmonic vibrational
frequencies were obtained at the same level of theory to
classify the stationary points as local minima or transi-
tion states. For all the local minima, final energies were



Eur Food Res Technol (2015) 241:553-572

557

obtained, on the aforementioned UB3LYP/6-3114G(d,p)
optimised geometries, by using a 6-3114+G(3df,2p) basis
set that includes diffuse functions on all heavy atoms, as
well as high angular momentum functions, which may
be important when describing w-complexes. For Cu the
6-3114-G(3df,2p) basis set corresponds actually to the
(14s9p5d/9s5p3d) Wachters—Hay [60-63] basis supple-
mented with a set of (1s2pld) diffuse functions and with
two sets of f functions (rather than d) and one set of g func-
tions (rather than f).

The CaD---Cu*"-binding energy was estimated using the
following equation:

AEbinding = —AEjpter = (E(ZZ:DMCu - E(zjjl_ - ECaD) (11)

where AE, .. is the interaction energy, E&ip o, is the total
energy of the optimised complex, EZ| is the total energy of
the isolated Cu®* cation, and E,p, is the total energy of the
isolated CaD conformer. The greater the computed value of
the binding energy, the stronger the affinity of M>* ion to
bind to the ligand [64, 65].

All calculations were performed with Gaussian09 pro-
gramme [66]. The schematic representations were drawn
using the ChemOffice package in the UltraChem 2010
version, and conformers were drawn using GaussView5
programme.

The natural bond order (NBO) and the atoms-in-
molecule (AIM) population analysis schemes were uti-
lised for gaining insight into the bonding situation of the
metal---molecule complexes. NPA charges on the atoms
were determined by means of the natural bond order
(NBO) analysis scheme [67-69]. The atoms-in-molecule
(AIM) procedure was performed using the AIMAII pro-
gramme [70]. The number of critical points (CP) found for
the metal-ligand systems are in agreement with the Poin-
care—Hopf rule. The following parameters of the bond criti-
cal point (BCP) were analysed: the electron density (p) and
its Laplacian (V2p), the density of the total energy of elec-
trons (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 (G) and potential energy den-

sity (V):
Hgcp = Gpcp + Veep (12)
Results and discussion

Geometrical and conformational stabilities for the
isolated molecules

The optimised conformers of the neutral studied com-
pounds are shown in Fig. 2, and their relative energies are

reported in Table 1. The conformers shown are those differ-
ing in terms of the rotation about the OH groups. In all the
structure, the lowest-energy conformers are stabilised by
the IHB formed in the catecholic unit. The -CH,CH,NH-
group prefers a near-perpendicular orientation with respect
to ring Y, while the —-CH=CHC(O)- prefers a planar
arrangement with respect to ring X. In vacuo, the relative
energy difference among conformers of each structure is
so small (often <1 kcal/mol) that all conformers can be
considered to exits. A study in different media shows that
the energy difference between conformers is always below
1 kcal/mol and that as the solvent polarity increases, the
energy order may be reversed. This result suggests that
all the conformers (for each structure) can be considered
populated and should be taken into consideration on fur-
ther studies of the activities of the compound. However,
because conformational differences have minimal effect on
the antioxidant activity properties (such as BDE values [58,
71]), only the lowest-energy conformers have been taken
into consideration for the study of the antiradical activity of
phenolic acid amide derivatives.

Antioxidant properties and the hydrogen atom transfer
(HAT) mechanism

The optimised neutral radical species for each of the stud-
ied phenolic amide derivative are shown in Fig. 3, the
corresponding molecular spin density distributions are
shown in Fig. S1, and their relative energies are reported
in Table 1. The radical species are named by including the
notation “rad” in the name, and the number of the O atom
on which the H atom is abstracted. Only the H atom that
is not engaged in IHB has been abstracted because of the
knowledge that IHB is important in influencing antioxidant
activity [29]. The optimised radical species are stabilised
by the presence of IHB, either involving the radicalised O
atom as the H atom acceptor or present in the ring on which
there has not been H atom abstraction. In all the structures
with catecholic unit, the lowest-energy radical species cor-
respond to the abstraction of the H atom from the para
position. When the H atom is abstracted from the phenolic
acid ring, the energy difference between the para and the
meta radical species is nearly 3 kcal/mol, while when the H
atom is abstracted from the aromatic amine ring, the energy
difference between the para and the meta radical species is
lower, being <1 kcal/mol.

The ability of the molecule to donate its hydroxyl H
atom is better assessed by estimating the bond dissociation
enthalpy for that O—H group. A lower BDE value means
that there is high tendency for the molecule to donate its H
atom, which in turn implies high reactivity and therefore
high antiradical activity. Usually one compares the BDE
value for the removal of any of the OH group in a given
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Fig. 2 Optimised lowest-energy conformers of the studied phenolic acid amides, B3LYP/6-3114-G(d,p) results in vacuo. For a given structure,
relative energy values are shown below each conformer. The results in solution are similar to the results in vacuo

molecule with the BDE value for a removal of the H atom
from some standard antioxidant molecules or molecules that
are already known as good antioxidant. The BDE values for
the studied phenolic acid amides are reported in Table 2. An
abstraction of the H atom in para position results in lower
BDE value than an abstraction of the H atom in meta posi-
tion. The BDE value for the phenolic units (CaTy-aii-A,
CaTy-ai-A, p-CoD-aii-C and p-CoD-ai-A) is higher (79—
81 kcal/mol) than the O-H BDE values for the catecholic
units (72-75 kcal/mol). The estimated BDE values, for the
different radical species, are within the range of most substi-
tuted catechol and phenol derivatives. For instance, the esti-
mated values of the BDE values of phenolic acid amides are
close to those of rooperol and quercetin [29, 72].

