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a b s t r a c t

The (2 ? O ? 100)-bridged 4-phenylflavans comprise an interesting structure, included in natural antiox-
idants such as simple and dimeric A-type proanthocyanidins, catechins and condensed tannins. This work
concerns the analysis of the stereoelectronic effects induced by substitution with R = H, OH and OCH3 in
Z-isomers of (4a ? 600, 2a ? O ? 100)-phenylflavans using density functional methods in order to deepen
the understanding of the molecular and structural properties of these compounds. A fully relaxed scan
procedure was performed. A topological study of the molecular charge density (Bader theory, Atoms in
Molecules) and a Natural Bond Orbital (NBO) analysis at the B3LYP/6-311++G�� level were carried out.
The stereochemistry of the molecules was discussed in detail focusing on the factors related to their anti-
oxidant properties. Bond dissociation enthalpies (BDEs), ionization potentials (IPs) and electron affinities
(EAs) were calculated for the lowest energy conformers. The Nuclear Magnetic Resonance (NMR) chem-
ical shifts were also calculated at the B3LYP/6-31G�� level, and compared with the earlier reported exper-
imental values, showing that the thermodynamically most stable conformer is also the most stable
kinetically. The effects of substituents on chemical shifts were quantified. Through a donor acceptor
map a qualitative comparison among the studied compounds is given. The lower (higher) BDE (IP) values
found for R = OH (4a ? 600 , 2a ? O ? 100)-phenylflavans, were explained herein by specific mechanisms
of charge delocalization. These findings highlight the key role played by hyperconjugative interactions
in the stereoelectronic effects induced by substitution as an important factor in understanding the asso-
ciated values of BDEs and IPs.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

The family of flavonoids, including flavanones, dihydroflavonols
(flavanonols), flavones, flavonols, isoflavones and catechins, has
been identified as a major source of antioxidants in fruits, vegeta-
bles and beverages [1–3].

In the search for new antioxidants, flavan structures called our
attention, as substructures of many important natural compounds,
such as catechins (flavan-3-ols), simple and dimeric proanthocy-
anidins, and condensed tannins. These compounds are known as
radical scavengers, for their redox properties and mechanisms of
free radical interactions. Despite their structural diversity, these
compounds as members of the large family of flavonoids share a
common chemical feature of one or more phenolic groups, which

operate as hydrogen or electron donors to inhibit reactive oxygen
species (ROSs), such as singlet oxygen, superoxide, peroxyl radi-
cals, and hydroxyl radicals [4–8].

These antioxidants are polyphenolic compounds that protect
cells against the deleterious effects of ROS. An imbalance between
antioxidants and ROSs results in oxidative stress, which has been
associated with cancer, aging, atherosclerosis, ischemic injury,
inflammation, tumors, and neurodegenerative diseases [8–10].

The (2 ? O ? 100)-bridged 4-phenylflavans comprise an inter-
esting structure, which is integrated into A-type proanthocyanidin
molecules that have been synthesized as simple and dimeric mol-
ecules with various substituents on the aromatic rings [4].

To date there are no crystallographic reports on A-type proanth-
ocyanidins, and only a few theoretical studies of their electronic,
structural, and energetic properties. We have previously reported
on the conformational space of unsubstituted and substituted 4-
phenylflavans, and intramolecular bonding interactions related to
their stability and reactivity [11–13]. The stereochemistry of the
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molecules was also studied in our previous reports. The main sub-
structure of the unsubstituted compound (1) is a [3.1.3]bicycle,
consisting of two 6-membered rings, C and E, each involved in a
benzo-c-pyran, fused via a CH2-3-containing bridge with C-2 and
C-4 as bridgehead carbons (Fig. 1a). This bridge is a stereocenter
that gives rise to E (anti)/Z (syn) isomers. The energy of the E-
isomer is higher than that of Z due to the steric hindrance and high
tension of the rings C and D [11]. The Z-isomer has both substitu-
ents Ph-2 and H-4 directed towards the same side of the plane of
the molecule.

The present work focuses on the effect of substitution on the
electronic distribution of (4a ? 600, 2a ? O ? 100)-phenylflavan (2
and 3; Fig. 1a). The study of the role of the substituents on the
properties of this set of Z-isomers of (4a ? 600, 2a ? O ? 100)-phen-
ylflavans was carried out in order to provide information on the
relationship between the geometric structure and electronic
charge delocalization.

Chemical bonds were studied and characterized using the the-
ory of Atoms in Molecule (AIM), and also completed by a Natural
Bond Orbital (NBO) analysis.

The bond dissociation enthalpies and ionization potentials for
the lowest energy conformers were obtained in gas phase as good
primary indices for free radical scavenging [14].

Nuclear magnetic resonance (NMR) parameters were also calcu-
lated, and compared with experimental values reported earlier
[15]. The effect of substituents on them was also analyzed. An
AIM/NBO study allowed us to rationalize experimental trends.

The relation between delocalization effects found in the phen-
ylflavans substituted with R = OH and R = OCH3 (2 and 3, respec-
tively) led to the identification and quantification of the changes
induced by substitution. Moreover, electron charge delocalization
mechanisms associated with the enhancement of BDEs and IPs val-
ues are proposed herein.

This work is adding insight into the structure-radical scaveng-
ing activity relationship of flavans, through the knowledge of their
antioxidant properties. The study in vacuum is relevant for mea-
suring the intrinsic effects that will be useful for the quantification
and understanding of the effects of different solvents on the reac-
tivity of the molecules under study.

