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ABSTRACT: The antioxidant ability of ellagic acid and some of its derivatives was explored at density functional level of theory
within the framework of the following three different reaction mechanisms: hydrogen atom transfer (HAT), electron transfer
followed by proton transfer (SET-PT), and sequential proton loss electron transfer (SPLET). Computations were performed in
gas phase and in both water and methanol media. Results show that the HAT mechanism is preferred by this class of compounds
in all environments, although, in principle, polar solvents should promote the SET-PT and SPLET mechanisms. Among the
considered compounds, the derivative not yet experimentally characterized seems to be the most promising candidate as
antioxidant. For a more detailed spectroscopic characterization and to help in the identification of these compounds, the
simulated UV spectra of all investigated molecules were done by using the time-dependent formulation of density functional

theory (TDDFT).
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B INTRODUCTION

Ellagic acid is a polyphenol dimeric derivative of gallic acid. It is
the product of acidic hydrolysis of ellagitannins via hexahy-
droxydiphenic acid formation, which spontaneously lactonizes
to ellagic acid. The ellagitannins are present in a wide variety of
fruits, berries, and oak-aged wines, including raspberries,
strawberries, blackberries, cranberries, pomegranate, and some
nuts such as pecans and walnuts,'~” but the highest levels of
ellagic acid are found in raspberries. The hydrolysis of
ellagitannins and the following removal of the ellagic acid
hydroxyls in the 3- and 3’-positions or in the 4- and 3'-
positions, without opening of the lactone rings, produces
nasutin A and isonasutin derivatives, respectively. They were
first found in some Australian termites about 40 years ago.'”"!
Recently, it was hypothesized that also other ellagic acid
derivatives, differing by the —OH group ring positions, can be
produced as intermediates during ellagitannin metabolism.">

Similarly to many other polyphenols, ellagitannins, ellagic
acid, and their derivatives possess a wide range of biological
activities, such as antioxidant, anticarcinogenic, antifibrosis,
antiplasmodial, anti-inflammatory, antimicrobial, prebiotic, and
chemopreventive activities, which suggest they could have
strong beneficial effects on human health.">™>* These effects are
principally related to the prevention of cardiovascular diseases
and cancer and can be ascribed to the potent free radical
scavenging activity that these compounds exert in vitro.

In recent years, much interest has been devoted to the study
of phenol-based compounds, and many methods, both
experimental and theoretical, have been developed to quantify
their antioxidant capabilities in biological materials.”>~>’
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Antioxidants can delay, inhibit, or prevent the oxidation of
compounds, trapping free radicals and reducing oxidative stress,
reacting with them at a rate faster than the substrate.

The main mechanisms by which an antioxidant (ArOH) can
deactivate a free radical are as follows:

hydrogen atom transfer (HAT)

ArOH + ROO® — ArO® + ROOH (1)
single-electron transfer followed by proton transfer (SET-PT)
ArOH + ROO® — ArOH™® + ROO™ 21)
ArOH*Y — ArO®* + H' (22)
ROO + H' - ROOH (23)
sequential proton loss electron transfer (SPLET)
ArOH - ArO” + H' (3.1)
ArO” + ROO® - ArO® + ROO™ (32)
ROO + H' - ROOH (33)

Although the final result for SET-PT and SPLET is the same as
in the HAT mechanism, the rate-limiting step is different. In
the HAT mechanism (reaction 1), the free radical removes a
hydrogen atom from the antioxidant that becomes itself a
radical. Therefore, the bond dissociation enthalpy (BDE) of the
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O—H bonds is an important parameter in evaluating the
antioxidant action. A lower BDE results in an easier O—H bond
breaking. In the SET-PT (reactions 2), the radical cation is first
formed and afterward deprotonated. The adiabatic ionization
potential and O—H proton dissociation enthalpy (PDE)
describe the energetics of this process. Low IP values increase
the possibility of forming a superoxide anion radical enhancing
the antioxidant activity. In the SPLET mechanism (reactions
3), the reaction enthalpy of the first step corresponds to the
proton affinity (PA) of the phenoxide anion (ArO~), whereas
the electron transfer enthalpy (ETE) should be taken into
account for the second step, in which an electron transfer from
phenoxide anion to ROO® radical occurs.

