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Avenanthramides (AVs) are polyphenolic components found in oats. The present work is devoted to the explo-
ration of structure-based radical scavenging activity of nine AVs; 2p, 2f, 2¢, 1p, 1¢, 1f, 1s, 2s, and 3f, using M06-
2X functional level of density functional theory with basis set 6-31+G(d, p) both in gas and ethanol medium. The
act of compounds towards the electron transfer mechanism was analyzed with the help of a Donor-acceptor map
(DAM) and classified as antioxidants and anti-reductants. The main mechanism of radical action, HAT, SET-PT,

and SPLET were examined and found to be the preference of HAT and SPLET respectively in the gas phase
and ethanol medium. The computed quantum mechanical atom in molecule (QTAIM) parameters; the intra-
molecular H-bonding, Noncovalent interactions, aromaticity also acted as pillars to supports the activity of
compounds. The activity was found to be increasing with the stabilizing group ortho to the reactive phenolic OH

group.

1. Introduction

Grains are one of the most important dietary components of most of
the world's population and are packed with nutrients including proteins,
fibers, vitamins, minerals, and antioxidants [1]. A diet rich in the whole
grain is associated with a reduced risk of many chronic diseases such as
cardiovascular diseases, cancers, and type 2 diabetes [2]. Some of these
issues are driven by excess free radicals present in the body [3]. Luckily,
an antioxidant-rich diet can help to improve antioxidant levels in the
blood and reduce the risk of these diseases. There are too many research
papers on both theoretical and experimental research into the antioxi-
dant role of phytochemicals found in fruits and vegetables and are still
underway [4, 5, 6]. Nevertheless, cereals are largely ignored as a key
contributor to dietary antioxidants.

Avenantramides (AVs) are secondary metabolites found in oats
(Avena Sativa. L). These polyphenolic compounds are essential compo-
nents of oats groats, hull, leaves, and bran and which together contribute
0.2-0.8 mg/g of oats grains [7]. Structurally, AVs are cinnamoyl an-
thranilic acid derivatives, but as per substitution (hydroxyl group,
methoxyl group, hydrogen) on both rings distinguish them from each
other [8]. From literature, the major avenanthramides isolated are
mainly differed as per substitution on the cinnamic acid part of the
avenantrhamide molecules [9]. It may be ferulic acid, p-coumaric acid,
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caffeic acid, sinapic acid derivatives, and give notations f, p, ¢, and s
respectively in their simplest representations. Avenanthramides accord-
ing to substitution on the anthranilic acid part are reported, but little in
number [10]. These low molecular weight, soluble polyphenol com-
pounds have been shown to possess beneficial biological properties
including anti-inflammatory, antiatherogenic, antiproliferative, anti-
cancer, anti-itch that may be useful in the prevention of coronary heart
diseases and cancers [11]. Different commercial oat products are avail-
able on the consumer market as rich sources of phenolic acids and ave-
nanthramides [12, 13].

The compounds such as a-tocopherol, various hydroxyl cinnamate
esters of long-chain alcohols, hydroxy fatty acids, Vallin, caffeic acids,
etc., are also included as antioxidant compounds in oats in the com-
pany of AVs [10, 14, 15]. Such compounds protect lipids from
oxidation and enable long-term stabilization of the grains of oats. The
derivatives of a-tocopherol and cinnamic acid are highly sensitive to
oxygen use, and also heat and light. The long-lasting antioxidant
function of oat grains can, therefore, be expected to come from the
polyphenolic components AVs [10]. Hence the storage and heat sta-
bility of oats grains are concerned polyphenol AVs can persist its ac-
tivity for a long time than polyphenol present in the fruits and
vegetables. Therefore more attention needs to be paid to grains that
contain antioxidant AV compounds.
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The antioxidant activities of oat grains are first suggested indepen-
dently by Lowen et al (1937), and Peters and Musher (1937) [1]. About
50 years later, Collin identified around 40 Avenantramides (hydroxy or
methoxy) derivatives that are responsible for the antioxidant activity of
oat grains [8] and the complete structural analyses of the 10 AVs are
successfully identified spectrometrically [8]. Literature mainly focused
on avenanthramides, 2p, 2¢, and 2f in discussions of antioxidant activity
of oats phenolics. In vitro, antioxidant studies using different assays;
NORAC, SORAC, ORAC, SOAC, and HORAC respectively for peroxyni-
trite, superoxide anion, peroxy radicals, singlet oxygen, and hydroxyl
radicals reported that activity 2c was 1.5 fold than 2p and 2f [10-12,16,
171.

While there have been several experimental studies on the chemical
and biological properties of avenanthramides, only a handful of them has
been computationally examined [10]. Uses of computational chemistry
tools in research are a "must-have" tool for the scientific community. This
multidisciplinary field of research provides fundamental properties of
atoms and molecules using quantum mechanics and thermodynamics. In
this situation, systematic investigations on the structural and free radical
scavenging tendencies of AVs and their capacity to scavenge free radicals
are needed. The radical scavenging action between oats molecule and
free radical can be of anti-oxidation (antioxidant) or anti-reduction
(anti-reductant) of AV molecules. Considering the abundance of 2p, 2c,
and 2f, works of literature mainly reported antioxidant activity of these
avenanthramides, and others are ignored.