2. Methods

The lowest-energy conformers were studied by the density
functional theory (DFT) as implemented by the Gaussian 03

package [16] using the Becke three-parameter hybrid functional
combined with Lee–Yang-Parr correlation functional [17,18]. For
geometry optimizations 6-31G�� basis set was used for all atoms.

The main free radical scavenging mechanism of chain-breaking
antioxidants (AHs) is a one-step H-atom transfer [19,20]:

AHþ R� ! A� þ RH ð1Þ

A higher stability of A� accounts for a better efficiency of the
antioxidant. In this case the reactivity of AH can be estimated using
the calculated value of X-H (X = O, C; in R = OH and R = OCH3,
respectively) bond dissociation enthalpy (BDE). BDE is a main the-
oretical descriptor characterizing the free-radical scavenging activ-
ity of phenolic antioxidants [21]. The weaker the X-H bond, the
easier the reaction of free-radical quenching (Eq. (1)). The values
were calculated according to BDE = Hr + Hh � Hp, where Hr is the
enthalpy of the radical generated by H-abstraction, Hh is the en-
thalpy of the H-atom (�0.499897 Hartree at this level of theory),
and Hp is the enthalpy of the parent molecule.

A second mechanism for free radical scavenging of chain-
breaking antioxidants is a single-electron transfer (SET) (Eq. (2))
that can occur in parallel with the former one:

AHþ R� ! R� þ AH�þ ð2Þ

In this mechanism, the antioxidant transfers an electron to the
free radical becoming a cation radical. The lower the ionization
potential (IP), the easier is the electron abstraction. Adiabatic and
vertical IP values were determined according to the equation
IP = Ecr � Ep, where p and cr indicate the parent molecule and the
corresponding cation radical generated after electron transfer. For
adiabatic IP the Ecr structure was fully optimized, for vertical IP
being necessary only a further single point calculation. In fact, ver-
tical IP was calculated as the difference between the energy of the
cation and the parent molecule, assuming that both have the
ground-state nuclear configuration of the parent molecule. To as-
sess reduction capacity, it was necessary to estimate the electron
acceptance, which was possible by the calculation of vertical
electron affinity (EA). Vertical EA was obtained as the difference
between the energy of the parent molecule and the anion, calcu-
lated using the ground-state nuclear configuration of the parent
molecule.

No spin contamination was found for radicals, the hS2i values
being about 0.750 in all cases. Harmonic vibrational frequencies
were computed at the same level (B3LYP/6-31G��) for both the
parent molecule and radicals to characterize them as minima or

(a) (b)
Fig. 1. Structures of (4a ? 600 , 2a ? O ? 100)-phenylflavans substituted with R = H, OH, OCH3, (a) Geometry of the conformers of Z-isomer of (4a ? 600 , 2a ? O ? 100)-
phenylflavans substituted with R0 = R = H at the B3LYP/6-31G�� level of theory (b).
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saddle points, and to evaluate the zero-point energy (ZPE) correc-
tions to be included in all relative energies, bond dissociation ener-
gies, and ionization potentials. Single point energy (SPE)
refinement was performed with a 6-311++G�� basis set, and the rel-
ative energy and ionization potential 6-311++G�� SPE values were
then corrected by ZPE at B3LYP/6-31G�� level.

Moreover, phenol was studied at the same level of calculation
as a core for phenolics. Then, our calculations of BDEs and IPs were
compared with phenol as reference.

The suitability of the selected level of calculation has been
shown previously [14,17,19,22].

The isotropic 13C magnetic shielding tensors of the lowest-
energy conformers were calculated using the Gauge Including
Atomic Orbital method implemented in G03 package at the
B3LYP/6-31G�� level of theory. The shielding tensors were con-
verted to chemical shifts using TMS as reference. Calculated chem-
ical shifts (d) were compared with NMR experimental values that
had been recorded on a Bruker HFX 90 (90 MHz for 1H-NMR,
22.63 MHz for 13C-NMR) in CDCl3 with tetramethylsilane (TMS)
as internal reference [15].

The topological analysis and evaluation of local properties were
performed by the PROAIM software [23] using the wave functions
calculated at B3LYP and improved 6-311++G�� basis set imple-
mented in the G03 program. NBO analysis [24] was carried out
in the same level.

3. Results and discussion

3.1. Structural features

The conformational space of the unsubstituted (4a ? 600,
2a ? O ? 100)-phenylflavan (1) consisted of two low-energy con-
formers, e.g., Z1 and Z2 conformers (Fig. 1). The C-3–C-2–C-10–C-
60 dihedral angle (orientation of ring B) showed the mean value
of 88� for a set of structures that we called Z1 group, and about
0� for the Z2 group.

In contrast, substituted (4a ? 600, 2a ? O ? 100)-phenylflavans
showed eight conformers for R = OH (2), and four conformers for
R = OCH3 (3) (Fig. 2). The ‘‘T’’ and ‘‘C’’ subscripts refer to anti (trans)
and syn (cis) configurations of HAO-300 and HAO-500 relative to the
C-300AC-400 and C-500AC-400 bonds, respectively (Fig. 2). The mean
values of the HAO-300AC-300AC-400 and HAO-500AC-500AC-400 dihe-
dral angles were about 180� (anti) or near 0� (syn). The ‘‘CT’’ con-

formers were 0.79 kcal mol�1 (0.91 kcal mol�1) more stable than
the ‘‘CC’’ for R = OH (R = OCH3). Regardless of the substitution, Z1
conformers were on average 1.90 kcal mol�1 more stable than
the Z2, as we have previously reported [11,12].