A comparison of the BDE value obtained from catecholic
units suggests that it is slightly lower for the case in which
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the catechol moiety is on the phenolic acid ring (CaPEA-ai-
C and CaTy-ai-C) than for the aromatic amine ring (p-CoD-
ai-A and CiD-ai-A). A similar comparison of the BDE val-
ues obtained from the phenolic unit of the aromatic amine
ring and that of the phenolic acid ring shows a similar trend.
For each of the studied compound, the BDE values
increase with the increase in solvent polarity, which implies
that the phenolic acid amides are better H atom abstractor
in non-polar media than in polar media. In polar media,
an intermolecular H-bond can form between the phenolic
hydroxyl, especially a catechol group, and the solvent mol-
ecule. The formation of such molecule---solvent intermo-
lecular H-bonds may hamper the H atom-donating ability
[73, 74], resulting in high BDE values in polar solvents.
Analysis of the spin density distribution (Fig. S1)
suggests that the distribution of the single electron is
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Table 1 Relative energy (kcal/mol) for the conformers of neutral spe-
cies, neutral radical species and anionic species of the studied phenolic
acid amides, B3LYP/6-3114G(d,p) results in different media

Structure Invacuo Inbenzene In acetonitrile In water

Neutral conformers

CaPEA-ai 0.000 0.000 0.000 0.016
CaPEA-aii 0.125 0.169 0.004 0.000
CaTy-ai 0.000 0.000 0.000 0.026
CaTy-aii 0.109 0.154 0.000 0.000
CaD-ai 0.000 0.000 0.014 0.000
CaD-aii 0.079 0.130 0.000 0.023
CaD-aiii 0.429 0.401 0.061 0.041
CaD-aiv 0.604 0.596 0.074 0.054
p-CoD-ai 0.000 0.000 0.000 0.000
p-CoD-aii 0.490 0.449 0.039 0.007
CiD-ai 0.000 0.000 0.000 0.000
CiD-aii 0.482 0.441 0.040 0.0023
Neutral radical conformers

CaPEA-ai-rad-O4  0.000 0.000 0.000 0.000
CaPEA-aii-rad-O3  3.045 3.143 3.120 2974
CaTy-ai-rad-O4 0.000 0.000 0.000 0.000
CaTy-aii-rad-O3 3.060 3.140 2974 2.887
CaTy-ai-rad-O4/ 9.280 8.546 7.090 6.057
CaTy-aii-rad-O4’ 9.447 8.739 7.151 6.150
CaD-ai-rad-O4 0.000 0.000 0.000 0.377
CaD-ai-rad-O4/ 0.756 0.642 0.222 0.000
CaD-aiii-rad-O3’ 1.348 1.323 1.087 0.970
CaD-aii-rad-O3 3.082 3.111 3.078 3.272
p-CoD-ai-rad-O4’  0.000 0.000 0.000 0.000
p-CoD-aii-rad-O3’  0.568 0.704 0.904 0.929
p-CoD-aii-rad-O4  7.614 6.990 6.085 5.718
p-CoD-ai-rad-O4 7.110 6.544 5.991 5.655
CiD-ai-rad-O4/ 0.000 0.000 0.000 0.000
CiD-aii-rad-03’ 0.557 0.686 1.467 0.829
Anionic conformer

CaPEA-ai-an-O4 0.000 0.000 0.000 0.000
CaPEA-aii-an-O3  4.796 3.731 2.668 2.110
CaTy-ai-an-O4 0.000 0.000 0.000 0.000
CaTy-aii-an-O3 4.789 3.732 2.663 2.118
CaTy-aii-an-O4’ 21.780 16.930 10.97 7.754
CaTy-ai-an-O4’ 22.640  17.350 11.11 7.955
CaD-ai-an-O4 0.000 0.000 0.000 0.000
CaD-aii-an-O3 4.795 3.714 2.663 2.127
CaD-ai-an-O4’ 12.500 9.564 5.670 4.353
CaD-aiii-an-O3’ 12.810 9.100 5.178 4.042
p-CoD-aii-an-O4 0.000 0.073 0.084 0.025
p-CoD-ai-an-04’ 0.114 0.000 0.041 0.000
p-CoD-aii-an-O3’ 4.450 2.021 0.000 0.511
p-CoD-ai-an-O4 4.726 2474 0.326 0.584
CiD-ai-an-0O4/ 0.000 0.000 0.000 0.000
CiD-aii-an-O3’ 0.000 0.637 0.090 0.331

determined by the site on the ring at which the H atom is
abstracted. When the H atom is abstracted from a para
position, the distribution of the single electron is delocal-
ised furthest from the radicalised O atom than when the H
atom is abstracted from the meta position. In the former
case, the single electron may be distributed to a large extent
up to the C=0 and N-H groups of the aliphatic chain,
while in the latter cases, the spin density distribution is
largely on the ortho and para positions with respect to the
radicalised O3 atom. An analysis of the atomic spin density
of the radicalised O atom (Table 1) suggests that radical
species with the least atomic spin density on the radical-
ised O atom have the lowest BDE value. Consistently, the
more delocalised the spin density in the radical is, the eas-
ier is the radical formed and thus the lower is the BDE. The
stability of the radical species of phenolic acid amides is
therefore influenced to a large extent by the delocalisation
of the spin density of the single electron, from the atom on
which the H atom is abstracted [29]. Therefore, both IHB
and spin delocalisation play significant role in the stabili-
sation of the neutral radical species formed from H atom
transfer.