This work aimed to study the antiradical potency of avenanthramide
found in oats. So the radical scavenging action against a free radical can
be either by transfer of an electron between them or by transfer of
hydrogen atom or by proton transfer or maybe both. In the situation of
absence of computational works in this area, and the absence of more
kinds of literature on the detailed study, as like electron transfer deac-
tivation or hydrogen atom transfer deactivation of free radicals, more
spaces of research are found in this field along with a discussion on
antioxidant or anti-reductant tendencies.

The present work studies the structural and antiradical characteristics
of the compounds, N-(4- hydroxy-(E) -cinnamoyl)-5-hydroxyanthranilic
acid (2p), N-(4'-hydroxy-3’-methoxy-(E)-cinnamoyl)-5-hydroxyan-
thranilic acid (2f), N-(3, 4'-dihydroxy-(E)- cinnamoyl)-5-
hydroxyanthranilic acid (2c), N-(4’- hydroxy-(E)- cinnamoyl)- anthra-
nilic acid (1p), N-(3', 4'-dihydroxy-(E)-cinnamoyl)-anthranilic acid (1c),
N-(4'-hydroxy-3'-methoxy-(E)-cinnamoyl)-anthranilic acid (1f), N-(4'-
hydroxy-3',5'-dimethoxy-(E)-cinnamoyl)-anthranilic acid (1s), N-(4'-hy-
droxy-3',5'-dimethoxy-(E)-cinnamoyl)-5-hydroxyanthranilic acid (2s),
N-(4'-hydroxy-3'-methoxy-(E)-cinnamoyl)-5-hydroxy-4-methoxy anthra-
nilic acid (3f) employed using computational methodologies.

2. Materials and method
2.1. Computational method

All calculations described in this work were performed with the
Gaussian 09W computational programming package [18]. The molecular
structures of AVs are downloaded from the PubChem database [19] in
SDF file format and converted GJF file using OpenBabel application [20].
Density functional theory (DFT) has been adopted for calculation among
various computational calculation tools because it is a convenient
method for predicting the physical and chemical properties with great
accuracy. Besides, DFT allows the determination of all properties by
electron density as a function of three variables (X, Y, Z) and therefore
suitable for free radical scavenging action, since both are based on
electron density. According to the literature, from the family of Minne-
sota Functionals, M05-2X [21] and M06-2X [22] functional seem to give
good results for the free radical reactions. Hence, considering top per-
formance within the 06 functionals for main group thermochemistry,
kinetics, and non-covalent interactions over B3LYP functional, the
MO06-2X suite of DFT are selected for the study with 6-31 + G (d, p) basis
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set. The comparison of experimental 'HNMR of 2p with theoretical
THNMR using different levels of theories is given in Table S1 [8]. The
solvent effect was described by the IEFPCM solvent model in the ethanol
environment, because, it is one of the soluble media for AVs [1]. The
vibrational frequencies were performed at the same level to confirm all of
the stationary points as minima (zero imaginary frequency). The geom-
etry optimization of neutral molecules, its radicals, cations, and anions
are optimized in the same level of theory to obtain the descriptors like
BDE (Bond Dissociation Enthalpy), IP (Ionization Potential), PDE (Proton
Dissociation Enthalpy), PA (Proton affinity), and ETE (Electron Transfer
Enthalpy) needed for radical scavenging activity in the ground state in
the gas phase and ethanol media. Moreover, the weak noncovalent in-
teractions and spin density computations of AVs have been carried out
using Multifunctional Wave function Analyzer, Multiwfn 3.3.8 suite [23]
using M06-2X/6-31 + G (d, p) level of theory.

2.2. Atom in molecule (AIM) analysis

The "Quantum Theory of Atoms in Molecules (QTAIM)" proposed by
Bader [24] discloses the covalent and non-covalent interactions between
atoms in light of electron density p(r) and its LaplacianV2p(r) at the bond
critical points (BCP), a region between a pair of nuclei where Vp(r) = 0.
From the BCP parameters obtained from the QTAIM study, such as the
Lagrangian kinetic electron density (g) and the potential electron density
(v), total energy density (H), the existence of stabilizing interactions
between nuclei can be studied, which are quite significant in dealing with
the radical scavenging behavior of substances. The nature of stabilizing
interaction, type of bond, bond strength, and energy of hydrogen bond
(Eng; Equation 1) [25] between nuclei of interest can also be examined.
Since the entire work concerns the antiradical properties of polyphenol,
avenanthramides obtained from oats, BCP parameter evaluation is crit-
ical. The Poincaré-Hopf relationship of all critical points is evaluated and
found to be valid in all topological analysis of AVs instances. QTAIM was
performed using a multiwfn 3.3.8 suite.

Eng = 1/2(Vpcp) (@9)

2.3. Non-covalent interaction (NCI) analysis

Using quantum-mechanical electron density and its derivatives,
qualitative and quantitative analyzes of non-covalent molecular in-
teractions in real space can be explored using the approach reduced
gradient density (RDG) [26]. It is a fundamental dimensionless quantity
used in DFT to define the deviation from the homogeneous distribution of
electrons and gives a rich description of van der Waals interactions,
hydrogen bonds, and steric repulsions in molecules. The definition of the
RDG function is shown in Eq. (2) below (see Figure 1).