Within the framework of molecular orbital theory, important
information on the working mechanism of antioxidant can
come from the knowledge of the frontier orbital energies,
Enomo and Ej yyo. The lower is the HOMO energy, the weaker
is the molecule donating electron ability. On the contrary, a
higher HOMO energy implies that the molecule is a good
electron donor, whereas Ejyyo represents the ability of a
molecule receiving electron.”® Because the H abstraction
reaction involves electron transfer, the HOMO composition
of a phenolic compound can give a qualitative idea of its active
site for scavenging free radical activity.

We report here a density functional study on the antioxidant
activity of isonasutin (2), nasutin A (3), ellagic acid (1), and
one of its recently predicted derivatives (4) (Scheme 1) that is

Scheme 1

1.R;=R,=R =R,=OH
2.R=R,=OH; R,=R =H
3.R,=R,=OH; R =R =H
4.R=R,=R =OH; R =H

not yet identified in nature.'* To help in the identification of
this latter compound, UV spectra were simulated for all of the
investigated systems. In this way we will be able to assess the
reliability of our results through the comparison of existing data
and propose for the first time the spectrum of the compound
not yet identified.

B COMPUTATIONAL DETAILS

All calculations have been performed using the Gaussian 03
computational package.”® The geometries of all the phenolic
compounds investigated, including radicals, radical cations, and anions,
have been fully optimized in the gas phase and both water and
methanol media at the DF level employing the hybrid exchange
functional by Becke (B3) in combination with the Lee, Yang, and Parr
(LYP) correlation functional.>**' For all of the optimization
calculations the basis set 6-31+G** was used for all of the atoms.
The solvation effects were computed by using the conductor
polarizable continuum model (CPCM)>* as implemented in Gaussian
03. The UAHF set of radii has been used to build up the cavity. To
simulate both water and methanol solvents the dielectric constant
values of 78.3553 and 32.613 were used, respectively.

All of the optimized structures were confirmed to be real minima by
harmonic vibrational frequencies calculations.

The unrestricted open-shell approach was used for radical species.
No spin contamination was found for any of the radicals, the (S%)
value being about 0.750 in all cases.
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Final energies were calculated by performing single-point
calculations on the optimized geometries at the same level of theory
and employing the large 6-311++G(3df,2p) standard basis sets for all
of the atoms.

Computations of single-point spin densities were performed using
the above-mentioned protocol for the most stable radicals of all the
investigated compounds.

This computational protocol was already successfully used in the
determination of antioxidant properties for a large series of
polyphenols.**~°

BDE, IP, PDE, PA, and ETE were determined in gas phase and in
both water and methanol solvents at 298 K by using the following
expressions:

BDE = H(ArO") + H(H®) — H(ArOH)
IP = H(ArOH"*) + H(H*) — H(ArOH)
PDE = H(ArO") + H(H') — H(ArOH"")
PA = H(ArO") + H(H") — H(ArOH)
ETE = H(ArO®) + H(e™) — H(ArO")

The H(H') and H(e™) enthalpy values were taken from
experiment.*® However, theoretical determination of these quantities
is available in a previous DF study on some phenolic derivatives.*'
Absorption spectra were computed as vertical electronic excitations
from the minima of the ground-state structures by using time-
dependent density functional response theory® as implemented in the
Gaussian 03 code. These calculations were carried out by using the
standard 6-31+G** basis sets and the same B3LYP exchange-
correlation functional in methanol medium.

