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—I
Based on density functional theory (DFT), to investigate relationships between the antioxidant activity and structure of dihydrocaffeic |
acid, quantum chemical calculation is used. The optimized structures of the neutral, radical and ionic forms have been carried out by DFT- |
B3LYP method with the 6-311G(d,p) basis set. Reaction enthalpies related with the hydrogen atom transfer (HAT), single electron
transfer proton transfer (SET-PT) and sequential proton loss and electron transfer (SPLET) were calculated in gas and water phase. The |
HOMO-LUMO energy gap, electron affinity, electronegativity, ionization energy, hardness, chemical potential, global softness and global |
electrophilicity were calculated by using the same level of theory. Surfaces with a molecular electrostatic potential (MEP) were studied to |
determine the reactive sites of dihydrocaffeic acid. The difference in energy between the donor and acceptor as well as the stabilization |
energy was determined through the natural bond orbital (NBO) analysis. The Fukui index (FI) based on electron density was employed to
predict reaction sites. Reaction enthalpies are compared with previously published data for phenol and 3,4-dihydroxycinnamic acid. :
|

Keywords: Density functional theory, Dihydrocaffeic acid, Fukui index.

INTRODUCTION

Dihydrocaffeic acid or 3-(3,4-dihydroxyphenyl)propenoic
acid is acquired from plants species, such as Gynura bicolor
[1], Nepeta teydea [2] and Selaginella stautoniana [3]. More-
over, dihydrocaffeic acid is also present in the common beet,
red beetroot and olives. Additionally, dihydrocaffeic acid is a
caffeic acid metabolic product and researched due to its potent
antioxidant properties has been detected in human plasma after
coffee ingestion [4]. The chemical compounds called antioxi-
dants can inhibit oxidative reactions and trap the intermediates
of free radicals produced during an oxidative reaction. Natural
antioxidants have received considerable attention because these
antioxidants can significantly reduce or altogether prevent bio-
molecule oxidation through free radicals [5,6]. Biomolecule
oxidation is closely related to the progression and initiation of
various diseases including cardiovascular disease, atherosc-
lerosis, cancer and neurodegenerative disease as well as ageing
[7.8].

Computational methodologies and quantum chemistry
provide the energy information and atomic-level structures of
systems with the accuracy greater than or equivalent to the

experimentally obtained accuracy. Therefore, for the investi-
gation of underlying drug structure-activity relationships and
rational design of novel potential drugs, theoretical calculations
are widely employed as a cogent tool [9]. Several examples of
design of new antioxidants [10-12] by employing economical
and powerful quantum chemical methods, especially DFT and
successful rational interpretation of the structure-activity rela-
tionships of naturally obtained antioxidants [9,13-16] are
reported. Five thermodynamic parameter sets, namely ionization
potential (IP), bond dissociation enthalpy (BDE), proton disso-
ciation enthalpy, electron transfer enthalpy and proton affinity,
were identified using the high-precision DFT calculation. These
parameters were used to determine three working mechanisms
of single electron transfer proton transfer, hydrogen atom
transfer (HAT) and sequential proton loss and electron transfer
(SPLET) under various microenvironments (water and gas
phase). In free radicals, to understand the radical scavenging
reactivity of investigated molecules, the spin density and lowest
unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) distributions were calculated.
Additionally, the molecular electrostatic potential (MEP) and
Fukui index (FI) of dihydrocaffeic acid were determined. In
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this study, structural insights into the mechanisms of action of
phenolics were obtained. These insights may aid expand the
applications of phenolics to food and pharmaceutical sciences.