L [Vp()l

26 0

(2)

To visualize the obtained isosurfaces of NCI analysis, the visual mo-
lecular dynamics (VMD) molecular graphics program was used. Plots of
reduced density gradient (RDG) versus the electron density multiplied by
the sign of the second Hessian Eigenvalue, as in Figure 2.b, reveals the
basic pattern of intramolecular interactions. In three dimensional spaces,
the weak interactions are the reduced density gradient (RDG) at low
densities appears as colored regions (isosurfaces). These regions are
defined as strong attractive interactions, weak interactions, and strong
repulsive interactions.

2.4. Donor acceptor map (DAM)

The relative feasibility to donate, or accept, charge or electron from
set chemical compounds to another can be represented with the help of
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Figure 1. Chemical structures of the oats avenanthramides (p = p-coumaric
acid, f = ferulic acid, ¢ = caffeic acid and s = sinapic acid).

donor-acceptor map (DAM). The molecule's tendency to act antioxidant
and anti-reductant towards the free radicals can easily be analyzed. The
schematic diagrams of the donor-acceptor map are given in Figure 4. The
Ra and Rd are respectively the electron acceptance and electron donation
indexes [27] calculated from ionization energy (IE) and electron affinity
(EA) of the molecules as follows,

Ra=-L
“ wr @
Rd="L @
wNa

0~ & w' are the tendencies of a compound to donate and accept
electron respectively and these parameters can be computed using the
method (5) & (6) [28]. The electron-accepting and electron-donating
power of a molecule L are represented for F and Na respectively.

When o] = o} L and F are equally efficient electron acceptors.

of > of ; L is more efficient than F.

o~ = wy,; L and F are equally efficient electron donors.

0~ < Wy, L is more efficient than Na

_ BIE+EA),
“ T16(IE — EA) ®
(IE + 3EA) ,
+
“" T16(IE — EA) ®

2.5. Free radical scavenging activity

Radical scavenging activity of phenolic antioxidants theoretically
expressed mainly by three possible mechanisms, namely, Hydrogen atom
transfer (HAT) mechanism, Single-electron transfer followed by proton
transfer (SET-PT) mechanism and Sequential proton loss electron transfer
(SPLET) mechanism [29, 30, 31, 32, 33, 34] and were calculated under
standard conditions of 1 atm. and 298.15 K.

1. HAT (Hydrogen atom transfer) mechanism

The antioxidant (ArOH) scavenges the free radical (X') by the transfer
of the hydrogen atom of ~OH group to the radical species, and become
phenoxide radical. The corresponding controlling parameter associated
with the HAT mechanism is bond dissociation enthalpy (BDE). Lower
BDE indicates good antioxidant activity. If the antioxidant contains more
than one —OH group, then the homolytic cleavage occurs to all the -OH
present depending on the BDE of the —OH. The one with lower BDE,
easier will be the cleavage of O-H bond and contribute more towards the
antioxidant activity.

Heliyon 7 (2021) e06125

ArOH +X* — ArO® + XH 7

2. a) SET (Single electron transfer) mechanism

In this mechanism, the reactive free radicals are neutralized by
making them anions through the transfer of electrons to it. These elec-
trons are provided by the most reactive hydroxyl groups from poly-
phenolic compounds. The antioxidant compound then becomes a radical
cation. The corresponding controlling parameter associated with this
mechanism is AIP (adiabatic ionization potential). The mechanism
involved is

ArOH +X* — ArOH*" + X~ (8)

b) SET-PT (Single electron transfer followed by proton transfer)
mechanism

This is a two-step mechanism, in which the first step is an electron
transfer from the antioxidant and the second step is a proton transfer
from the radical cation formed in the first step.

ArOH+X — ArOH** + X~ 9

ArOH*" - ArO* + H* (10)

In SET-PT mechanism first step is by ionization potential (IP) or
electron transfer capacity and the second step is heterolytic O-H bond
cleavage. The corresponding controlling parameter associated with the
second step is proton dissociation enthalpy (PDE).

3. SPLET (Sequential proton loss electron transfer) mechanism

This is also a two-step mechanism, in which the first step is the
dissociation of the antioxidant into phenoxide anion and proton. Then
the phenoxide anion formed in the first step reacts with free radicals at
specific pH; products formed are similar to those obtained in the HAT
mechanism. The corresponding controlling parameter associated with
the first step is proton affinity (PA) and the second step is electron
transfer enthalpy (ETE).

ArOH —»ArO™ +H" 1D
ArO” +X*+H'" - ArO* + XH 12)
3. Results and discussion

3.1. Optimized structures of avenanthramides

To elucidate the relationship between the molecular structure and the
radical scavenging activity, the analysis of the conformation and geo-
metric characteristics of the compounds considered are significant. Due
to the O = C - Ca = CB bond, this class of molecules will exist in different
isomers for the A ring and the B ring. Concerning C = C, the molecule
may exist cis or trans isomer, because of the steric clash from the B ring,
thermodynamically trans one is more stable than cis. In this trans isomer,
there may be two conformations due to O = C-Ca = Cp bond, s-trans and
s-cis. The previous experimental studies reveal the stability of s-cis than s-
trans. This kind of conformational quest is carried out as inspired by the
chalcone conformation analysis [35]. Therefore all molecules are called
the trans-s-cis conformer throughout the analysis.