B RESULTS AND DISCUSSION

Molecular Geometry and Radical Stability. The
optimized structures of compounds are reported in Figure S1

Table 1. Selected Geometric Parameters of Compounds 1—4
Calculated in Gas Phase at the B3LYP Level (Available
Experimental Data in Parentheses)

Q1
\\
C14-02 OgH
Cg:Cé \02:01
HOg—C{D \07 cé Cg—OgH
Sde el
IS A
\\05
1 2 3 4
C1-C2 (A) 1.395 (1.386)¢ 1.402 1.388 1.394
C1-C6 (A) 1.416 (1.411) 1.407 1.406 1417
C1-03 (A) 1.351 (1.351) 1353 1.351
C6-04 (A) 1.366 (1.347) 1.362 1.366
C3-C7 (A) 1.427 (1.430) 1427 1423 1425
C2-02 (A) 1.375 (1.383) 1.378 1.378 1.377
02-C14 (A) 1.387 (1.379) 1.380 1.385 1.383
C14-01 (A) 1.217 (1.209) 1215 1215 1215
02—-C14—C8 (deg) 117.5 (118.7) 117.4 117.5 117.5
C1-C6—04 (deg) 113.7 (113.7) 121.8 113.5

“Reference 32.

of the Supporting Information, whereas selected geometric
parameters and relative enthalpies of their radicals are reported
in Tables 1 and 2, respectively.

As far as ellagic acid (1) molecular geometry is concerned,
we can emphasize the good agreement between theoretical and
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Table 2. B3LYP/6-311++G(3df,2p) Relative Enthalpy
Energies (AE in kcal/mol) Calculated for All Radicals
Investigated in Gas Phase and in Both Methanol and Water
Environments

AE (kcal/mol)

compd vacuum methanol water
1
radical 30H 7.6 4.4 4.3
radical 40H 0.0 0.0 0.0
2
radical 30H 0.6 0.2 0.2
radical 4'OH 0.0 0.0 0.0
3
radical 40H 0.0 0.0 0.0
4
8.3 5.0 4.5
radical 30H
0.0 0.0 0.0
radical 40H
7.8 6.0 5.9
radical 4'OH
@]
0041 0364
o] (o

O
0.079

Qo016

e) Rad 40H of 4

f) Rad 30H of 4

Figure 1. Spin densities of the most stable radical species formed by H
removal from the neutral form of each compound.

X-ray diffraction experimental data.** The slight differences that
sometimes occur fall widely within the experimental error and
depend on the different molecular packing of the solid phase, in
which experimental measurements were made, with respect to
that of the gas phase, typical of theoretical assessments. In the
absence of an experimental counterpart, the validity of the used
theoretical method in determining geometrical structures allows
us to consider reliable also the results obtained for isonasutin
(2), nasutin A (3), and the new derivative (4).
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Table 3. B3LYP/6-311++G(3df,2p) Relative Enthalpy
Energies Calculated for All Compounds and Their Most
Stable Radicals Investigated in Both Methanol and Water
Environments

BDE 1P PDE PA ETE
compd  (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Methanol
1 77.3 142.0 2522 301.5 92.0
2 84.5 146.8 254.6 302.4 98.3
3 82.7 140.7 258.4 303.1 95.3
4 76.9 141.5 2522 299.4 93.6
Water
1 77.3 141.3 2529 300.5 91.6
2 84.5 146.1 254.3 301.4 98.0
3 822 143.9 2553 302.2 95.0
4 76.9 140.8 251.9 298.5 93.3

Table 4. Energies of HOMO and LUMO for All Compounds
Investigated

compd enomo (eV) eLumo (eV) Agy_y (eV)
1 —0.238 —0.084 0.154
2 —0.245 —0.091 0.154
3 —0.236 —0.095 0.141
4 —0.237 —0.090 0.147

As can be seen in Table 1, from a geometrical point of view,
the derivatives do not differ much from ellagic acid, especially
in the dilactone functionality. The cases in which the other part
of the derivative molecules differs from their precursor are
those of isonasutin and nasutin A, because more than one
hydroxyl group is removed. Indeed, derivative 4, which is
formed by removing of only one hydroxyl group, has geometric
parameters very close to those computed for ellagic acid. The
number of possible radical species corresponds to that of
hydroxyl groups, except in the case of those compounds (1 and
3) for which the number is reduced by half because of the
molecular symmetry.