COMPUTATIONAL METHODS

Theoretical background and computational details: All
electronic calculations were performed with the Gaussian 03
program package [17]. The geometry optimization of dihydro-
caffeic acid molecule and respective radicals, radical cations
and anions was performed using DFT method with B3LYP
functional [18,19] and the 6-311G** basis set [18] in the gas
phase and water. Single point energy calculations were per-
formed by the same level of theory. The optimized structures
were confirmed to be real minima by potential energy surface
scans without imaginary frequencies. The conformer with the
lowest energy was used in this work. All reported enthalpies
were zero point corrected with non-scaled frequencies. Total
enthalpies were calculated at 298.15 K and 1.0 atmospheric
pressure. The natural bond orbital (NBO) analysis were per-
formed on dihydrocafteic acid by the NBO 3.1 program [20]
at the B3BLYP/6-311G(d,p) level as implemented in the Gaussian
03 program software package [17]. Solvent contribution to
the total enthalpies was computed employing integral equation
formalism (IEF-PCM) method [21,22]. Gaussian 03 can provide
solution-phase geometry optimization; thus, the Gaussian 03
approach was employed for radicals (radical anion and cation)
and the parent molecule. All the IEF-PCM calculations were
conducted using default Gaussian program package setting. The
1P is calculated as the energy difference between radical cation
(E.) and the respective neutral molecule (E,). The EA is calcu-
lated as the difference between a radical anion (E,) and the
respective neutral molecule (E,). These two terms IP and EA
are useful to define the measurement of global reactivity descri-
ptors [(electronegativity ()), global hardness (1)), global softness
(S) and electrophilicity index ()] according to Geerlings et
al. [23]. Based on the theoretical approach of DFT, Janak’s
theorem and the finite difference approximation, these
descriptors can be proposed by IP, = —Enomo and EA, = —
Erumo [24]. The electrodonating (-) and electroaccepting ((+)
power as formulated by Gazquez et al. [25].

RESULTS AND DISCUSSION

Conformational analysis and geometrical structures:
To elucidate the relationship between the molecular structure
and antioxidant activity, the conformational and geometrical
features are significant. Potential energy profile of dihydrocaffeic
acid as a function of the torsion angle (t) around the C,;-C;
bond have been characterized by exploring in steps of 5° ranging
from -60° to 300° at B3LYP/6-311G(d,p) level of theory in
gas phase. The plot of potential energy profile is presented in
Fig. 1. The minimization procedure for dihydrocaffeic acid
yields a non-planar conformation at T =75° is the more stable
one. This absolute minimum is followed by relative minimum
at T = 255° with a potential barrier of 134.5 kcal/mol. The
potential energy maximum lies at T = -50° and 195°, respec-
tively and the energy difference between maxima and minima
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Fig. 1. Potential energy surface scan of dihydrocaffeic acid calculated at
B3LYP/6-311G** protocol

is about 1104.66 kcal/mol. After the minimum energy confor-
mations further geometry optimization was performed with the
same level of theory. Geometries of neutral forms, anions,
radicals and radical cations have been found in the energy
minima at B3LYP/6-311G(d,p) level of theory. Harmonic
vibrational frequencies were computed for all molecules (acid,
ionic species and radicals) to characterize all their conforma-
tions as minimum energy points with the absence of imaginary
frequencies and to evaluate the zero-point energy (ZPE) correc-
tions, included in bond dissociation energies.

Fig. 2a-c displays the optimized structure of dihydrocaffeic
acid and their radicals calculated in gas phase at the B3LYP/
6-311G (d,p) level of theory and atom numberings of dihydro-
caffeic acid is shown in Fig. 3. The optimized geometrical
parameters for neutral molecule, 3—OH radical, 4-OH radical,
cation radical and anion are collected in Table-1. By compa-
rison, it can be seen that no significant geometrical change
has been observed when going from the neutral molecule to
the phenoxy (ArO) and cation (ArOH") radicals as well as
anion forms (ArOH"). While the largest deviation in torsion
angle (C4-C7-C8-C9) by 16.92° due to charge conjugation
on the cationic species. An intramolecular hydrogen bond
(IHB) between the 3-hydroxyl hydrogen and the 4-carbonyl
oxygen was found with bond length of 1.9979 A. The stabili-
zation of the radical lowers the BDE and increases the antioxi-
dant activity of the dihydrocaffeic acid. From the observed
values of total electronic energies 4-OH radical is more stable
than the 3-OH (AE =9.94 kcal/mol). The stability of free radical
was enhanced due to the presence of electron withdrawing
group (-COOH) in the propenoic moiety and electron donating
group (-OH) present at the ortho-position resulted in the
stability increase of the radical by resonance [26]. The bond
order and bond length of various structural parameters of the
studied compound is listed in Table-2. Smaller bond orders
represents weaker bond. The values of bond order and bond
length are opposite except for O-H group. Accordingly, phe-
nolic hydroxyl in propenoic moiety may be active site because
0O10-H21 has the smallest bond order and largest bond
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(a) Dihydrocaffeic acid — Neutral molecule
Fig. 2(a-c). Optimized structures of dihydrocaffeic acid and their radicals at B3LYP/6-311G** level of theory
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(c) Dihydrocaffeic acid 4-OH Radical