An investigation on the N—H bond dissociation enthalpy
of the central N-H group was performed in order to be
compared with the O-H BDE results. The outcome is
reported in Table S2 and indicates that the H atom abstrac-
tion from the N-H group is very difficult because the N-H
BDE value (~102 kcal/mol) is much higher than that of
O-H BDE. A comparison across structures suggests that
the N-H BDE value is constant across structures. The cal-
culated spin density of O atom in phenoxyl radical derived
from a given molecule is lower than that of N in N-centred
radical derived from the same molecule. The two factors
suggest that the hydrogen atom transfer antioxidant mecha-
nism of phenolic acid amides is a result of H atom abstrac-
tion from the phenolic OH group rather than from the N-H
group.

A comparison of the BDE values of the isolated aro-
matic amines (tyramine and dopamine) and phenolic acids
(caffeonic acid and coumaric acid, Table S1) suggests that
aromatic amines are better H atom donor than phenolic
acids. A comparison of the BDE values of the isolated aro-
matic amines and phenolic acids with the BDE for the phe-
nolic acid amides suggests that the conjugation of the two
units results in lower BDE value.

The single-electron transfer (SET) mechanism

The calculated ionisation potential (IP) values, which char-
acterise the electron transfer mechanism, are reported in
Table 1 for all the compounds. In vacuo, the order of the IP
values is such that CaD < p-CoD < CaTy < CiD < CaPEA.
The IP values therefore depend on the number and the

@ Springer



560 Eur Food Res Technol (2015) 241:553-572

0.000 3.045 0.000 3.060 9.280 9.447
CaPEA-ai-rad-O4 CaPEA-aii-rad-O3  CaTy-ai-rad-O4  CaTy-aii-rad-O3 CaTy-ai-rad-O4' CaTye-aii-rad-O4’

0.000 0.756 1.348 3.082
CaD-ai-rad-O4 CaD-ai-rad-O4' CaD-aiii-rad-O3’ CaD-aii-rad-O3

0.000 0.568 7.110 7.614 0.000 0.557
p-CoD-ai-rad-O4"  p-CoD-aii-rad-O3’ p-CoD-ai-rad-O4 p-CoD-aii-rad-O4 CiD-ai-rad-O4' CiD-aii-rad-O3’

Fig. 3 Optimised lowest-energy conformers of the studied phenolic acid amides neutral radical species, B3LYP/6-311+G(d,p) results in vacuo.
For a given structure, relative energy values are shown below each conformer. The results in solution are similar to the results in vacuo
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Table 2 Antioxidant descriptors for all the studied compounds, B3LYP/6-3114G(d,p) results in different media

Structure Media BDE (kcal/mol)  IP (kcal/mol) PDE (kcal/mol) PA (kcal/mol) ETE (kcal/mol) Spin density on the
radicalised O
CaPEA-ai-O4  In vacuo 72.032 171.034 219.150 326.450 63.649 0.2890
In benzene 72.180 149.371 28.092 93.907 83.433 0.2822
In acetonitrile ~ 73.564 129.896 13.741 43.175 100.417 0.2738
In water 75.901 128.774 1.853 23.856 106.74 0.2632
CaPEA-aii-O3  In vacuo 74.992 216.104 321.739 65.400 0.3386
In benzene 75.200 24.949 90.299 84.021 0.3298
In acetonitrile ~ 76.640 10.621 40.552 99.965 0.3190
In water 78.844 —1.121 21.777 105.876 0.3027
CaTy-aii-O4’ In vacuo 81.377 166.156 230.400 343.483 53.001 0.4020
In benzene 80.799 146.476 36.565 107.158 75.781 0.3866
In acetonitrile ~ 80.667 129.807 17.863 51.489 96.131 0.3644
In water 81.974 128.696 5.206 29.417 104.309 0.3386
CaTy-aii-O3’ In vacuo 74.990 224.013 326.487 63.610 0.3385
In benzene 75.200 30.966 93.956 83.385 0.3297
In acetonitrile ~ 76.490 13.686 43.178 100.264 0.3189
In water 78.712 1.943 23.781 106.682 0.3029
CaTy-ai-O4’ In vacuo 81.283 230.234 344.407 51.983 0.4016
In benzene 80.708 36.372 107.679 75.169 0.3863
In acetonitrile ~ 80.656 17.802 51.679 95.929 0.3643
In water 82.057 5.113 29.794 104.015 0.3383
CaTy-ai-O4 In vacuo 72.003 220.954 321.770 65.339 0.2884
In benzene 72.162 27.826 90.325 83.977 0.2821
In acetonitrile ~ 73.566 10.712 40.565 99.953 0.2738
In water 76.001 —0.944 21.839 105.913 0.2630
CaD-ai-04/ In vacuo 72.724 163.828 224.003 334.526 53.304 0.3396
In benzene 72.794 144.587 30.347 64.901 74.899
In acetonitrile  73.787 129.406 11.333 81.390 94.483 0.3205
In water 75.593 127.905 —0.560 26.091 101.254 0.3046
CaD-ai-O4 In vacuo 71.968 223.247 322.029 65.046 0.2884
In benzene 72.152 29.705 90.471 83.821 0.2823
In acetonitrile ~ 73.565 11.112 40.586 99.932 0.2737
In water 75.969 —0.1839 21.738 105.983 0.2632
CaD-aiii-O3’ In vacuo 72.925 224.595 334.447 53.584 0.3297
In benzene 73.124 31.0284 99.219 76.045 0.32159
In acetonitrile ~ 74.553 12.199 45.665 95.841 0.311765
In water 76.492 0.409 25.710 102.534 0.29506
CaD-aii-O3 In vacuo 75.017 226.329 326.791 63.333 0.3383
In benzene 75.171 32.816 94.093 83.219 0.3298
In acetonitrile  76.614 14.190 43.220 100.347 0.3189
In water 78.889 2711 23.889 106.751 0.3026
p-CoD-aii-O3’  In vacuo 72.893 164.937 223.525 333.926 54.074 0.3296
In benzene 73.100 145.348 30.314 98.870 76.370 0.3220
In acetonitrile ~ 74.593 129.357 12.211 45.748 95.797 0.3119
In water 76.756 127.937 0.548 26.116 102.393 0.2950
p-CoD-ai-O4’  In vacuo 72.787 230.570 329.476 65.570 0.3397
In benzene 72.818 36.601 96.923 84.605 0.3317
In acetonitrile  73.711 17.392 45.832 100.894 0.3207
In water 75.804 5.337 25.630 107.667 0.3049
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Table 2 continued