In this work, a fully relaxed scan procedure was performed
(Figs. S1 and S2), showing that the C-2AC-10 free rotation, which
is involved in the rearrangement Z1–Z2, required about
2 kcal mol�1 (Fig. S10). Such low barrier suggested coexistence of
the two types of conformers. However, the energy gap between
Z1 and Z2 conformers led to 0.1–3.0% relative populations of the
Z2 conformers at 298 K. For R = OH, 3.08%, 0.79%, 0.08% and
0.08% for Z2CT, Z2CC, Z2TC and Z2TT, respectively. For R = OCH3,
3.10% and 0.68% for Z2CT and Z2CC, respectively.

The transition states for Z1 isomers of the substituted 2 and 3
found at the B3LYP/6-31G��/6-311++G�� level of theory, and rela-
tive populations of the related lowest-energy conformers are
shown in Table 1. When changing the C-3AC-2AC-10AC-60 torsion
angle (s) from 0.0� to 360� in both substituted phenylflavans 2 and
3, two transition states (TS), TS1 and TS2, were found (Table 1,
Fig. S10a and S10b). Moreover, we came upon the Z2CT conformer
for R = OCH3 (3), which has not been previously found in the study
of the conformational space by Molecular Dynamics [12].

Free rotation around C-300AO-300 and C-500AO-500 bonds that is
involved in the CT-CC-TC-TT rearrangements, required about
3 kcal mol�1 (Fig. S20), which at 298 K accounted for a very small
amount of energy. When changing the H-300AO-300AC-300AC-400 tor-
sion angle (s1) from 180.0� to 540.0�, two transition states were
found, referring to CT and CC conformers (Table 1, Figs. S20a and
S20e).

When changing the H-500AO-500AC-500AC-400 torsion angle (s2)
from 0.0� to 360.0�, two transition states were also found, referring
to CC and TC conformers (Table 1, Fig. S20b). Changing the H-300AO-
300AC-300AC-400 torsion angle (s1) from 0.0� to 360.0�, two transition
states were also found, referring to TC and TT conformers (Table 1,
Fig. S20c). Changing the H-500AO-500AC-500AC-400 torsion angle (s2)
from 180.0� to 540.0�, two transition states were also found, refer-
ring to TT and CT conformers (Table 1, Fig. S20d). TC and TT con-
formers were not found for R = OCH3 (3) (Fig. S20f).

3.2. Topology of the electron charge density function and NBO analysis

The chemical structures of molecules can be extracted from an
analysis of the topology of the molecular charge density, q(r),
whose main features are summarized by the curvatures of q(r) at
critical points (CPs) [25].

The present article explores two types of CPs: (i) (3, -3) CP,
which is a maximum in all directions, and all eigenvalues are neg-
ative. Since it often coincides with the position of the nucleus is
called nuclear attractor or nuclear critical point (NCP), (ii) (3, -1)
CP, which is a maximum in two directions, and a minimum in
one of them, appearing at an intermediate point between two
bonded atoms. For a system at equilibrium configuration it is
called bond critical point (BCP).

If the Laplacian of q(r) at a BCP is negative, the electron charge
is locally concentrated at this point. This charge is provided as
shared by both nuclei, and therefore, this is called shared interac-
tion in the AIM theory. If, conversely, the Laplacian at BCP is posi-
tive, the electron charge is depleted on an infinitesimal area
around BCP, which is the closed shell interaction in the AIM theory.

Another interesting parameter is the ellipticity, e, which is k1/k2

� 1. The ellipticity is indicative of the similarity between perpen-
dicular curvatures (k1 and k2) at BCP, and measures the degree to
which density accumulates preferentially in a given plane contain-
ing the bond. If k1 = k2, then e = 0, and the bond has cylindrical
symmetry, such as the C–C single bond in ethane, and acetylene
triple bond [25].

Fig. 2. Geometry of the conformers of Z1-isomer of (4a ? 600 , 2a ? O ? 100)-
phenylflavans substituted with R0 = H, R = OH (a–d) and R0 = H, R = OCH3 (e and f) at
the B3LYP/6-31G�� level of theory.
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The values of topological parameters, such as electronic charge
density (qb), Laplacian of charge density (»2qb) and ellipticity (e) at
the BCPs for all chemical bonds of the lowest-energy conformers
for 1, 2 and 3 are shown as Supplementary material in Table S1.
These topological parameters are shown for all structures, com-
prising the conformational space for R = OH (2), and R = OCH3 (3)
in Tables S2 and S3, respectively.

The equivalent bonds, C-8aAO1 of ring C, and C-100AO of ring E,
for R = OCH3 (3) and R = OH (2), did not behave as C-2AO1 and C-
2AO, which were characterized as covalent polarized bonds
(shared-type atomic interactions with high qb, negative »2qb,
|k1|/k3 > 1, and Gb/qb < 1), since showed characteristics of interme-
diate interactions (high qb, negative »2qb, |k1|/k3 < 1, and Gb/
qb > 1). We found that this behavior was typical of CAO bonds in
4H-pyran rings, where the C atoms also had sp2 hybridization [11].