TABLE-1
SELECTED GEOMETRICAL PARAMETERS OF DIHYDROCAFFEIC ACID,
RADICAL AND IONIC SPECIES USING DFT/B3LYP/6-311G** METHOD

S. No. Structural parameter Neutral 3-OH Radical 4-OH Radical Anionic species Cationic species
Bond length A)
1 Cl-C2 1.401 1.374 1.398 1.429 1.382
2 C2-C3 1.389 1.449 1.386 1.399 1.397
3 C3-C4 1.403 1.470 1.467 1.389 1.451
4 C4-C5 1.387 1.388 1.438 1.421 1.392
5 C5-C6 1.396 1.393 1.370 1.404 1.380
6 C6-Cl 1.396 1.422 1.427 1.393 1.442
7 C4-C7 1.515 1.516 1.511 1.510 1.506
8 C7-C8 1.538 1.538 1.540 1.533 1.542
9 C8-C9 1.513 1.512 1.513 1.502 1.513
10 C9-010 1.354 1.352 1.352 1.383 1.334
11 C3-012 1.363 1.244 1.332 1.381 1.318
12 C4-013 1.379 1.344 1.253 1.408 1.331
13 C9-011 1.205 1.206 1.205 1.223 1.212
14 C2-H14 1.085 1.085 1.084 1.085 1.083
15 C5-H15 1.086 1.087 1.083 1.085 1.084
16 C3-H16 1.083 1.083 1.083 1.087 1.081
17 C7-H17 1.092 1.093 1.092 1.094 1.091
18 C7-H18 1.094 1.093 1.093 1.104 1.094
19 C8-H19 1.097 1.096 1.096 1.117 1.092
20 C8-H20 1.092 1.093 1.093 1.092 1.095
21 010-H21 0.969 0.969 0.969 0.968 0.971
22 012-H22 0.966 Nil 0.981 0.970 0.972
23 013-H23 0.962 0.965 Nil 0.983 0.968
Bond angle (°)

24 C1-C7-C8 113.8 114.1 113.8 113.0 113.6
25 C6-C1-C7 121.3 120.5 120.3 121.9 119.8
Dihedral angle (°)

26 C1-C7-C8-C9 75.38 76.02 76.87 78.16 58.46
27 C6-C1-C7-C8 -91.36 -87.42 -88.78 -103.0 -104.4

Fig. 3. Atom numbering of dihydrocaffeic acid

length. This is not consistent with theoretical values of bond
dissociation enthalpy of hydroxyl groups in phenolic ring.
Although O13-H23 bond order is larger than is O12-H22 and
more active than the later. Hence, the bond order and bond
length cannot be used to measure its bond strength and identify
the location of active site on the molecule. So these two parameters
are used to find the active site in the molecule to certain extent.