The potential energy scan of molecules was carried out by varying the
dihedral angle values in 12 steps of 30° from 0 to 360° at the B3LYP/6-
21G level of theory. Potential energy profile plots are shown in Fig. S1-
S11. The 3D potential energy surface and the structure correspond to the
global minimum of 2p are shown in Fig. S1. The PES diagram containing
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Figure 2. A & B are color-filled RDG map showing non-covalent interactions of 2p and 2c respectively. The hydrogen bonds are displayed in blue, van der Waals is
presented in light green and steric repulsions are shown in red. C & D are the plots of the reduced density gradient versus the electron density multiplied by the sign of

the second hessian eigenvalue, sign (A2)p of 2p and 2c respectively.

dark blue, light blue, and dark red, light red colored grids represents
global minimum, local minimum, local maximum, and global maximum
respectively. The better conformers with the lowest energy of all struc-
tures are considered and these structures are further considered for en-
ergy minimization.

After minimum energy conformation was obtained, further geometry
optimization was performed with M062X/6-31+G(d,p) level of theory.
The geometry optimized structures of all AVs are presented in Fig.S12.
Vibrational frequency calculations were performed at the same level to
confirm the absence of imaginary frequencies. The bond length and bond
angles of 2p, 2f, and 2c are provided in Table S2 and S3 respectively. The
optimized XYZ coordinates of 2p in the gas phase are also provided in
Table S4. An intramolecular hydrogen bonding (IHB) between the
carbonyl oxygen of carboxylic acid and the NH group was seen in all
optimized AV structures. Therefore, it is predicted that these IHB would
prefer coplanarity between the A-ring, bridging chain, and the B ring.
From the data of dihedral angles Table S5 of AV neutral molecules at ®
(C4, C3, C2, N) and @ (C3/, C2/, C1/, C7'), it can be observed that the
compounds 2p, 2¢, 1p, 1c, and 1f are completely planar and 2f, 1s, 3f,
and 2s are very slightly deviating from planarity.

The radicals (ArO), cations (ArO+) radicals, anions (ArO ™) have also
been optimized using the same method, starting with the optimized
structure of neutral AV molecules by removing hydrogen atoms from
successive positions. By comparison, no major geometrical shift was
observed when moving from neutral to the corresponding radical, cation
radical, and anionic forms except for NH. When radical/anion is formed
from NH group of molecules some degree of distortion from planarity to
the ring A has been observed due to disappearance of IHB between NH
and C=0 group and other part ring B has found to keeping its planarity
with the O = C- Ca = Cf bond. In Table S6, the dihedral angles ® (C4, C3,
C2, N) and (C3', C2/, C1’, C7’) of anion and radical of each reactive sites
are given and supports the above observation.

The properties of a compound can be derived from its ground-state
electron density p(r) and the essence of a molecule's structure can be
obtained within the topology of p(r). A chemical reaction is preceded

by p(r) redistributions, and the methods that analyze p(r) distributions
should help to understand the electron structure of molecules and thus
chemical reactivity. Spatial topological decomposition of p(r) itself is
the basis of the popular Atoms in Molecules (AIM) theory, which will
be a mathematical tool to describe the properties of chemical systems
and to extract observable information from the electron density. As an
extension of the AIM theory, Johnson and co-workers introduced the
concept of Non-Covalent Interactions (NCI) index [26], which has
been specifically developed to reveal non-covalent interactions, such
as hydrogen bonding, Van der Waals, steric interactions in
three-dimensional spaces.

Table 1 clearly explains quantitatively the nature of hydrogen
bonding interaction between the stabilizing groups, which are very
essential for dealing with the antiradical properties of polyphenols, using
the parameters of QTAIM theory. The parameters, electron density (p
(1)), its second derivative or Laplacian of electron density (Azp(r)),
lagrangian kinetic electron density (g(r)), potential electron density
(v(1)), total energy density (g(r) + v(r)), hydrogen bond energy (Eys), at
BCP, were analyzed.

From Table 1, the nature hydrogen bonding can be examined as fol-
lows, 1) for strong hydrogen bond, the parameters should be V2 p(r) < 0,
and g(r)+v(r) > 0, 2) for intermediate type of hydrogen bond, it should
be V2 p (r) > 0, and g(r)+v(r) < 0, and for weak hydrogen bonds, V2 p ()
> 0, and g(r)+v(r) > 0. For NH CO interaction, the values V> p (¥)
and g(r) + v(r) are greater than zero except for 3f indicating the existence
of weak hydrogen bonding interaction. However, in case of 3f, the pos-
itive value of V2 p(r) (>0) and negative values of g(r)+v(r) (<0) desig-
nates the intermediate hydrogen bonding interaction may be due to
activating functional group OCH3 para to the COOH.

The nature hydrogen bonding interaction between OH--- OCH3 of
compounds 2f, 1f, 1s, 2s, and 3f are also represented in Table 1. The
positive values of v? p () (>0), and g(r) + v(r) (>0) reveals very weak
hydrogen bonding interaction between OH--- OCH3.

Moreover, the negative value of Egg for NH——CO and OH— OCH3
of all compounds indicates that these interactions are thermodynamically
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feasible. Since the magnitude of the Eyp is about the strength of the
hydrogen bond, the NH ..... CO interactions are relatively stronger than
the OH --- OCH3 interactions. For the compounds, 1s and 2s, both the
ortho positions of OH having an OCH3 group (HOC4'-C5'OCH3 and
HOC4'-C3’0OCH3) and these OH can either form hydrogen bonding
interaction with C5’OCH3 or C3'OCH3. The magnitude of Eyg signifi-
cantly reveals the hydrogen bonding strength of OH with C5'OCH3 over
C3'OCH3 interaction. This observation supports the conformational
study of these compounds which are explained pictorially in supporting
information (Fig. S8-Fig. S10). For the compound 3f having another
OH--- OCH3 interaction on A ring (HOC5-C40CH3) in addition to
(HOC4'-C5'0CH3) of B ring. The strength of hydrogen bond bonds is
found to be almost similar.