The BCP topological properties of C-8aAO1 and C-100AO bonds
were a consequence of the redistribution of charge density due
to the conjugation of the O1 and O lone pairs with p-orbitals
(Table 2) as in the unsubstituted compound 1. In NBO analysis,
the electronic wave functions can be interpreted in terms of a set
of Lewis occupied orbitals and a set of unoccupied non-Lewis local-
ized orbitals. Delocalization of electron density between occupied
Lewis-type (bonds or lone pairs) NBO orbitals and formally unoc-
cupied non-Lewis (anti-bonds or Rydberg) NBO orbitals accounted
for stabilizing donor–acceptor interactions. We found that non-
bonding molecular orbitals (lone pairs) of the substituted com-
pounds 2 and 3 also had distinct functions according to their
position relative to the neighboring aromatic rings, as shown in
Table 2. The O and O1 lone pairs above the molecule plane (1n)
are sp-type and are involved in interactions with the r system
(anomeric effect), while those below the plane (2n) are p-type,
which are conjugated with p-orbitals. Through the NBO analysis,
we observed the same resonance effect on 2,3-dihydrobenzo-c-
pyran [11]. These conjugative and hyperconjugative interactions
explained the increase in the positive Hessian eigenvalue (k3 cur-
vature) at their CPs, and the distinctive features of the O1AC-8a
bond vs. O1AC-2 (and OAC-100 vs. OAC-2) mentioned above, and

were associated with a higher charge concentration on C-8a and
C-100 than on C-2 (119.62 a.u. at NCP for C-8a and C-100 vs.
119.54 a.u. at NCP for C-2, in CT isomers). It is worth mentioning
that for 2 substituted with R = OH charge concentration was higher
on C-100 (119.621 a.u.) than on C-8a (119.620 a.u.). A Laplacian con-
tour map of the electron density function for the ring D plane is
shown in Fig. S3. There was a slight asymmetry between C-2AO1
and C-8aAO bonds and between C-2AO and C-100AO bonds in the
inner contour lines, the high values of »2qb were spread over the
C-8aAO and C-100AO bonding spatial regions in accordance with
covalent polar intermediate interactions characterized by large
values of k3. The same graphical behavior was observed for C-
500AO and C-300AO bonds in both conformers with R = OH (2) and
with R = OCH3 (3), according to their classification as covalent
intermediate interactions due to high qb, negative »2qb, |k1|/
k3 < 1, and Gb/qb > 1 (Tables S1–S3).

The CAH bonds showed qb values in the range of 0.276–
0.283 a.u., and »2qb values in the range of (�0.922)–(�0.977) a.u.
The CAH bonds of rings A, B and D were stronger than C-3AH
and C-4AH. The weakness of the latter bonds was associated with
their role as donors in hyperconjugative interactions as described
for the unsubstituted compound 1 [11].

In fact, there were significant delocalizations of the C-3AH
bonding orbitals towards antibonding orbitals of antiperiplanar
bonds, e.g., C-2–O1/O and C-4AC-4a/C-600 bonds, as shown in
Table 3. The second order energy of the rCAH ? r�CAO transfer
was higher than the energy of rCAH ? r�CAC (mean difference
D(CAO)–(CAC) = 5.20–2.61 kcal mol�1 = 2.59 kcal mol�1, taking into
account all conformers). Moreover, when comparing similar con-
formers, such as Z1CT-R = OH (2) with Z1CT-R = OCH3 (3), we found
that the energy associated with rC-3AH ? r�C-2AO transfers was
modulated by substituent effects, showing an increase according
to R = H < R = OCH3 < R = OH (Table 3). Therefore, there was an in-
crease of electron delocalization in the same order.

The C-4AC-4a, C-4AC-600, C-2AC-3, and C-3AC-4 bonds (rings C
and E) had a slightly longer length (D = 0.11 Å,) than other CAC
bonds as well as lower qb values (0.245 vs 0.307 as mean values),

Table 1
Transition states for Z1 isomers of (4a ? 600 , 2a ? O ? 100)-phenylflavans substituted with R = OH, R0 = H and R = OCH3, R0 = H found at B3LYP/6-31G��/6-311++G�� level of theory.
Relative populations of the related lowest energy conformers are also shown.a

R Conformer Relative populations (%) Transition state Energiesb (Hartree) Dihedral scanned (Degrees)