Electronic properties: To estimate the separation of
positive and negative electrical charges, the dipole moment of
dihydrocaffeic acid was found to be 1.8442 Debye. The dipole
moment values of 4.32D and 3.83D for its 3-OH and 4-OH
radicals, respectively. The high dipole moments accompanied
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TABLE-2
BOND ORDER AND BOND LENGTH VALUES OF
DIHYDROCAFFEIC ACID CALCULATED AT
B3LYP/6-311G** LEVEL OF THEORY

TABLE-3
ELECTRIC DIPOLE-MOMENT, POLARIZABILITY AND
HYPERPOLARIZABILITY OF THE TITLE COMPOUND
AT B3LYP/6-311G** LEVEL OF THEORY

S. Structural Bond Bond
No.  parameters BD BD* order length
1 Cl-C2 1.9699 0.0229 0.9735 1.401
2 C2-C3 1.9722 0.0220 0.9751 1.389
3 C3-C4 1.9723 0.0403 0.9660 1.403
4 C4-C5 1.9768 0.0257 0.9755 1.387
5 C5-Co6 1.9719 0.0153 0.9783 1.396
6 Co6-Cl 1.9719 0.0246 0.9737 1.396
7 C4-C7 1.9721 0.0231 0.9745 1.515
8 C7-C8 1.9707 0.0164 0.9772 1.538
9 C8-C9 1.9803 0.0641 0.9580 1.513
10 C9-010 1.9952 0.0996 0.9478 1.354
11 C3-012 1.9926 0.0202 0.9862 1.363
12 C4-013 1.9923 0.0242 0.9841 1.379
13 C9-011 1.9966 0.0231 0.9867 1.206
14 C2-H14 1.9763 0.0137 0.9813 1.085
15 C5-H15 1.9766 0.0141 0.9812 1.086
16 C3-H16 1.9776 0.0145 0.9816 1.083
17 C7-H17 1.9774 0.0138 0.9818 1.092
18 C7-H18 1.9755 0.0123 0.9816 1.094
19 C8-H19 1.9570 0.0119 0.9726 1.097
20 C8-H20 1.9733 0.0130 0.9802 1.092
21 010-H21 1.9869 0.0111 0.9879 0.969
22 O12-H22 1.9879 0.0107 0.9886 0.966
23 O13-H23 1.9890 0.0073 0.9909 0.962

with the high charge densities and high polarity in bonds [27].
The average polarizability of dihydrocafteic acid was computed
as 329.4 a.u. indicating their solubility in polar solvents and
ability of polarizing other atoms or molecules. The isotropic
polarizabilities and polarizabilities anisotropy invariants were
also calculated for dihydrocaffeic acid at the same level of
theory. The calculated anisotropy of the polarizability and first
order hyperpolarizability is 108.2 and 499.4 a.u., respectively,
thus indicating that this compound is a good candidate of non-
linear optical material (Table-3). The global descriptors such
as, chemical hardness (1) is the reluctance towards the defor-
mation, softness (S) is inversely proportional to hardness,
chemical potential (1) is the escaping tendency of electron
from equilibrium and negative of electronegativity () and
electrophilic index () is strength of electrophilicity of the
species. The global reactive descriptors of dihydrocaffeic acid
are presented in Table-4. The calculated value of ionization
potential, hardness and electronegativity by energy-vertical
method is higher than the values obtained by orbital-vertical.
Molecular descriptor results show that the system does not
lose electrons easily and a low electron affinity tends to donate
electrons easily due to a high ionization potential. The more
resistance to charge transfer is observed in dihydrocaffeic acid
due to non-planar configuration is revealed from the measured
hardness values by both the methods. The value of softness and
electron donating power obtained by Ey and O, method agreed
very well with a difference of 0.06 and 0.01 eV, respectively.
The calculated electronic descriptors clearly confirmed that
dihydrocaffeic acid acts as electron donor rather than electron
acceptor and it is an indication of antioxidant capability.

Parameter Value (a.u) Parameter Value (a.u)
1 0.2549 B -326.5603044
1y 1.6081 B -12.2661303
1, 0.866 By -97.1967618

o 1.8442 Buyy 3.5081446
o, 134.7988817 Brcr -38.3984892
0y, 5.0970045 B -23.0015466
o, 114.6467899 By -26.0314791
o, 12.7739292 B -65.071289 3
o, -3.6864643 B 9.675433
a, 75.168816 B... -37.805849
o 108.2048292 B, 499.405812