Structure Media BDE (kcal/mol) IP (kcal/mol) PDE (kcal/mol) PA (kcal/mol) ETE (kcal/mol) Spin density on the
radicalised O

p-CoD-aii-O4  In vacuo 79.939 230.066 330.051 64.952 0.3269

In benzene 79.387 36.154 97.271 84.231 0.3139

In acetonitrile  79.773 17.298 45.811 100.843 0.2947

In water 81.545 5.274 25.582 107.629 0.2730
p-CoD-ai-O4 In vacuo 79.896 222.957 334.663 53.231 0.3261

In benzene 79.362 29.610 99.745 75.213 0.3137

In acetonitrile ~ 79.702 11.307 46.097 94.567 0.2946

In water 81.459 —0.382 26.165 101.390 0.2731
CiD-aii-O3’ In vacuo 72.969 169.134 219.394 333.795 54.280 0.3301

In benzene 73.171 148.208 27.513 98.747 76.565 0.3223

In acetonitrile  74.584 129.562 12.097 45.703 95.834 0.3122

In water 76.645 127.758 0.653 26.029 102.367 0.2953
CiD-ai-O4’ In vacuo 72.864 218.837 334.248 53.723 0.3400

In benzene 72.895 26.827 98.520 76.516 0.3320

In acetonitrile ~ 73.239 10.629 45.735 94.457 0.3135

In water 75.830 —0.176 25.712 101.87 0.3052

position of the OH groups present. The IP values of p-
CoD and that of CiD are greater (=1 kcal/mol) than those
of CaTy and CaPEA, respectively, which suggests that
when the aromatic amine moiety is of catecholic nature,
the resulting phenolic acid amide is a better electron donor
than the phenolic acid amide in which the phenolic acid
moiety has a catecholic nature. This result is consistent
with the results obtained on dopamine and caffeonic acid
(Table S1), which shows that dopamine is a better electron
donor than caffeonic acid. The preference for dopamine as
a better electron donor may be related to the fact that the
lone pair of electrons on N (present in dopamine) is readily
available for donation than the lone pair of electrons on the
O atom (present in the carbonyl group of caffeonic acid).
The IP values for CaD, p-CoD and CaTy are lower than
those of quercetin and taxifolin (170.3 and 183.4 kca/mol,
respectively, obtained with the same calculation method,
[75]), suggesting that phenolic acid amides have the ability
to scavenge radical species through the ET mechanism.

In solution, the IP value of each compound decreases
with the increase in solvent polarity, which implies that
the ability of the compounds to act through SET mecha-
nism is enhanced with the increase in solvent polarity. A
comparison across media also suggests that as the polarity
increases, the IP value changes minimally across structures,
so that in the most polar solvent, the IP value of all the
compounds has the same value of ~128 kcal/mol.

The resonance structures of the cation free radicals
obtained from the electron abstraction can be observed
from the distribution of the atomic spin densities for
CaD, p-CoD, CaTy, CiD and CaPEA. Figure 4 shows the
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distribution of atomic spin densities for the cation free
radicals for these compounds. The calculated spin den-
sity for the electron abstraction from CaD shows a global
contribution of 0.208 for the oxygen of the OH groups,
0.351 for the global contributions of ring X, 0.178 for the
global contributions of the aliphatic chain and 0.263 for
the global contributions of ring Y. p-CoD shows a global
spin density contributions of 0.189 for oxygen of the OH
groups, a 0.367 for the global spin density contributions
in ring X, a 0.225 for the global spin density contributions
in aliphatic chain and a 0.238 global spin contribution for
ring Y. The data for CaTy, which is a structural isomer of
p-CoD, shows a global spin density contribution of 0.016
for oxygen of the OH groups, a 0.035 decrease in global
spin density contributions in ring X, a 0.007 reduction in
global spin density contributions in aliphatic chain and
an increase of 0.031 for the global spin contribution of
ring Y. An assessment of the spin density of the N atom
in the cation radical species may provide an indication on
their relative stability. The order of the spin density dis-
tribution on the N atom is such that CaD < p-CoD < CiD
~CaTly < CaPEA, which is close to the trend in the IP
values. Therefore, the lowest localisation of the unpaired
electron on the N atom may explain the highest stability of
CaD cation radical when compared to the other phenolic
acid amides studied in this work.

A comparison of the IP values of the separate aromatic
amine moiety with the corresponding phenolic acid moiety
(e.g. caffeonic acid with dopamine and coumaric acid with
tyramine, Table S1) suggests that aromatic amines are bet-
ter electron donor than the phenolic acids. The preference
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for the aromatic amines to donate electrons may be related
to the presence of the N atom in the amine group. The N
atom has greater tendency to donate electrons than the O
atom in the C=0 of phenolic acids.