The NCI isosurfaces of 2p are represented in Figure 2.a. and the
remaining compounds in Fig.S13. Based on the second derivative of the
hessian matrix a continuous color-coding scheme is used. The surfaces
are displayed on a blue-green-red scale concerning the values of sign (12)
p, ranging from —0.05 to 0.05 a.u. The strong attractive interactions
related to hydrogen bonds are represented in blue, weak interactions like
van der Waals in green, and strong repulsive interactions in red. Visual
inspection of AVs clearly illustrates the hydrogen bonding interaction
between the C=0 of carboxylic acid and the NH group in all compounds
with the blue colored region. The NCI isosurfaces shown between the
C=0 of carboxylic acid and NH (like a dumbbell shape) is a mixture of
blue and orange color represents the presence of critical points where
distinct blue region centered at the BCP corresponding to a moderate
hydrogen bonding interaction and a distinct yellow region centered at
the ring critical point. For the compound 3f, the NCI isosurfaces (Fig.S13)
between the C=O0 of carboxylic acid and the NH group are clearly shown
as small spheres corresponding to BCP (blue) and RCP (orange) critical
points.

For compounds 2¢ and 1c apart from the C=0 and NH hydrogen
bonding interaction, one more such interaction is there in the compound
due to catechol moiety on the B-ring. Using the BCP criteria of AIM
theory this interaction couldn't be proved due to the absence of BCP
between the catechol moieties. The NCI isosurfaces obtained between
these two hydroxyl groups is a small sphere of color red-green represents
the collapse of two critical points BCP and RCP (ring critical point; a
second-order saddle point found at the center of the ring). Hence it is
difficult to find the nature of interaction in that region due to the absence
of BCP using this theory. But it doesn't mean the absence of hydrogen
bonding, but only as of the absence of a single piece of evidence of
hydrogen bonding using this theory [36].

The plot of reduced density gradient (RDG) versus the electron den-
sity multiplied by the sign of the second Hessian Eigenvalue (refer
Figure 2b)) can explain noncovalent interactions clearly. One or more
spikes in the low density, the low gradient of the plot are significantly
distinguishing noncovalent interactions. If it is a hydrogen bonding
interaction, these lies in the negative value region, for the sterically
crowded region remains at positive values indicating the lack of bonding
that area of the molecule, and spike at very near zero denotes the van der
Waals interaction. The RDG Vs sign (A2)p curves of 2¢ given in Figure 2
are not qualitatively different than other AVs given in Fig.S14. In all
cases, the trough at negative sign (A3)p corresponds to hydrogen bonding
interactions.

The aromaticity of each benzene ring was calculated using three
methods to identify the reactivity of the molecules. The three
methods; harmonic aromatic oscillator model (HOMA) [37], aromatic
fluctuation index (FLU) [38], and para-delocalization index (PDI) [37]
are used and the result was compared. If the HOMA value equal to 1,
then the ring is fully aromatic. The higher the value of PDI, the
delocalization will be larger, and the stronger the aromaticity. Lower
FLU corresponds to stronger aromaticity. The aromatic indices of ring
A and B correspond to each AVs are given in Table S7. Analyzing all
these aromatic indexes, it is found that ring B is more aromatic than
ring A.
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3.2. Donor acceptor map (DAM)

According to the direction of charge transfer, the compound can act as
either an antioxidant (donor of an electron) or anti-reductant (acceptor of
an electron). The donor accepting tendencies of compounds can be
studied with the help of IE and EA values. However, when describing the
charge transfer of antiradical, it is better to state in terms of its electron-
donating (w +), and electro-accepting (w-) capacity as shown in equation
5 & 6, than IE and EA values. The low value of w-indicates a stronger
tendency to donate an electron, while, a high value of n+ suggests the
greater propensity to accept an electron. The increasing order of -in gas
phaseis 3f < 2f < 2s = 2¢ = 2p < 1f = 1s < 1p < 1c and in ethanol is 2p
< 3f < 2f <2c <2s <1s < 1p=1c < 1f. The increasing order of o+ in
gasphaseis3f<2f<2p=2c=2p=2s=1f<1s=1p=1cand 2p <
2f = 2¢ < 1p < 3f < 1¢ = 2s < 1f = 1s (Table S9 & S10).

DAM plot simultaneously shows the electroacceptance and the elec-
trodonating power of the compounds concerning good electron acceptor
atom F (as Ra index) and good electron donor atom Na (as Rd index).

The plot containing four quadrants (separating lines are symbolic
to help imagine), a worst antiradical region, where bad electron ac-
ceptors and bad electron donors (Ra small and Rd large); a best
antiradical region, where the compounds are good acceptors and good
donors (Ra large and Rd small); a good anti-reductant region, where
compounds are good electron acceptors (Ra and Rd large); and good
antioxidant region, where compound acts as good donors (Ra and Rd
small). Since anti-reductant and antioxidant compounds are also good
antiradical, three of the four regions are for good antiradical
compounds.