TABLE-4

ELECTRONIC PROPERTIES OF DIHYDROCAFFEIC ACID
CALCULATED AT B3LYP/6-311G** LEVEL OF THEORY

Electronic Electronic Orbital
descriptors energy (eV) energy (eV)

IP 7.4653 5.7816

EA -0.9205 0.1774

H 4.1929 2.8021

X 3.2724 2.9795

S 0.1192 0.1784

Q 1.2770 1.5841

(g 3.4373 3.4241

o 0.1649 0.4446

Aoy 3.6022 3.8687

Analysis of reaction enthalpies: Calculated gas and water
phase B3LYP/6-311G** reaction enthalpies are summarized
in Table-5. The calculated gas phase BDE value of 4-OH radical
is lower than 3-OH radical by 40KJ/mol. The calculated gas
phase BDE of 4-OH radical is 301.85KJ/mol that was lower
than the experimental results of tocopherols [28-30] and compu-
tational results of phenol [31]. Position 4 is the preferred site
for radical inactivation because of its lowest energy require-
ments lowest BDE, (IP+PDE) and (PA+ETE) in gas and water
phases. The 4-OH BDE value is lower by 5.84 KJ/mol [32] in
3,4-dihydroxycinnamic acid with B3LYP/6-31+G** level of
theory. The calculated gas phase ionization potential and proton
affinities are significantly higher than their O-H BDEgs, therefore
HAT represents the thermodynamically preferred pathway. The
obtained gas phase IP is lower than IP of phenol [31]. This
indicates that the electron donating substitution on phenyl ring
lowers the IP. The lowering of IP reveals the stronger electron
donating ability than that of phenol. The calculated water phase
reaction enthalpies revealed that PAs are lower than 92% and
96% of the BDEs of 3-OH and 4-OH radical, respectively. There-
fore SPLET mechanism represents the thermodynamically
favoured process in water. The calculated value of ionization
potential in water phase is dramatically lower than in the gas
phase. This confirms that the solvent can facilitate electron
donation. From the published results, dihydrocaffeic acid had
higher capacity than quercetin [33] and o-tocopherol [34] in
DPPH’ assay. Hence, the obtained theoretical reaction enthalpies
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TABLE-5
REACTION ENTHALPIES OF DIHYDROCAFFEIC ACID IN GAS AND WATER PHASE
CALCULATED AT B3LYP/6-311G** LEVEL OF THEORY (VALUES ARE IN KJ/mol)

Species Gas phase Water phase
BDE PDE PA ETE P BDE PDE PA ETE IP
3-OH radical 341.85 941.03 1478.05 172.97 - 331.19 25.63 177.82 270.69 -
4-OH radical 301.85 901.03 1417.51 193.51 - 318.31 12.74 153.89 281.74 -
Dihydrocaffeic acid — — — — 716.12 — — — — 422.88

elucidate that the target molecule has a potential antioxidant
capacity.

Molecular electrostatic potential: For the nucleophilic
and electrophilic attacks, charge distributions over the appro-
priate regions and molecules were visualised through MEP
map [35]. Various electrostatic potential values are denoted
using different colours. High electron density areas are indicated
with red surfaces and low electron density regions are repres-
ented using blue surfaces. The following is the increasing
electron density order: red < orange < yellow < green < blue.
The MEP plots of dihydrocaffeic acid (Fig. 4) indicate the
existence of oxygen atoms on the hydroxyl group of maps
(characterized using the red colour). These plots are considered
the most negative potential regions. In hydroxyl groups, the
existence of hydrogen atoms is represented with the blue region
having the positive charge.

Fig. 4. MEP plot of dihydrocaffeic acid using B3LYP/6-311G**

In dihydrocafteic acid, the MEP surface colour code varied
between the deep red (-0.04291 a.u.) and deep blue (0.04291
a.u.). For the electrophilic attack on oxygen atoms, the most
probable sites are 4-OH, 3-OH and C=0 groups. The high-
electrophilic reactivity obtained from weak electron density
on the hydrogen atom and electron concentrations on the
oxygen atom indicates the nucleophilic attack. The MEP
analysis also projects superior charge localization on hydroxyl
group at 3-OH site and acts as a preferred interaction site for
free radical scavenging activity.