The data in Table 2 indicate that the radicalization of the 4-
hydroxyl in ellagic acid (1) and its derivative (4) leads to a very
stable species both in vacuum and in condensed phases,
although the energy differences between this and the other
possible radicals in both solvents become slightly smaller. In
compound 2, the preferred radicalization site is the 4’-OH, but
the 3-OH radical is less stable in both solvents of only 0.2 kcal/
mol.

When it is possible to speak of stability order, this reflects the
possibility of the particular system to be characterized by a
higher contribution of conjuzgation effects and the presence of
an ortho-diphenolic moiety.”® This can be confirmed by spin
density analysis, by which we have obtained the resonance
structures of ellagic acid and its most important derivative free
radicals (see Figure 1a,b).

The spin density is a reasonably reliable parameter, which
provides a better representation of the stability of radical
species. According to Parkinson, the more delocalized the spin
density in the radical, the more easily is the radical formed.**

From the computations concerning the two 3-OH and 4-OH
radicals of compounds 1 and 4 (see Figure 1a,b,e,f), it can be
observed that in the 4-OH species spin density is delocalized on
the whole system, whereas in 3-OH radicals only the ring closer
to the radicalization site is involved.

dx.doi.org/10.1021/jf403262k | J. Agric. Food Chem. 2013, 61, 9650—9657
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Figure 2. Molecular surface contour plots for the highest occupied and lowest unoccupied molecular orbitals of the investigated compound.

Antioxidant Activity Parameters. In Table 3 we have
collected all data concerning the parameters commonly used to
define the ability of a compound to act as an antioxidant.
Although computations were performed also in the gas phase,
the values reported are those obtained in both water and
methanol solvents. The latter is the same medium in which the
UV-—vis spectra were obtained for some of the considered
antioxidant molecules."

Results show that the energies put into play in the three
considered mechanisms are of very different orders of
magnitude.

From a thermodynamic point of view, in both solvents the
energy requirement for the HAT mechanism is the lowest for
all of the investigated antioxidant molecules. Although for
nasutin species 2 and 3 were found values of BDE larger than
that computed for ellagic acid, derivative 4 seems to be the best
antioxidant because its BDE is found to be 76.9 kcal/mol,
which is even smaller than that of 1 (77.3 kcal/mol). The
differences in BDE between the latter compounds can be
rationalized in terms of differences in the reactivity of the OH
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sites as we have just explained through the spin density
distribution (see Figure 1la,be,f).

The formation of radical cations of the studied systems in the
first step of the SET-PT mechanism entails an energy expense
of 140—147 kcal/mol (see IP values in Table 3) in both
solvents. However, data in Table 3 indicate that the next loss of
the proton from the ArOH®" is even greater (see PDE values).

In the SPLET mechanism the most crucial step is the
formation of phenoxide anion, the proton affinity (PA) of
which is very high for all of the investigated compounds.
However, also in this case derivative 4 is the most active,
because it has the lowest value of proton affinity in both water
and methanol solvents. The successive electron transfer from
phenoxide anions to free radical occurs quite easily (see ETE
values), confirming that the first step is surely that which limits
the reaction.

Understanding why a mechanism is favored over another
requires the exploration of kinetics, with the evaluation of
energetic barriers connecting the various minima on the
potential energy surface and energetics aspects of each reaction

dx.doi.org/10.1021/jf403262k | J. Agric. Food Chem. 2013, 61, 9650—9657
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Table S. Main Excitation Energies (AE), Oscillator Strengths (f), and MO Contribution at the B3LYP Level of Theory in

Solvent”
AE
compd band excited state MO contribution eV nm (exptl) f

1 I 1 H — L (68%) 3.54 351 (365) 0.245
II 2 H — L+2 (54%) 4.56 272 0.273
3 H-2 — L+1 (40%) 4.90 253 (253) 0.844

H-1 — L+2 (45%)
4 H-1 - L+2 (48%) 5.05 245 0.601

H-1 > L (13%)
2 I H — L (68%) 3.59 346 (331)" 0.289
II 2 H-1 — L+1 (42%) 4.86 255 (259)° 0.640
H-2 — L (18%)