The DAM plots of compounds examined are shown for the gas
phase and ethanol in Figure 3. Ionization potential, electron affinity,
®-, ®+, Ra, and Rd in the gas phase and ethanol are tabulated in
Table S9 & S10. It is shown that Rd >1 and Ra <1, poor electron
donating and electron accepting power of AVs compared with Na and
F respectively, both in the gas phase and ethanol. In the gas phase, 2c,
2s, 1f, and 1s are the best antiradical with good electron-accepting
and donating tendencies. The compounds, 2p, 2f, and 3f tend to
donate electrons during radical scavenging action and hence in the gas
phase are the good antioxidants. Similarly the compounds 1p and 1c
can accept electron charge and acts as good anti-reductant in the
radical deactivation process.

From Figure 3, it is clear that, in ethanol, the avenanthramide 1p
exhibits the worst antiradical property, indicates that they are not suit-
able to donate or accept electrons in comparison with others. In this
solvent, remaining AVs situate only in two quadrants, where, 1c, 1f, 1s,
and 2s as good anti-reductants, and 2p, 2f, and 2c as good antioxidants.
When the solvent changes from the gas phase to ethanol, the electron
transfer tendencies of the compounds also changes. Apart from analyzing
the antiradical property by the movement of electrons, the other ten-
dencies of deactivating free radical species are by transfer of hydrogen
atom from its phenolic OH or NH groups of compounds and are explained
in continuing sections.

3.3. Radical scavenging mechanism study

Three radical scavenging mechanisms are discussed, HAT, SET, and
SPLET. The HAT mechanism is completely a hydrogen atom transfer
mechanism, whereas the SET and SPLET mechanism involves both
electron transfer and proton transfer. Various antioxidant descriptors
corresponding to the mechanism of free radical scavenging action were
calculated in the gas phase and ethanol solution are presented below.

3.3.1. Analysis of HAT mechanism

The calculated BDE values of AVs in both the gas phase and solvent
ethanol are shown in Table S8. The energy of bond dissociation is the best
parameter to explain a molecule's radical scavenging activity because
hydrogen bond strength dictates the efficacy of hydrogen abstraction.



P.C. Sumayya et al.

Heliyon 7 (2021) e06125

Table 1. BCP parameters of intermolecular hydrogen bonds: electron density, Laplacian of the electron density, and hydrogen bond strength (kcal/mol) (calculated from

MO062X/6-31+G(d,p) wave function in the gas phase) for Avenanthramides.

BCP parameters

p(r) g(r) v(r) g(r)+v(r) A%p() Exp (keal/mol)

NH——CO

2p 0.03290 0.02840 -0.02830 0.00002 0.11353 -8.87926
of 0.03310 0.02850 -0.02840 0.00001 0.11394 -8.91064
2¢ 0.03289 0.02829 -0.02827 0.00002 0.11328 -8.86985
1p 0.03363 0.02890 -0.02888 0.00002 0.11564 -9.06124
1c 0.03378 0.02903 -0.02901 0.00002 0.11618 -9.10203
1f 0.03388 0.02911 -0.02909 0.00002 0.11653 -9.12399
1s 0.03361 0.02887 -0.02885 0.00002 0.11556 -9.05183
2s 0.03267 0.02811 -0.02809 0.00002 0.11257 -8.81337
3f 0.0335 0.02744 -0.02876 -0.00132 0.11492 -9.03614
OH--- OCH3

of 0.01976 0.02014 -0.01838 0.00176 0.08760 -5.76681
1f 0.01973 0.02013 -0.01836 0.00177 0.08759 -5.76054
1s (HOC4'-C5'OCH3) 0.02014 0.02047 -0.01876 0.00171 0.08873 -5.89859
1s (HOC4'-C3'OCH3) 0.01311 0.01123 -0.01010 0.00113 0.04941 -3.16892
2s (HOC4'-C5'OCH3) 0.02011 0.02045 -0.01873 0.00172 0.08865 -5.87977
2s (HOC4'-C3'OCH3) 0.01289 0.01105 -0.00914 0.00191 0.04873 -2.86772
3f (HOG5-C40CH3) 0.01932 0.01985 -0.01798 0.00187 0.08689 -5.64131
3f (HOC4'-C5'OCH3) 0.01975 0.02014 -0.01837 0.00177 0.08762 -5.76368

Here, the free radicals are deactivated by the transfer of a hydrogen atom
from the molecule. In a compound with more than one phenolic hydroxyl
group, the lowest energy compound is called for a radical scavenging
mechanism. The optimized structure of radical species and their spin
density distributions for each of the AV after radical formation are
analyzed (Figure 4 & Fig.S15-S22). The BDE values both in the gas phase
and ethanol are represented in Table S8. The highest BDE for carboxylic-
OH functionality (greater than 110) in the gas phase is found in all
studied cases of AV, so this is the least reactive site for radical formation
reaction. As discussed above, the phenolic NH groups in all AV forms
intramolecular interaction (IHB) with the adjacent carbonyl oxygen of
carboxylic functionality. Hence the abstraction of the H atom from this
N-H implies the breaking of IHB. This will cause a higher BDE of the N-H
group. The BDE value of NH in all cases is around 104-108 kcal/mol.
Since the BDE values of COOH and NH are above 100 kcal/mol and
hence, H atom donation reactions may be overlooked for these two
functional groups.