Frontier molecular orbital and Fukui index analysis:
Frontier orbital distribution and energy are crucial parameters
for understanding the free radical scavenging activity of phenolic
antioxidants. In an electronic transition, HOMO and LUMO
are the primary participants, and the energy gap between HOMO
and LUMO depicts reactivity [36]. Conjugated molecules are
analyzed through the small HOMO-LUMO separation. This
separation results from a large transfer of intramolecular charges
from the end-capping electron-donor to electron-acceptor groups.
This transfer occurs through a m-conjugated path [37]. The
energy gap (E,) between HOMO and LUMO obtained from
the correlation functional B3LYP is found to be 5.6 eV and
hence lesser the energy gap the higher will be the structural
activity. The HOMO and LUMO of dihydrocaffeic acid were
explored at the B3LYP/6-311G(d,p) level of DFT and plots
are shown in Fig. 5(a-f). In dihydrocaffeic acid and 4-OH",
HOMO of w-nature is delocalized over the benzene ring, as
well as C7-C8 bond. For 3-OH radical the HOMO is delocali-
zed over the benzene ring only. Whereas in LUMO, the charge
delocalization are over the entire molecule for all the three
species. Comparing the LUMO of two radicals, 4-O° site is
delocalized more with respect to 3—O° site. The HOMO distri-
bution of the phenolic oxygen atom is larger than others (Fig. 5).
Hence, the OH groups on the phenyl ring would be more easily
attracted by free radicals.

In addition to the considerations of frontier molecular
orbitals, Fukui indices are one of the most crucial parameters.
Fukui indices can be a spontaneous solution for justifying the
powerful reactive sites of all the atoms. Okada et al. [24]
reported that the maximum fi* and fi~ of positive and negative
charges, respectively, correspond to electrophilic and nucleo-
philic attractive sites. Table-6 presents the Fukui indices calcu-
lated in a gaseous medium on the basis of the theoretical HSAB
principle [38]. From the obtained results, C7 is the best site
for nucleophilic attack and O12 is the best site for the electro-
philic attack. The Fukui site prediction in the dihydrocaffeic
acid reveals that the electrophilic site is concentrated over
phenyl ring and nucleophilic site is concentrated over propenoic
moiety. A large positive value of condensed Fukui descriptor
is over C7 followed by C6, C3, C1 and C4 atoms are preferred
as nucleophilic sites and hence act as electron donating areas
for radical scavenging activity.

Spin density analysis: Antioxidants are important because
of their ability to terminate chain reactions that can lead to
diseases. In free-radical scavenging, antioxidants become free
radicals; however, they do not initiate a chain reaction because
of their stability. The stability of the free radical produced plays
akey role in a compound’s antioxidant activity. Thus, the spin



942 Senthilkumar et al.

Asian J. Chem.

,: W RO

(b) Dihydrocaffeic acid neu LUMO

a) Dihydrocaffeic acid neu HOMO

(d) Dihydrocaffeic acid 3-OH R LUMO
Fig. 5(a-f). HOMO-LUMO plots of dihydrocafteic acid and their radicals calculated at B3LYP/6—3 11G** level of theory