OH Z1CT 72.58
TS 2 �1110.4675 s = 149.5�
TS 1 �1110.4677 s = 207.6�

Z2CT 3.08

OCH3 Z1CT 79.19
TS 2 �1189.0203 s = 150.3�
TS 1 �1189.0204 s = 208.5�

Z2CT 3.11

OH Z1CT 72.58
TS 1 �1110.4651 s1 = 271.2�
TS 2 �1110.4647 s1 = 449.0�

Z1CC 19.03
TS 1 �1110.4644 s2 = 96.3�
TS 2 �1110.4656 s2 = 270�

Z1TC 2.23
TS 1 �1110.4620 s1 = 91.7�
TS 2 �1110.4616 s1 = 268.7�

Z1TT 2.12
TS 1 �1110.4659 s2 = 269.4�
TS 2 �1110.4646 s2 = 459.1�

OCH3 Z1CT 79.19
TS 1 �1189.0189 s1 = 274.9�
TS 2 �1189.0186 s1 = 444.2�

Z1CC 17.02

a Definition of dihedrals angles (s, s1, and s2) are given in the text.
b Energies corrected for zero point energy (ZPE).
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lower »2qb values (0.560 vs 0.845), lower e values (0.025 vs 0.227),
and lower |k1|/k3 values (1.295 vs 1.993, mainly due to the decrease
in k1 value). It can be drawn the conclusion from the topological
parameter values that such CAC bonds are, as expected, typical sin-
gle bonds stronger than those of ethane (qb, 0.232 a.u. in ethane at
the same level of calculation). The higher values of ellipticity than
that of ethane indicated an asymmetrization of electronic distribu-
tion related to charge delocalization phenomena. In fact, NBO re-
sults reported above (important delocalizations of C-3AH bonding
orbitals to antibonding orbitals of antiperiplanar bonds) explained
the increase in BCP ellipticity of the connecting bonds (C-2AC-3
and C-3AC-4; Table S1) and explained why those ellipticities were
higher in the substituted compounds 2 and 3 than in the unsubsti-
tuted 1. NBO analysis also showed that the mean contribution of the
p orbitals of C-3 and C-4 to the C-2AC-3 and C-3AC-4 bonds was
72.0–74.0%, respectively, while the p atomic orbital contribution
of the C atom to the CAC bond of ethane was 70.4%. Therefore,
the electron delocalization associated with these effects could indi-
cate a mild p-character of the C-2AC-3 and C-3AC-4 single bonds,
confirming this mechanism for all structures studied and light

remote effects exerted by the substituents. The bond polarization
or extent of ionization was described by NBO calculations of the
electron density percentage on each atom of the bond. We have pre-
viously reported that the polarization of the C-2AC-3 bond of
substituted and unsubstituted (4a ? 600, 2a ? O ? 100)-phenylfla-
vans was higher than that of C-3AC-4 [11,12]. Upon comparison
of Z1CT-R = OH (2) and Z1CT-R = OCH3 (3), the C-2AC-3 polarization
increased as R = H < R = OCH3 < R = OH [12]. These findings are con-
sistent with the hyperconjugative interactions described above,
thus showing inductive effects assisted by hyperconjugative inter-
actions. These results further supported slight stereoelectronic ef-
fects exerted by the substituents. Moreover, evaluation of the
conformational changes due to different substituent arrangements
compared to the fixed position of ring B, i.e., all Z1 structures with
R = OH (2), the ‘‘CT’’ structures showed that C-2AC-3 was more
polarized than that of ‘‘CC’’, and this bond in ‘‘CC’’ was more polar-
ized than those in ‘‘TC’’ and ‘‘TT’’ structures [12].

These deep analyses of the electron distribution in C-2–C-3 and
the factors that may cause changes in this region might be useful in
understanding the synthesis and chemical transformations of

Table 2
Main natural bond orbital (NBO) second-order stabilization energies, E(2), calculated at B3LYP/6-311++G�� level of theory, for 1,2nO, 1,2nO1 and r(CAO) donors. Other relevant
interactions are also shown.a

R = OH R = OCH3 R = Hb

Donor Acceptor Z1CT Z1CC Z1TC Z1TT Z2CT Z2CC Z2TC Z2TT Z1CT Z1CC Z2CC Z1 Z2

1nO1 r�C-8–C-8a 0.56 0.56 0.58 0.58 0.55 0.55 0.57 0.57 0.55 0.56 0.54 0.56 0.54
1nO1 r�C-4a–C-8a 7.07 7.09 7.24 7.22 7.02 7.05 7.28 7.25 7.09 7.10 7.07 7.15 7.12
2nO1 p�C-4a–C-8a 25.64 25.84 26.68 26.46 25.93 26.15 25.18 25.00 25.68 25.87 26.23 26.3 26.70
1nO r�C-100–C-600 6.73 6.84 7.01 6.75 6.95 6.97 6.83 6.81 6.58 6.62 6.74 7.15 7.11
2nO p�C-100–C-600 – – – – – – – – – – – 26.31 26.70
1nO r�C-100–C-200 0.54 0.63 0.58 0.59 0.53 0.55 0.51 – 0.56 0.59 0.59 0.56 0.54
2nO p�C-100–C-200 27.38 26.99 26.13 26.51 27.77 27.37 26.02 26.43 26.35 26.27 26.66 – –
1nO1 r�C-2–C-10 0.83 0.82 0.79 0.79 0.81 0.80 0.67 0.68 0.81 0.81 0.79 0.82 0.79
2nO1 r�C-2–C-10 1.19 1.15 1.20 1.24 0.91 0.88 1.46 1.48 1.21 1.19 0.85 1.09 0.75
1nO1 r�C-2–C-3 4.04 4.01 3.99 4.03 4.04 4.02 4.25 4.27 4.02 4.01 3.97 3.96 3.92
2nO1 r�C-2–C-3 1.59 1.61 1.52 1.50 1.54 1.55 0.93 0.93 1.57 1.58 1.57 1.67 1.67
2nO1 r�C-2–O 14.40 14.28 13.74 13.81 14.41 14.31 12.63 12.73 14.14 14.10 14.13 14.03 14.06
r C-2–O1 r�C-8a–C-8 2.20 2.22 2.27 2.25 2.25 2.27 2.47 2.45 2.21 2.22 2.43 2.26 2.32
r C-2–O-1 r�C-3–H 1.03 1.04 1.03 1.03 1.14 1.15 1.09 1.09 1.03 1.04 1.15 1.03 1.15
r C-2–O-1 r�C-10–C-60 1.94 1.91 1.89 1.91 1.52 1.46 1.28 1.32 1.94 1.92 1.42 1.94 1.41
r C-2–O1 r�C-10–C-20 1.96 1.98 1.96 1.95 – – – – 1.95 1.97 – 1.93 –
r C-2–O r�C-10–C-60 – – – – 1.29 1.35 1.5 1.46 – – 1.41 – 1.41
r C-2–O r�C-100–C-200 2.42 2.44 2.14 2.31 2.53 2.45 2.29 2.37 2.41 2.27 2.45 2.26 2.32
r C-8a–O1 r�C-4a–C-5 1.75 1.76 1.78 1.78 1.78 1.78 1.79 1.79 1.75 1.75 1.70 1.75 1.77
r C-8a–O1 r�C-7–C-8 1.34 1.34 1.33 1.33 1.33 1.33 1.40 1.40 1.33 1.33 1.45 1.33 1.33
r C-8a– O1 r�C-2–C-10 1.17 1.16 1.11 1.11 1.02 1.01 0.82 0.83 1.16 1.15 1.01 1.16 1.02
r C-100–O r�C-2–C-10 1.13 1.15 1.18 1.22 1.01 1.00 1.21 1.21 1.19 1.18 1.02 1.16 1.02
r C-100–C-600 r�C-500–O500 3.88 3.68 4.43 4.20 3.72 3.82 4.31 4.15 3.44 3.54 3.59 – –