3 H-3 - L (61%) 5.12 242 0.202

H-1 - L+2 (26%)
4 H-2 — L+1 (64%) 524 237 0.194
S H-2 — L+2 (61%) 5.42 229 0.231
3 I H — L (70%) 329 377 (373) 0.313
i 2 H-2 - L (47%) 4.73 262 (280) 0.559

H-1 - L+1 (18%)

H-3 — L+1 (18%)
3 H-3 - L+1 (59%) 5.36 231 (250) 0.573

H-1 — L+1 (22%)

H-2 — L+2 (19%)
4 H-2 — L+5 (63%) 5.64 220 0.342
S H-4 > L (69%) 6.01 206 0.246
4 I H — L (69%) 3.40 365 0.267
I 2 H-3 —» L (42%) 491 252 0.558

H-1 = L+2 (26%)

H-2 — L+1 (17%)
3 H-1 — L+2 (60%) 5.02 247 0.197

H-3 — L+1 (23%)
4 H-2 = L+1 (65%) 521 238 0245
5 H-1 - L+4 (49%) 6.10 203 0.174

“In parentheses are reported the available experimental values.” “Experimental UV—vis spectrum is for isonasutin A — glucuronide.”

step. However, in the case of SET-PT and SPLET, both
reaction mechanisms start with a significant energetic
disadvantage with respect to the HAT one, although polar
solvents such as water or methanol should favor them.

Actually, the charged species formed according to these two
mechanisms should have favorable interaction with these kinds
of solvent. For this reason we are sure that HAT is the
preferred reaction mechanism.

In Table 4, the values of HOMO and LUMO energy are in
agreement with the IP trend, confirming that compounds 3 and
4 are the best electron donors, and then they could work
hypothetically well following the SET-PT mechanism in which
the removal of the hydrogen atom occurs only after that of the
electron.

A glance at Figure 2 shows that HOMO and LUMO are
delocalized on the whole molecules and are 7-like orbitals.

UV Spectra. As reported by Gonzélez-Barrio et al., the UV
spectra of ellagic acid derivatives in methanol exhibit two major
absorption peaks in the region 240—400 nm.'” These two
peaks can be referred to as band I (usually 300—380 nm) and
band II (usually 240—280 nm) according to the nomenclature
generally accepted for flavones.* Because the UV experimental
spectra of ellagic acid, isonasutin, and nasutin A are available in
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methanol solvent, we have used this solvent for our TDDFT
electronic transition computations. Relative results are reported
in Table S, whereas simulated UV spectra are depicted in
Figure 3. For each considered molecule results and discussion
will be presented separately, including those of derivative 4 for
which no experimental UV spectra are available.

Ellagic Acid. Up to 200 nm region, the experimental UV
spectrum of this molecule is characterized by a band of type I
with a maximum absorption at 365 nm and a stronger type II
band with an absorption maximum at 253 nm. From Table 5 it
is clear that the type I band is generated by an electronic
transition that falls at 351 nm and involves mainly (68%)
HOMO-LUMO (H — L) orbitals. The agreement with the
experimental counterpart is very satisfactory, the computed
value being blue shifted by only 14 nm. The other band is
constituted by three electronic transitions at 272, 253, and 245
nm, which involve the orbitals H - L+2, H-2 — L+1, and H-1
— L+2, respectively, each of which contributes to its electronic
transition with percentages of 54, 40, and 48, respectively. The
computed transition with the higher value of oscillator strength
(0.844) coincides with the experimental maximum (253 nm).

Isonasutin. In this molecule computations indicate a single
transition (346 nm) in the type I band region. The measured

dx.doi.org/10.1021/jf403262k | J. Agric. Food Chem. 2013, 61, 9650—9657
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Figure 3. UV spectra computed in methanol of compounds (a) 1, (b) 2, (c) 3, and (d) 4.

experimental absorption maximum (331 nm), obtained for the
isonasutin glucoronide,12 compares well with our findings. The
peak is essentially due to an H — L electronic transition (with a
contribution of 68%). A second band involves four transitions
at 255, 242, 237, and 229 nm, respectively. The most intense
one (255 nm) mainly involves the H-land L+1 orbitals (42%),
whereas the H-2 — L transition contributes with a low
percentage (18%). Also in this case a good agreement with
experimental data is found (255 versus 259 nm).