The single electron transfer followed by proton transfer
(SET-PT) mechanism

The formation of radical cations, in the first step of the
SET-PT mechanism, requires an energy expense (kcal/mol)
of 164-171 in vacuo, 145-149 in benzene, 129-130 in ace-
tonitrile and 127-129 in water (IP values, Table 2). The
PDE parameter characterises the second step of the SET-
PT mechanism. The data in Table 2 indicate that in vacuo,
the loss of the proton from the ArOH™ requires even
greater energy than the electron transfer reaction because
the PDE values are higher than the IP values. The high val-
ues of PDE in vacuum suggest that this mechanism is not
preferred. However, in different solvents the PDE value is
significantly lower than the IP value. Therefore, it is rea-
sonable to infer that in solution, the PT transfer reaction is
thermodynamically preferred to the ET reaction. The pref-
erence for the PT reaction increases with the increase in
solvent polarity.

Among the isolated aromatic amine and phenolic acid
compounds (Table S1), electron-donating mechanism is
also preferred in vacuo, while the loss of the proton is pre-
ferred in solvent media. A comparison of the PDE value,
among the isolated aromatic amines and phenolic acids,
suggests that it is lower for the aromatic amines than for
the phenolic acid amides for the situation in vacuo, and it is
lower for the phenolic acids than for the aromatic amines in
other media.

Sequential proton loss electron transfer (SPLET)
mechanism

The anions resulting from the loss of the proton are
shown in Fig. S2, and their relative energies are reported
in Table 1. In CaPEA and CaTy, where the catecholic unit
is on ring X, the deprotonation of the 4-OH group yields
to the most stable anion that is characterised by an inter-
nal H-bond. In CaTy, the deprotonation on the 4’-OH posi-
tion results in significantly unpopulated anionic conformer.
The energetic gaps among the anionic species of CaPEA
and CaTy decrease with the increase in solvent polarity. In
p-CoD and CiD, where the catecholic unit is on ring Y, the
deprotonation of the OH group yields conformers whose
energetics are not significantly different, both in vacuo and
in different solvents. These latter results indicate that all the
anions of p-CoD and CiD may coexist in vivo. In CaD, the
only significant anionic conformer is the one in which the
deprotonation occurs at the 4-OH group.

The SPLET mechanism is better described through
the use of the PA and ETE parameters. The data for
these parameters are reported in Table 2. The first step
in the SPLET mechanism is proton loss, and it is deter-
mined by the acidity of the OH group. The PA values
for all investigated compounds decrease with an increase
in solvent polarity, which suggests that the proton loss
reaction is least preferred in vacuo and best preferred in
polar medium. Electron transfer from the phenoxide ion
represents the second step in SPLET mechanism. This
step is better discussed in terms of the electron trans-
fer enthalpy (ETE). The ETE values increase with the
increase in solvent polarity. In comparison with the PA
values, the ETE values are significantly lower in non-
polar media (in vacuo and in benzene) and higher in
acetonitrile and water than the PA values. These results
suggest that the electron transfer reaction from phenox-
ide anions to free radical species is thermodynamically
preferred in non-polar media, while the proton loss reac-
tion is thermodynamically preferred in acetonitrile and
in water. These results also imply that the first step (the
dissociation of the phenolic antioxidant into phenoxide
anion form and a proton) is the rate-determining step in
vacuo and in benzene (non-polar media), while the elec-
tron transfer mechanism is the rate-determining step in
acetonitrile and in water. The second step (that involves
a single-electron transfer) is a significant step for elec-
tron-deficient radical scavenging. The phenoxide ani-
ons derived from polyphenols are better electron donors
and radical scavengers than the parent molecules. Low
ETE value means deep extent of the radical-scavenging
reaction. Therefore, although the first step of the SPLET
mechanism is the rate-determining step in vacuo and in
benzene, the extent of radical scavenging is determined
by the second step.

A comparison of the PA and ETE parameters for the
isolated aromatic amine and the corresponding phenolic
acid (e.g. caffeonic acid and dopamine, coumaric acid and
tyramine, Table S1) suggests that, in all the media, the PA
value is lower for the phenolic acid than for the correspond-
ing aromatic amine, while the ETE value is lower for the
aromatic amine than for the corresponding phenolic acid. It
is therefore reasonable to consider that aromatic amines are
thermodynamically better radical scavenger than phenolic
acids through the SPLET mechanism.

Thermodynamically preferred radical-scavenging
mechanism

The preference for a particular reaction mechanism
depends on both the solvent and properties of the radical
species involved in the reaction [76-78]. To investigate the
preferred mechanism of action for the radical scavenging,
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4Fig. 4 Atomic spin densities in the cation free radical species of
the studied phenolic acid amide derivatives, B3LYP/6-311+G(d,p)
results in vacuo for the lowest-energy conformer of each structure

it is necessary to compare the enthalpy values for the dif-
ferent processes. Because the calculated gas-phase ionisa-
tion potentials (IPs) and proton affinities (PAs) are signifi-
cantly higher than phenolic O-H BDEs, it is reasonable to
infer that that O—H bond dissociation represents the most
probable process in the gas phase. The preference for the
HAT mechanism in non-polar solvents may be related to
the fact that it does not involve charge separation processes.
The SET-PT mechanism is preferred in polar media due to
the charge separation process [79]. The trend observed for
the phenolic acid amides is also reproduced by the isolated
phenolic acids and aromatic amine derivatives (Table S1).
A comparison of the enthalpy values of the separate phe-
nolic acids and aromatic amides with those of the phenolic
acid amides clearly shows the preference for phenolic acid
amides to act as radical scavengers.