a All values are expressed in kcal mol�1.
b Data obtained from Ref. [11].

Table 3
Selected NBO second-order stabilization energies, E(2), calculated at B3LYP/6-311++G�� level of theory, for r(C-3–H) and some r(C–C) donors.a.

R = OH R = OCH3 R = Hb

Donor Acceptor Z1CT Z1CC Z1TC Z1TT Z2CT Z2CC Z2TC Z2TT Z1CT Z1CC Z2CC Z1 Z2

r C-3–H r�C-4–C-600 2.65 2.55 2.26 2.60 2.57 2.58 2.64 2.63 2.55 2.63 2.57 2.61 2.64
r C-3–H r�C-2–O 5.18 5.16 5.02 5.03 5.25 5.24 4.86 4.88 5.14 5.13 5.23 5.13 5.23
r C-3–H r�C-4–C-4a 2.60 2.62 2.65 2.64 2.62 2.62 2.55 2.55 2.61 2.61 2.64 2.61 2.64
r C-3–H r�C-2–O1 5.16 5.14 5.15 5.16 5.29 5.29 5.48 5.48 5.18 5.17 5.28 5.13 5.23
r C-2–C-10 r�C-10–C-60 1.27 1.28 1.27 1.26 1.86 1.86 1.87 1.87 1.27 1.27 1.86 1.26 1.86
r C-2–C-10 r�C-10–C-20 1.25 1.24 1.23 1.24 1.73 1.72 1.74 1.74 1.25 1.24 1.73 1.26 1.72
r C-2–C-10 r�C-50–C-60 2.29 2.28 2.29 2.28 2.32 2.32 2.29 2.24 2.29 2.29 2.32 2.28 2.31
r C-2–C-10 r�C-20–C-30 2.29 2.30 2.26 2.27 2.25 2.24 2.23 2.30 2.30 2.31 2.26 2.28 2.24
r C-50–C-60 r�C-40–H 2.59 2.60 2.58 2.58 2.62 2.62 2.61 2.57 2.60 2.60 2.62 2.59 2.62
r C-20–C-30 r�C-40–H 2.59 2.59 2.59 2.59 2.58 2.58 2.57 2.61 2.60 2.60 2.58 2.59 2.57
r C-2–C-3 r�C-1–C-20 0.66 0.62 0.60 0.64 2.71 2.71 2.68 2.69 0.66 0.64 2.70 0.67 2.71
r C-500–C-600 r�C-4–C-3 0.69 0.71 0.83 0.83 0.77 0.77 0.94 0.95 0.72 0.67 0.74 0.78 0.82

a All values are expressed in kcal mol�1.
b Data obtained from Ref. [11].
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flavans, e.g., postulated conversion of B-type into A-type proanth-
ocyanidins [26,27].

Taking into account the conformational space, the highest ellip-
ticity at BCP of C-600AC-4 bond was enhanced by substitution in the
order R = OCH3 < R = OH. The r00 00C�5AC-6 ? r�C-4AC-3 mean charge
transfer increased in the same order (Table 3), thus explaining this
trend. The C-600AC-4 bond connects C-500AC-600 and C-4AC-3, which
are almost antiperiplanar.

Regardless of the substitution, the C-10–C-2 bond linking rings B
and C followed a similar behavior pattern. Both Z1 and Z2 showed
qb values of 0.304–0.310 a.u. at BCP for the C–C bonds of rings A, B
and D, with »2qb values in the range of (�0.817)–(�0.871) a.u., and
e values of 0.200–0.279 for ring A, 0.194–0.235 for ring B, and
0.249–0.280 for ring D. The values of the first two parameters sug-
gested that C–C interactions were similar to those of benzene, cal-
culated at the same level, e.g., qb, 0.308 a.u.; »2qb, �0.854 a.u.; and
e, 0.200, some of which being slightly stronger. Therefore, as ex-
pected, these bonds are intermediate between single and double
bonds.