The spin density distribution (SD) [39]and delocalization index (DI)
[40] given in Table 2 and the SD distribution isosurface diagram in
Figure 4 also supports these observations. When the H abstraction takes
place from COOH functional group and forming COO radical, the formed
electron density at O radical delocalizes only at the functional group itself
not to the ring, hence lower the stability of these radicals. These obser-
vations are depicted in Figure 4. The greater SD value of 0.153 indicates
that the electron density concentrate on that region itself. DI values of a
radical quantitatively explain the extent of the delocalization of that
radical [40, 41]. The lower the SD, the higher the DI implies that the
one-electron formed at a site are more delocalized and hence stable.
Hence, the DI of COO radical is quite higher not means it as a contra-
dictory result, but it is due to continuous delocalization within COO
radical. The higher SD and lower DI values of nitrogen radical when
compared to other radical, except COO radical also supports the lower
stability of radical formed. Hence due to two reasons; the IHB and the low
delocalization of radical formed, the involvement of these two functional
groups can be neglected from radical scavenging activity.

For the compound 2p, among the two phenolic hydroxyl groups the
lowest BDE value is obtained for 5 OH (84.81 kcal/mol) than the 4 OH
(108.11 kcal/mol), hence the activity of 2p is through 5 OH. The SD and

DI values also suggest the stability of radicals formed from the 5 OH. In
ethanol, the same trend in BDE is obtained for 5 OH (85.10 kcal/mol) and
4’ OH (87.07 kcal/mol). But the change is lowest for 4 OH may be due to
the stabilization of the radical formed by the solvent.

The molecule 2f also contains two hydroxyl groups on both A and B
rings and 5 OH (84.75 kcal/mol) of the A ring exhibits lower energy for
bond dissociation than the 4 OH (86.23 kcal/mol) of the B ring. How-
ever, a methoxy group in the ortho of donor hydroxy group, considerable
enhancement in activity is observed. In 2¢, when ortho of a donor hy-
droxyl group, 4’ OH substituted with another hydroxyl group resulted in
an enhanced activity than methoxy substituted molecule with BDE of
77.87 kcal/mol. The other hydroxyl groups present in the B ring and A
ring respectively are 89.19 kcal/mol (3'OH) and 84.87 kcal/mol (5 OH).
From these two avenanthramides, more than one conclusion can be made
according to their bond dissociation energy values. Firstly, the hydroxyl
group present on the B- ring is more active than the A-ring, secondly, 4'
OH will be the donor hydroxyl group due to extended delocalization of
radicals formed through the molecule and is supported by SD and DI
values given in Table 2, and thirdly hydroxyl group in the ortho position
of donor hydroxyl group can enhance the activity by stabilizing the
radical formed more than the methoxy group, and finally, the substitu-
tion on B-ring doesn't affect on the hydroxyl group of A ring. All these
computationally obtained observations are correlating well with previ-
ous experimental conclusions made by authors in this field [9, 10].

The BDE values of donor hydroxyl group (4' OH) of 1p, 1c, 1f, 1s and
2s respectively are 86.51 kcal/mol, 78.02 kcal/mol, 86.34 kcal/mol,
82.29 kcal/mol and 82.27 kcal/mol. Comparing 1c, 1s, and 2s, stabili-
zation of radical formed in donor hydroxy group happens more in the
presence of hydroxyl group at the nearest position than a dimethoxy
group. But, 2f changed to 1s and 2s, enhanced activity was observed due
to two methoxy groups on either side of the radical formed. The two
hydroxyl groups of 3f are found to be equally contributing towards
radical scavenging activity through their 5 OH with BDE of 86.08 kcal/
mol and 86.23 kcal/mol of 40OH. The SD and DI values tabulated in
Table 2 and the isosurface plots (Fig.S15, 16, 17, 18, 19, 20, 21, and 22)
are also supporting this HAT mechanism in all studied samples. Ac-
cording to HAT mechanism, the order of radical scavenging activity
among the AVs are in the order of 2¢ > 1¢ > 2s > 1s > 2f > 2p > 3f > 1f
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Figure 3. DAM plots of AVs A) model, B) in the gas phase, and C) in ethanol.

> 1p exactly follows the order caffeic acid > sinapic acid > ferulic acid >
p-coumaric acid suggested by the experimental observations [9, 10].

3.3.2. Analysis of SET-PT mechanism

In this mechanism, the radical scavenging molecule ArOH upon
electron donation in presence of free radical species results in the for-
mation of a radical cation ArOH*" and further subsequent deprotonation
from the first intermediate forms the corresponding radical ArO°®. In this
two-step mechanism, the associated numerical descriptors respectively
are the IP (ionization potential) and PDE (proton dissociation enthalpy).
These global and local reactivity descriptors can have to tell something
about the radical scavenging activity of the molecule. Low IP molecules
are more vulnerable to ionization and have strong antioxidant properties.

The calculated IP and PDEs of all compounds in both gas phase and
ethanol are summarized in Table S8. From Table, it can be found that
the lowest IP is found for 3f irrespective of media implies that electron
donation ability is higher for this molecule. The increasing order of
electron donation in terms of IP in gas phase is 3f < 2s < 2f < 2p < 1s
< 2c¢ < 1f < 1c < 1p. The order is exactly different when the solvent
changes to ethanol, the increasing order of IP is 3f < 1f < 2p < 2f < 2s
< 1s < 1c < 1p < 2c. When turning solvent from gas to ethanol the
shift in IP is 46 kcal/mol. These patterns differ greatly from BDE
because the IP value is influenced by the whole molecule structure
while the BDE is affected by the local phenomena induced by the
substituent.