Metal chelation mechanism: results of the study
in vacuo

Acidities in the gas phase and in solution

Metal chelation mechanism often is a result of metal
interacting with deprotonated hydroxyl in the polyphe-
nolic compounds such as flavones [54]. The acidity values
describe the ability of a molecule to lose a proton, AH, 4.
ity 18 associated with the ability of molecule to lose proton
in vacuo, and AG, g4, 18 associated with the ability of the
molecule to lose a proton in solution. Both AH,4, and
AG,giy Values are reported in Table S3; they are generally
higher than both BDE and the IP values (Table 2), indicat-
ing that the metal chelation mechanism is less preferred.
Although this mechanism is minor with respect to radical-
scavenging mechanisms, it is interesting to investigate how
it occurs by determining the preferred complexes of Cu(Il)
with the phenolic acid amides. In this study, CaD molecule
has been selected for the investigation because it combines
the catecholic units on both aromatic amine and phenolic
acid moieties.

Stability of the CaD---Cu** and the preferred binding sites
for the Cu™ ion

The calculated CaD---Cu®* complexes are shown in Fig. 5.
The relative energies (AE) and binding energies (AEyj,ging)
for the complexes, CaD---Cu bond distances, natural atomic
charge Cu ion and the spin density of Cu ion in the com-
plexes are reported in Table 3. The complexes are named

in such a way that the name includes the original name of
the starting structure (CaD), the symbol Cu for the cation
and the Roman numbers indicating the possible site for Cu
chelation on the CaD molecule. In principle, there are six
possible sites on CaD for the Cu(Il) chelation: two catechol
moieties, two aromatic rings, the C=0 group and the C=C
double bond in the aliphatic chain. The coordination to
these sites can give rise to six different complexes shown
in Fig. 5.

In the lowest-energy complex, Cu(Il) ion tri-dentated
to CaD through both the oxygen atom of the C=O car-
bonyl group (1.869 A) and the aromatic ring X through
the atoms C1’ and C6'. The second lowest-energy complex
(CaD---Cu-1IV) is 14.247 kcal/mol above the lowest-energy
complex structure. In this structure, the Cu ion is bi-den-
tated to CaD through the O atom of the C=0O carbonyl
group and the H7 atom. The rest of the complexes have
relative energies >19 kcal/mol, which is an indication that
these configurations are not preferred. The highest-energy
complexes are those in which the Cu ion is coordinated
through the benzene ring of each of the catechol unit, with
the Cu ion preferring to bind through the X ring than the Y
ring. The relative energy values of the last four complexes
indicates that Cu(II) has poor chelating power towards both
the catechol group and the benzene ring.

Because of the acidic nature of the OH groups in these
compounds, it is possible to consider that these com-
pounds may exist in some anionic form at physiological
pH values. It was therefore considered interesting to study
the interaction between the Cu(Il) ion and some of the
anionic forms of CaD. The Cu(Il) cation may attack not
only the deprotonation sites but also the other positions
that are electron-rich centres. The investigated structures
are shown in Fig. 6, and their relative energies and binding
energies are reported in Table 3. The results of the study
show that the Cu ion prefers to bind simultaneously to
both the carbonyl O atom and the aromatic ring Y (through
the 7 electrons of the aromatic ring). All other configu-
rations of (CaD---Cu)t have relatively high energy to be
considered populated.

The binding energy (AE'ygin), at different chelation
sites, informs about the metal ion affinity (MIA) and also
the preferred site on CaD for interaction with the metal
cation. The trends in the AE"y,y,, follow the same trend
as the stabilisation energies. In this way, the MIA is high-
est when the Cu®" cation is simultaneously chelated on the
7 system of aromatic ring Y and the lone pair of electrons
of the O atom of the carbonyl group. A comparison of the
AE'y4ing between the neutral complexes and the deproto-
nated complexes suggests that AE'y; i, is higher among
the complexes with the deprotonated CaD-ai than those
with the neutral CaD.
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CaD-Cu-IV
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Fig. 5 Optimised structures and spin density distribution on the CaD---Cu complexes, B3LYP/6-3114G(d,p) results in vacuo. Representative

CaD---Cu bond distances (A) are indicated in blue colour

AIM analysis, NPA charges and spin density in the
Cu?*---ligand complexes

The topology of the electron density distribution p(r), its
first derivative Vp(r) and second derivative (Laplacian)
Vp(r) provides information about the electronic structure of
a molecule. Both electron density and electron energy den-
sity (H), obtained from the AIM analysis, at the different
bond critical points (BCP), are often utilised to characterise
and determine the strength of a given bond [80-82]. The
relation 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 [83-86]. Also, the val-
ues H and its components, the kinetic (G) and potential (V)
electron energy densities provide valuable information on
the nature of the chemical bond. For the strongest bonds,
such as covalent bonds, V is usually negative and relatively
large, G is positive, and H is negative. In such systems,
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both interacting atoms are sharing electrons, which are con-
siderably localised in the internuclear space between the
atoms of interest. The potential energy density estimated in
BCP has large values because the electrons are relatively
stable energetically in the internuclear region. 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 positive value and is close to
zero, G has positive value, and V has negative value. How-
ever, 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. Closed-
shell interactions are also accompanied by positive values
of V2p estimated at the corresponding BCP, around which
the electron density is depleted. The metal-ligand inter-
action has characteristics that represent the mix of shared
and closed-shell interactions. For instance, the value of H
is usually negative and close to zero, as found for shared
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Table 3 CaD---Cu bond distance, relative energies (AE, kcal/mol), interaction energy (AE;,.,, kcal/mol), spin density and charge on the Cu ion
(obtained from NPA analysis) for the complexes of CaD and Cu ion, B3LYP/6-311+4+G(3df,2p)//B3LYP/6-3114-G(d,p) results in vacuo