The e values suggested that the p-character of these bonds de-
creased on average in the order ring D > ring A > ring B > benzene,
as shown in Table S1. Therefore, D should be the most reactive ring
towards electrophilic aromatic substitution due to the increased
availability of p-electrons, which was modified by substitution,
being higher when R = OH (2) (R = H < R = OCH3 < R = OH)
(Fig. S4). For R = H (1), the symmetrical rings A and D had a mean
e value (e 0.223) higher than that of ring B (e 0.203) [11]. The in-
creased reactivity of the substituted ring D can be also seen in
Fig. S3, where the Laplacian contour maps of electron density of
the substituted (4a ? 600, 2a ? O ? 100)-phenylflavan Z1-isomer
for the ring A plane and ring D plane are shown.

Considering ring A, the rC-8a–O1 ? r�C-4aAC-5, 1nO1 ? r�C-8aAC-

4a, and 1nO1 ? r�C-8aAC-8 transfers led to an increase in population
of the respective antibonding acceptor orbitals, resulting in the
bond elongation of C-4aAC-5 (1.397 Å), C-8AC-8a (1.397 Å), and
C-8aAC-4a (1.401 Å) with respect to C-8AC-7 (1.393 Å). The
rC-8aAO1 ? r�C-7AC-8 transfer occurred, but the energy was lower
than that of the rC-8aAO1 ? r�C-4aAC-5 transfer (1.36 kcal mol�1

compared with 1.75 kcal mol�1) (Table 2). Therefore, the C-8AC-7
bond was shorter than C-8aAC-4a. There were no significant
rCAC ? r�CAC transfers to C-5AC-6 and C-6AC-7 antibonding orbi-
tals, thus explaining their shorter length. These transfers ac-
counted for the loss of ring A symmetry with respect to benzene,
and may be associated with the ellipticity values of some bonds,
i.e., C-8aAC-4a showed the longest bond length and highest ellip-
ticity (Table S1). Significant 1nO1 ? r�C-8aAC-4a (7.12 kcal mol�1 on
average), and 2nO1 ? p�C-8aAC-4a (25.91 kcal mol�1 on average)
transfers (Table 2) may explain these features. Similar results have
been reported for R = H [11], supporting a general trend in these
structures despite substitution. Through these mechanisms, the
O1 oxygen atom donated electron density to ring A in all conform-
ers, resulting in an increase of charge density on C-7 and C-5
(119.620 a.u., 119.604 a.u., 119.624 a.u., 119.604 a.u., 119.622 a.u.,
119.607 a.u. for C-8a, C-4a, C-5, C-6, C-7, C-8, respectively).

Ring D was also asymmetrized, thus giving rise to an increase in
the bond lengths of C-500–C-600, C-300–C-400, and C-100–C-200 in
descending order. The higher bond lengths can be explained by
the resonance effects of O oxygen, and oxygen-containing substit-
uents of ring D. In fact, by charge transfer to the respective natural
antibonding orbitals, O oxygen was associated with the elongation
of C-100–C-200 bond length, O-500 with that of C-500–C-600, and O-300

with that of C-300–C-400 (Table S1). Furthermore, the analysis of
the electron delocalization from the O lone pairs to ring D showed
that 1nO ? r�00C�1

00
—C�2 and 2nO ? p�00C�1

00
—C�2 transfers were usually

higher for R = OH (2) (0.59 kcal mol�1 and 26.75 kcal mol�1 on

average, respectively) than for R = OCH3 (3) (0.58 kcal mol�1 and
26.31 kcal mol�1 on average, respectively). Therefore, this behavior
was modulated by remote substituent effects according to
R = OCH3 < R = OH (Table 2). Our previous results also showed
higher transfers from C-300–O and C-500–O bonds to ring D for
R = OH than for R = OCH3 [12], thus explaining the higher ellipticity
of C-300–C-400 and C-600–C-500 bonds reported herein, being evidence
for a better charge delocalization in R = OH (2). Moreover, the con-
jugation of the 2n lone pairs with the p -system was also signifi-
cantly higher for R = OH (2) than for R = OCH3 (3). Therefore, the
described conjugative and hyperconjugative transfers allowed us
to understand the increase in ring D mean ellipticity shown above.

In Z1 structures, the fusion of ring B with both c-pyran rings
(rings A-C and D-E) resulted in a loss of the typical benzene sym-
metry, so that the C-10–C-20 and C-10–C-60 bonds (1.399 Å;
Table S1) were longer than the others (1.395 Å). These bonds also
showed higher ellipticity than typical aromatic bonds (e 0.200).
For R = OH the mean e value was 0.206, while for R = OCH3 was
0.205. The ellipticities of the other bonds ranged from 0.199 to
0.202. NBO analysis showed that there was a substantial charge
transfer from the C-2–C-10 bonding orbital to C-10–C-20 and C-10–
C-60 antibonding orbitals (Table 3). Moreover, transfers from
C-2–O and C-2–O1 bonding orbitals to the same C-10–C-20 and
C-10–C-60 antibonding orbitals (Table 2) were found. These charge
transfers justify the higher bond lengths of C-10–C-20 and C-10–C-
60 bonds. Energy values were important for transfers from the
rC-2–C-10 orbital to the anti bond orbitals regarding C-2–C-10 bond
(r�C-50–C-60 and r�C-20–C-30), which explains the increase in C-10–C-
20 and C-10–C-60 ellipticities at CPs. We found first-related charge
transfers with charge delocalization from C-2–C-10 bonding orbital,
which were nO,O1 ? r�C-2–C-10 and rC-8a–O1,C-100–O ? r�C-2–C-10

(Table 2 and Fig. 3b). We also found first-related charge transfers
with charge delocalization from C-2–O1 and C-2–O bonding orbi-
tals, which were r�C-100–C200 , C-3–Ha ? r�C-2–O1 and r�C-8–C8a,

C-3–Hb ? r�C-2–O (Table 3 and Fig. 3b). Moreover, we found
second-related charge transfers, rC4a–C-5, C-7AC8 ? r�C-8a–O1

and rC-500–C-600 ,C-200AC-300 ? r�C-100–O and r�C-4–C600 ? r�C-3–Ha and
r�C-4–C4a ? r�C-3–Hb (Fig. 3c). These charge delocalization mecha-
nisms were cooperative, and found in all compounds studied de-
spite substitution. Interactions between rings were explained,
even in non-planar systems.