3.3.3. Analysis of SPLET mechanism

In the SPLET mechanism, loss of proton followed by electron
transfer from AV is considered. The descriptors associated with the first
and second stages of these reactions are represented by PA and ETE
respectively. The bond with the highest acidity is involved in PA.
Lower the PA, then higher the reactivity. The differences in the PA

values between gas and ethanol are approximately 250 kcal/mol. The
gas-phase PA values are in the range of 350 kcal/mol but in ethanol
less than 60 kcal/mol. Hence the PA mechanism rises only in polar
solvents.

By comparison, we can see that the PA of NH is always higher than all
other bonds, shows the reluctance of this group to form anion by
releasing a proton from it. It may be due to the strong IHB interaction
with the carbonyl of the carboxylic group. In ethanol, the PA values are
shown be to the lowest for the carboxylic hydroxyl group due to the
stabilization anion formed from the solvent. This is a purely obvious
observation because these molecules exist in a solvent cage of ethanol
and the proton of the acid group is ready to go to solvent because of the
electromeric effect of carbonyl carbon. The anion formed will delocalize
continuously through the acid group itself. The increasing order of PA for
carboxylic proton donation are 2s < 2f < Is<1p < 1f<2p<2c<1lc<
3f. The increasing order of PA of phenolic protons 4 OH of 1c (41.51
kcal/mol) < 4’ OH of 2¢ (41.52 kcal/mol) < 4 OH of 1p (45.57 kcal/
mol) < 4’ OH of 2p (45.91 kcal/mol) < 4’ OH 1s (46.64 kcal/mol) < 5
OH of 2s (46.66 kcal/mol) < 4’ OH of 1f (47.93 kcal/mol) < 4’ OH of 3f
(47.98 kcal/mol) < 4’ OH of 2f (48.32 kcal/mol).

In conclusion, as discussed above the preferred descriptors corre-
sponding to HAT, SET-PT, and SPLET are BDE, IP, and PA respectively.
These descriptors are therefore used to determine the thermodynami-
cally preferred mechanism for the radical scavenging activity of the
compounds studied. Because of the lowest value of BDE relative to other
descriptors, it could be found from the above discussions that HAT would
be the optimal pathway for these molecules in the gas phase or vacuum.
So in the gas phase free radicals deactivates by the transfer of hydrogen
atom from the compound. But the medium turning to ethanol, the PA
pathway overtakes the HAT and SET-PT mechanisms. SPLET would,
therefore, be the preferred mechanism to explain radical scavenging
activity in the polar medium.
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Table 2. SD values for the O-radical and delocalization index of C-O bond computed for AVs using M062X/6-31G-+(d,p) level of theory in the gas phase.

AVs Parameter Bond
N COO 5-0 4-0 3-0
2p SD 0.120 0.153 0.087 0.115
DI 1.532 1.898 1.859 1.676
2f SD 0.121 0.153 0.086 0.068
DI 1.532 1.899 1.859 1.913
2¢ SD 0.120 0.153 0.087 0.071 0.084
DI 1.532 1.896 1.859 1.872 1.872
1p SD 0.131 0.153 - 0.076
DI 1.494 1.892 - 1.899
1c SD 0.107 0.153 - 0.071 0.084
DI 1.512 1.891 - 1.872 1.872
1f SD 0.138 0.153 - 0.068
DI 1.496 1.894 - 1.914
1s SD 0.139 0.153 - 0.075
DI 1.496 1.892 - 1.880
2s SD 0.120 0.152 0.087 0.075
DI 1.534 1.894 1.859 1.879
3f SD 0.103 0.152 0.085 0.068
DI 1.550 1.881 1.866 1.913
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4. Conclusion

In this article, the radical scavenging activity of mainly nine ave-
nanthramides (2p, 2f, 2¢, 1p, 1c, 1f, 1s, 2s, and 3f) derived from oats
phenolics are computationally explored using DFT-M062X/6-31+G(d, p)
level of theory in the gas phase and ethanol. The trans-s-cis conformers of
each are found to be the lowest in energy. In the lowest energy structures,
compounds 2p, 2¢, 1p, 1c, and 1f are found to be completely planar and
B ring are more aromatic than A-ring. The QTAIM study reveals the ex-
istence of hydrogen bonding interaction between NH.--C=0 of COOH.
The THB between hydroxyl groups of 1c and 2¢ cannot be calculated
qualitatively and quantitatively due to the absence of BCP in between
them.

Among three mechanisms, the thermodynamically favorable mecha-
nism in the gas phase is HAT whereas SPLET in ethanol. The BDE values
are found to be the best correlating with SD and DI values. Also, the
trends in BDE are found to be exactly correlating with corresponding
experimental shreds of evidence of radical scavenging activity. The hy-
droxyl group present on the B- ring is more active than the A-ring and the
hydroxyl group in the ortho position of the donor hydroxyl group can
enhance the activity by stabilizing the radical formed more than the
methoxy group. The substitution on B-ring doesn't affect the hydroxyl
group of A ring.
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