TABLE-6
CONDENSED FUKUI FUNCTION CALCULATIONS
OF DIHYDROCAFFEIC ACID AT B3LYP/311G**

LEVEL OF THEORY
Atom £t fi 12 Af
Cl 0.001 -0.021 -0.010 0.022
C2 -0.078 -0.044 -0.061 -0.034
C3 0.010 -0.048 -0.019 0.058
C4 -0.038 -0.058 -0.048 0.02
C5 -0.104 -0.041 -0.073 -0.063
C6 -0.001 -0.110 -0.056 0.109
C7 0.398 -0.010 0.194 0.408
C8 0.049 0.025 0.037 0.024
9 -0.042 -0.023 -0.033 -0.019
010 -0.040 -0.034 -0.037 -0.006
Ol11 -0.070 -0.001 -0.036 -0.069
012 -0.043 -0.118 -0.081 0.075
013 -0.033 -0.090 -0.062 0.057
H14 -0.053 -0.059 -0.056 0.006
H15 -0.045 -0.062 -0.054 0.017
H16 -0.054 -0.047 -0.051 -0.007
H17 -0.033 -0.021 -0.027 -0.012
HI18 -0.071 -0.050 -0.061 -0.021
H19 -0.116 -0.041 -0.079 -0.075
H20 -0.023 -0.024 -0.024 0.001
H21 -0.045 -0.029 -0.037 -0.016
H22 -0.045 -0.042 -0.044 -0.003
H23 -0.137 -0.051 -0.094 -0.086

densities of free radicals generated through antioxidants after
hydrogen atom abstraction must be calculated. Furthermore,
spin densities can provide the speed-related information of
free-radical scavenging. The more delocalization in the spin
density results in the easier radical formation and results in the
faster scavenging reactions. Spin density is directly accosted
to BDE because a low spin density leads to a decrease in BDE
[39]. Moreover, spin densities can provide information of the
reactivity of different active sites of a molecule. The spin dens-

(e) Dlhydrocaffelc acid 4-OH R HOMO

c) Dihydrocaffeic acid 3-OH R HOMO

N ~

e) Dihydrocaffeic acid 4-OH R LUMO

ities of the O atoms of dihydrocaffeic acid, 4-OH and 3-OH
were 0.364 and 0.380, respectively. The more delocalized is
the spin density, the lower is the BDE and the more stabilized
is the free radical. The 4-OH group, where the hydrogen atom
abstracts, exhibits low spin density because of strong
intramolecular hydrogen bonding and aromatic rings. These
factors lead to an increase in the radical stability and a decrease
in electron density from oxygen atom. Antioxidant activity of
dihydrocaffeic acid is due to 4-OH group with lower BDE
and spin density values. Obtained results show that in the
gaseous phase, the lower spin density values will be
proportional with the lower BDE values and superiority of
spin density distribution over Fukui indices in determining
the preferred point of interaction and as descriptors of phenolic
antioxidant activity.

NBO analysis: An efficient approach for studying intra-
and inter-molecular hydrogen bonding and an extended conve-
nient foundation for studying conjugative interactions or charge
transfer in molecular systems [40] through second-order per-
turbation theory were acquired through the NBO analysis. The
second-order Fock matrix was studied to evaluate changes in
the electron density of antibonding orbitals and interactions
between acceptor and donor occupancies. Moreover, E(2) energy
was investigated using the NBO analysis [41]. The results of
the NBO analysis indicated the transfer of intermolecular charge
from the bonding to antibonding orbitals. The most crucial
interactions of empty (acceptor) non-Lewis NBOs with filled
(donor) Lewis NBOs and the second-order perturbation energy
(the stabilisation or interaction energy) of the most interactive
NBOs of dihydrocaffeic acid are presented in Table-7. For
each donor (i) and acceptor (j), the stabilization energy E(2)
associated with the delocalization i, j is estimated as:

E® =AE, =q, FG.)°
e —¢

j i
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TABLE-7
SECOND ORDER PERTURBATION INTERACTION ENERGY
VALUES COMPUTED IN THE NBO BASIS FOR DIHYDRO-
CAFFEIC ACID CALCULATED AT B3LYP/6-311G (d,p)

Dongr Acceptor' > -
NI_ggl(s; : n(f\?]—3 é@(\;;ls (KJ/mol) E-E (au) F@Gj) (au.)
o(Ce—C)) 6(C—Cy) 16.07 1.27 0.062
o(Ce—C)) 6'(C-C) 9.96 1.11 0.046
o(Ce—C)) 6 (Cs—Cy) 14.56 1.26 0.059
o(Ce—C)) 6 (C—Cyy) 10.92 1.13 0.049
(Ce—C,)) T (C—C;) 79.96 0.27 0.066
(Ce—C)) 7T (C4~Cs) 86.44 0.27 0.068
(C,—Cs) 7T (CeC)) 74.18 0.31 0.068
0(Cs-Cp)  T(Co—Cyy) 27.78 0.52 0.055
(C,—Cs) '(C,—Cy) 78.78 0.30 0.068
LP(2)O,, 0'(Cs—Cy) 77.82 0.65 0.100
LP(2)O,, 6 (Co—Cyp) 135.98 0.62 0.128
LP(2)O, T (Co—Cyy) 184.39 0.35 0.112
LP(2)0,, 7T (C-Cy) 117.24 0.35 0.094
LP(2)Oy; 7T (C,—Cs) 101.42 0.36 0.091