Complexes Bond type Bond distance (A) AE (kcal/mol) AEy;nding (kcal/mol) Spin density Charge on Cu (e)

Neutral form of CaD

CaD---Cu-I C1’'-Cu 1.997 0.000 366.524 0.1337 0.958
C6'-Cu 2.000
09—Cu 1.837

CaD---Cu-II 09—Cu 1.765 14.247 352.276 —0.0003 0.852
H7-Cu 1.899

CaD---Cu-III C7-Cu 1.997 19.055 347.469 0.0651 1.057
C8-Cu 1.994
09—Cu 1.986

CaD---Cu-1V 03'-Cu 1.880 23.681 346.487 0.0996 0.954
04'—Cu 1.880

CaD---Cu-V Cl’'-Cu 2.117 28.441 338.083 0.0078 0.859
C2'-Cu 2.095
C5'—Cu 2.102
C6'-Cu 2.091

CaD---Cu-VI Cl1-Cu 2.142 31.348 335.176 0.0044 0.858
C2—Cu 2.095
C5-Cu 2.103
C6—Cu 2.095

Anionic form of CaD

CaD-an-04---Cu-I C1’'-Cu 1.979 0.000 518.152 0.0085 0.876
C6'-Cu 1.970
09—Cu 1.837

CaD-an-0O4---Cu-II 03—Cu 1.950 22.489 507.389 0.2226 0.935
04—Cu 1.798

CaD-an-O4'-.-Cu-III 03'-Cu 1.957 23.038 519.522 0.2409 0.942
04'—Cu 1.794

CaD-an-O3'---Cu-IV 03'—Cu 1.796 24.055 518.811 0.2727 0.957
04'-Cu 1.942

CaD-an-O3---Cu-V 03—Cu 1.796 25.748 512.037 0.2750 0.956
04—Cu 1.939

CaD-an-0O4---Cu-VI C7-Cu 1.963 29.025 489.127 0.1137 1.009
C8—Cu 2.028
09—Cu 1.964

interactions, but with a positive value of Vz,o, as found for
closed-shell interactions [87].

The bond critical point data for the studied CaD---Cu
complexes are reported in Table 4. The largest value of
p corresponds to Cu’".--09 bond, indicating that this
is the strongest site at which the metal ion interacts with
the ligand. Therefore, the strongest inter-atomic interac-
tion corresponds to the situation in which the M** ion is
bonded to the sp? O atom. This result is in agreement with
the fact that the sp® O has the highest available lone pair of
electrons than other electron donor centres present in the
molecule.

The value of H is always negative and close to zero with
a range of 0.009-0.056, indicating closed-shell interaction.
The ratio IVI/G is utilised to characterise a chemical bond;
interactions with IVI/G < 1 are characteristic of closed-shell
interactions; interactions with IVI/G > 2 are typically shared
interactions; and interactions with 1 < IVI/G < 2 represent
interactions of intermediate character [88, 89]. The results
reported in Table 4 show that the CaD---Cu interactions
have a range of 1.2-1.61, what is indicative of intermediate
between covalent and ionic character. The values of V2p are
positive, indicative of a predominantly closed-shell (ionic)
interaction. This means that although the interactions are
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Fig. 6 Optimised structures and spin density distribution on the CaD---Cu complexes for the deprotonated ligand, B3LYP/6-311+4-G(d,p) results
in vacuo. Representative CaD---Cu bond distances (A) are indicated in blue colour

intermediate between covalent and ionic character, they are
more inclined towards ionic character.

The free Cu(Il) cation has a charge of +2. The charge
on the Cu(Il) ion in the complexes with CaD (reported in
Table 3) has the range of 0.852—1.057¢. These results sug-
gest that on interaction with CaD, the Cu(II) ion is reduced
to Cu(l) ion. In the process, CaD is oxidised so that the
complexes that are obtained with the copper ion are of the
form [CaD---Cu]™. The spin density of Cu(Il) ions in the
isolated state is 1 and for the neutral CaD ligand is zero.
The atomic spin density of Cu ion in the complex has
the range of 0.0003-0.1337 for the situation in which the
Cu ion binds to the neutral CaD molecule and a range of
0.0085-0.2750 for a situation in which the Cu ion binds to
the anionic species. In both situation, therefore, the Cu(Il)
tends to have significantly small spin density with respect
to the isolated Cu(II) ion.

@ Springer

Metal chelation mechanism in the presence of water
solvent

The polarisation effects of the solvent molecules, on both
the geometries and energies of the complexes of CaD with
Cu”* ions, were taken into account through using the PCM,
SMD model. The relative energy (AE,,), binding energy
(AEj ersom)> charges and spin densities on the Cu’* ions
are reported in Table S4; the bond critical point data are
reported in Table S5. The geometries of the complexes are
similar between the results in vacuo and the results in water
solution. However, the CaD---Cu" bond distance is longer
in water solution than in vacuo, indicating that the interac-
tion between the ligand and the M>* ion is stronger in vacuo
than in solution. The relative energy order of the complexes
in water solution is not significantly different from the order
of the relative energies of the complexes in vacuo.
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Table 4 Bond critical point data for the CaD---Cu complexes, result of the study in vacuo