Nasutin A. The experimental spectrum of this system is
similar to that of both ellagic acid and isonasutin but shows a
broader band at high energy. For this system we find an H - L
transition (70%) that falls at 377 nm with a deviation of only 4
nm with respect to the experimental data. The type II band
includes four transitions (see Table 5), and two of these (at 262
and 231 nm) have comparable intensities (0.559 and 0.573,
respectively) as also observed in the experimental shape of the
UV spectrum.'” Both of these transitions are generated by
molecular orbitals that lie below the HOMO (see Table S).
Comparison with the experimental results is satisfactory.

Derivative 4. For previous molecules our calculated
electronic transitions agree very well with the experimental
counterpart, so for this system, for which the experimental UV
spectrum is not available, our data can be considered reliable
and can serve as a starting point for future and desirable
experimental measurements. As expected by some structural
consideration, the UV spectrum of this molecule is similar to

9655

that of the other considered molecules. At low energy we
predict an electronic transition at 365 nm that mainly involves
(69%) the H and L orbitals. A more intense band is present at
higher energy. As shown in Table 5, four transitions contribute
to the shape of this band. The computed transition with the
highest value of oscillator strength is located at 252 nm, and it is
due to H-3 — L (42%), H-1 — L+2 (26%), and H-2 — L+1
(17%) orbital transitions.

As previously emphasized by experimental studies'” extended
also to the series of urolithins, the comparison between the UV
spectra of the studied compounds reveals the important role of
the hydroxyl group in position 3 (see Scheme 1). In fact, in
going from ellagic acid to nasutin A both hypsochromic and
hypochromic shifts are present in band II. On the contrary, the
absorption peak in region I is more red-shifted in nasutin A.
Similar variations in region II are observed by comparing the
spectra of ellagic acid and isonasutin, but in this case also the
absorption band in region I is blue shifted.

The origin of the electronic transitions responsible for the
UV spectra of the considered molecules is not fully clear, but
some conclusions can be drawn. First of all, we observe that the
absorption in the band I region is generated in all cases by a
m—n transition as clearly shown by the depicted HOMO and
LUMO molecular orbitals (see Figure 2). These orbitals are
delocalized on the entire structure, and this means that all of
the aromatic rings contribute to the transition. The plot of the
other frontier molecular orbitals (see Figures S2 and S3 of

dx.doi.org/10.1021/jf403262k | J. Agric. Food Chem. 2013, 61, 9650—9657
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Supporting Information) can give some indications of the
origin of the other transition in region II of the spectra. As
evidenced in Figures S2 and S3 of the Supporting Information,
the other frontier orbitals involved in the transitions (see Table
5) do not have the same extended & nature as in the case of H
and L orbitals and in some cases (e.g,, H-1 of isonasutin) are
localized in specific rings.

In summary, computations performed in gas phase and then
in both water and methanol media indicate that the energetics
of the various investigated mechanisms is totally different,
allowing us to suggest with a good margin of credibility, even in
the absence of kinetic data, that the HAT mechanism is
preferred in all environments.

The most powerful antioxidant between the examined
systems seems to be derivative 4, which is the only compound
not experimentally characterized.

As in previous studies on the same subject, the BDE value,
which is the key parameter within the framework of the HAT
mechanism, is higher for the systems that have the catechol
functionality, which is essential for good stabilization of radical
species.

The simulated UV—vis spectra for ellagic acid, nasutin A, and
isonasutin are similar to each other and in good agreement with
the experimental counterpart. These two pieces of evidence
allow us to be very confident also in the reliability of the
theoretical spectrum of the new derivative 4.

B ASSOCIATED CONTENT

© Supporting Information

Fully optimized structures of all the investigated compounds;
frontier orbitals involved in the electronic transitions of
compounds 1—4, respectively. This material is available free
of charge via the Internet at http://pubs.acs.org.
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