where € and g; are the diagonal elements, q; is the donor orbital
occupancy and F(i,j) is the off-diagonal NBO Fock matrix
element. A larger E(2) value exhibits more intensive inter-
actions of electron acceptors with electron donors. The tendency
of donating electrons from donors to acceptors is relatively,
more and the extent of entire system’s conjugation is greater.
Hyperconjugative interaction energies were determined using
second-order perturbation. Electron density delocalization
between unoccupied (Rydberg or antibonding) non-Lewis
NBO orbitals and occupied Lewis (lone pair or bonding) NBO
orbitals was attributed to stabilize the donor-acceptor interactions.
The m*—7* transitions have the higher resonance energies
compared with other interactions of dihydrocaffeic acid such
as C6-C1—C2-C3, C6-C1—C4-C5 and C4-C5— C2-C3 with
resonance energies E(2) of 79.96, 86.44 and 78.78 KJ/mol
respectively, that lead to stability of dihydrocaffeic acid. The
resonance energies of T—7* transitions are higher than 6—c¢*
transitions (Table-7). According to the n—6* and n—m* inter-
actions, the strongest interactions are due to n2(O11)—c™* (C9-
010), n2(012)—n*(C2-C3) and n2(010)—>n*(C9-0O11) with
stabilization energies of 135.98, 117.24 and 184.39 KJ/mol,
respectively. These findings revealed that a lone pair of electrons
of oxygen atoms, particularly for phenolic hydroxyl groups,
plays a key role in changing charge distribution structures,
thereby significantly influencing the radical reactivity [42].

Conclusion

Dihydrocaffeic acid have been investigated theoretically
by DFT/B3LYP method with 6-311G(d, p) basis set to predict
its molecular structure, electronic properties and radical
scavenging activity. The hydrogen atom transfer (HAT) mech-
anism is easier for molecules with ortho-dihydroxy structure
in phenyl ring. The presence of intramolecular hydrogen bond-
ing (IHB) in 4-C=0 point with adjacent hydrogen atom results
in a 40 KJ/mol decrease in O-H BDE. In the gas phase, PAs
and IPs are higher than BDEs. HAT denotes the thermodynamic
preferred route. The results indicated that in water, the SPLET

mechanism shows a thermodynamically favoured method.
Molecular descriptor results showed that dihydrocaffeic acid
is better electron donor rather than acceptor and is reported
with negative electron affinity. The difference in the spin
densities of the O atoms of 4-OH and 3-OH radicals was 0.016.
On the benzene ring of 4-OH radical, the unpaired electron
was delocalized. For radical inactivation, this site was preferred.
The MEP map revealed that negative and positive potential
sites were on electronegative atoms and around hydrogen atoms,
respectively. This map provides the relative reactivity of atoms
and the visual representation of chemically active sites. The
FMO analyses indicated that charge transfer occurred within
molecules. The energy gap between HOMO and LUMO showed
molecule’s chemical activity. The NBO analysis was conducted
to evaluate the stability of molecules generated from the hyper-
conjugative interaction. The results showed that the intramole-
cular conjugative interaction led to the delocalization of m-
electrons within the molecule. Non-bonding interactions occurred
in the lone pair of electrons from the oxygen atom O10 to anti-
bonding with 184.39 KJ/mol, increases the stability of a mole-
cule. This theoretical study will be helpful for the development
of more effective antioxidant and further exploitation for food
and pharmaceutical applications.
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