Complexes Bond type p (Hartree) Vzp (Hartree) V (Hartree) G (Hartree) H (Hartree) %'
Neutral form of CaD
CaD---Cu-I C1’-Cu 0.096 0.149 —0.139 0.088 —0.051 1.579
C6/'-Cu 0.096 0.153 —0.139 0.089 —0.051 1.570
09—Cu 0.116 0.592 —0.225 0.186 —0.039 1.207
CaD---Cu-1I 09-Cu 0.136 0.808 —0.281 0.242 —0.040 1.164
H7-Cu 0.044 0.107 —0.046 0.036 —0.009 1.260
CaD---Cu-III C7-Cu 0.095 0.169 —0.142 0.092 —0.050 1.543
C8-Cu 0.097 0.165 —0.145 0.093 —0.052 1.557
09-Cu 0.085 0.341 —0.147 0.116 —0.031 1.266
CaD---Cu-1V 03'-Cu 0.100 0.507 —0.195 0.161 —0.034 1.212
04'-Cu 0.101 0.509 —0.195 0.161 —0.034 1.211
CaD---Cu-V C1'-Cu 0.072 0.202 —0.103 0.077 —0.026 1.342
C2'-Cu 0.075 0.183 —0.109 0.077 —0.031 1.408
C5'-Cu 0.074 0.195 —0.108 0.078 —0.029 1.376
C6/'—Cu 0.075 0.200 —0.110 0.080 —0.030 1.377
CaD---Cu-VI C1-Cu 0.068 0.208 —0.096 0.074 —0.022 1.298
C2—Cu 0.075 0.175 —0.108 0.076 —0.032 1.424
C5-Cu 0.074 0.195 —0.108 0.078 —-0.029 1.376
C6—Cu 0.074 0.197 —0.109 0.079 —0.030 1.377
Anionic form of CaD
CaD-an-04---Cu-I C1’'—Cu 0.100 0.155 —0.148 0.093 —0.055 1.585
C6'-Cu 0.102 0.161 —0.153 0.097 —0.056 1.584
09-Cu 0.116 0.597 —0.226 0.187 —0.038 1.204
CaD-an-04---Cu-II 03-Cu 0.086 0.378 —0.155 0.125 —0.031 1.244
04—Cu 0.131 0.699 —0.263 0.219 —0.044 1.201
CaD-an-O4'...Cu-IIT 03'—Cu 0.085 0.368 —0.152 0.122 —0.030 1.246
04'—Cu 0.133 0.710 —0.267 0.222 —0.045 1.201
CaD-an-O3'-.-Cu-1V 03'—Cu 0.132 0.696 —0.263 0.219 —0.045 1.204
04'—Cu 0.088 0.391 —0.159 0.129 —0.031 1.240
CaDi-an-0O3---Cu-V 03-Cu 0.132 0.693 —0.262 0.218 —0.045 1.205
04-Cu 0.088 0.395 —0.160 0.130 —0.031 1.237
CaD-an-0O4---Cu-VI C7-Cu 0.101 0.147 —0.151 0.094 —0.057 1.608
C8—Cu 0.091 0.199 —0.138 0.094 —0.044 1.471
09—Cu 0.089 0.365 —0.157 0.124 —0.033 1.265

All the complexes in solution have AE'y; 4o so1n > 0, indi-
cating that Cu>" has a tendency to bind to CaD. Among the
lowest-energy complexes, the binding energy decreases sig-
nificantly with respect to the binding energy obtained in
vacuo, what suggests that CaD has less affinity for the Cu’*
ion in water than in vacuo. The decreased affinity of the ligand
towards the metal ion may be related to the presence of polari-
sation effects in solution, which are absent in vacuo [29].

The spin density values have a range of 0.2424-0.7472.
In comparison with the results in vacuo, the spin density
on the Cu®* ion is less depleted in solution than in vacuo.
The charge on the Cu”* ion decreases less (1.241—1.610¢)
in comparison with the results in vacuo, indicating that the

positive charge is less dissipated in solution. An analysis
of the bond critical point data suggests that in solution, the
009---Cu bond is weak in solution than in vacuo because of
having smaller value of p in solution than in vacuo. How-
ever, the trend in all other properties is the same as that
in vacuo, suggesting intermediate type of bonding with
greater inclination towards ionic character.

Conclusion

Theoretical studies on the antioxidant properties phenolic
acid amides were performed to investigate factors that
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contribute to their conformational preferences and to elu-
cidate their antioxidant properties and mechanisms. The
antioxidant activity has been considered through the ability
of phenol acid amides to scavenge free radical species and
through their ability to chelate metal ions.

The radical-scavenging activity has been investigated
through the hydrogen atom transfer (HAT), the electron
transfer mechanisms (ET), the single-electron transfer fol-
lowed by proton transfer (SET-PT) and the sequential pro-
ton loss electron transfer mechanisms (SPLET). In gen-
eral, the antioxidant activity through the HAT mechanism
depends on the arrangement of hydroxyl substituents on
the aromatic ring. The abstraction of the H atom from the
phenolic OH group is preferred to the abstraction of the H
atom from the NH group. Moreover, the abstraction of the
H atom from the para OH group in a catecholic unit con-
tributes the strongest strong free-radical-scavenging prop-
erties for the phenolic acid amides. Based on the calculated
thermodynamic parameters, phenolic acid amides can be
considered to be better radical scavenger than the isolated
aromatic amines and phenolic acids.

The metal chelation properties of phenolic acid amides
depend on the affinity of the Cu ion for the different bind-
ing sites.

The study suggests that the preferred complexation site
for phenolic acid amides is the simultaneous binding to
the carbonyl O atom and the benzene ring of the aromatic
amide. An estimated metal ion affinity (MIA) is influenced
by the nature of the ligand and the media; it is higher when
the ligand associated with the metal ion is an anion than
when it is a neutral molecule, and it is significantly lower
in aqueous solution than in vacuo. The interaction of CaD
with the Cu ion shows the ability of CaD to reduce the
metal ions from a +2 state to a +1 state. An AIM analysis
suggests that the CaD---Cu interactions correspond to the
mixed type interactions with greater inclination towards
ionic character.
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