Density values on C-20 and C-30 in Z2 (119.631 a.u. and
119.625 a.u., respectively, in CT conformer) were higher than those
of Z1 conformers (119.629 a.u. and 119.624 a.u., respectively, in CT
conformer), and were associated with hyperconjugative interac-
tions between the C-2–C-3 bond and ring B. In particular, the
rC-2–C-3 ? r�C-10–C-20 transfer in Z2 was an order of magnitude
higher than in Z1 for any substituent (Table 3).

The mechanisms of charge delocalization aforementioned were
found for all compounds studied. These mechanisms described and
quantified charge delocalization effects that connected ring B with
A and D through rings C and E in flavan structures. It is usually re-
ported that ring B of flavans is independent of ring A from the
viewpoint of a p-resonant system. However, according to our re-
sults there is interaction between A and B via specific charge delo-
calization mechanisms (Fig. 3).

The C-10–C-60 and C-10–C-20 bonds were more polarized in Z1
rotamers than in Z2, suggesting a higher inductive effect in Z1 than
in Z2 for all substituents, as previously reported [12]. The current
work focuses on the substituent effect on this behavior, therefore
we compared Z1CT structures with R = OH and R = OCH3, and found
that the polarization of C-10–C-60 and C-10–C-20 increased slightly
in the order R = OCH3 < R = OH. Similar results were obtained for
Z1CC structures. This finding showed a slight substituent effect on
ring B. In Z2 rotamers the effect was also stronger for R = OH.
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3.3. NMR analysis

Calculated and experimental NMR chemical shifts (d) of the
phenylflavans substituted with R = OCH3 (3) and R = H (1) are
shown in Fig. 4 and in Supplementary material (Table S4). Calcu-
lated values at the B3LYP/6-31G�� level followed the experimental
trend. Calculated NMR chemical shifts (d) of compound 2 substi-
tuted with R = OH are also shown in Fig. 4a and Table S4.

The symmetry of rings A and D observed for R = H (1) was lost
due to substitution (2 and 3). The symmetry experimentally found
between C-20 and C-60, and between C-30 and C-50 of ring B was also
found in theoretical calculations. This symmetry was only found in
the Z1 isomer (Supplementary material, Table S4), suggesting that
this is the most populated rotamer in solution at room tempera-
ture, according to the relative population of these conformers
shown above. In fact, the values obtained for Z2 did not follow
the experimental trend.

Calculated values were similar for Z1CT and Z1CC, and showed a
good correlation with experimental data, except for chemical shifts
of C-400 and C-200. The only difference between both conformers was

the CH3 group attached to O-300 with respect to ring D, which freely
rotated around the C-300–O-300 bond. The calculated C-400 chemical
shift for Z1CT was higher than that for Z1CC. The chemical shift of
C-200 behaved conversely, so that the calculated C-200 chemical shift
for Z1CT was lower than that for Z1CC (Table S4). Therefore, our cal-
culations showed shielding of C-400 when the CH3 group attached to
O-300 was in its proximity (‘‘CC’’-type arrangement), thus C-200 being
more deshielded. On the contrary, in ‘‘CT’’ conformer the CH3 group
deshielded C-400 and shielded C-200. Mean values agreed very well
with the experimental data. This indicated the contribution of both
conformers, according to their relative population and the very low
energetic barriers shown above.

Therefore, NMR experimental values of the phenylflavans
substituted with R = OCH3 (3) and R = H (1) [11] were correlated
with those obtained for the Z1 conformer, which was the most sta-
ble. This revealed that the thermodynamically most stable con-
former was also the kinetically most stable one.

The effect of substituent on the chemical shifts was evaluated in
the context of this work. Differences between chemical shifts of the
unsubstituted compound (1) and those substituted with R = OCH3

Fig. 3. Charge delocalization mechanisms that define the interaction between rings A, C, E and D with B ring. Direct (a), first related (b) and second related (c) charge transfers
are shown.

Fig. 4. Experimental and calculated B3LYP/6-31G�� 13C-NMR chemical shifts (d) of substituted (4a ? 600 , 2a ? O ? 100)-phenylflavans. d in ppm. Calculated values for Z1CT

conformers are shown.
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(3) and R = OH (2) are shown in Fig. 4b. A large shielding on C-100, C-
300and C-500, and a large deshielding on C-4, C-600, C-200and C-400 were
found. No changes were observed in other carbon atoms due to
substitution. This trend was also found in the experimental values
(Fig. 4a and Table S4). The substituents were strongly polar groups,
therefore they introduced intramolecular electric fields, which had
the effect of distorting the electron density in the rest of the mol-
ecule, mainly in ring D. Consequently, shielding constants were af-
fected directionally, which explains the results.

3.4. BDE evaluation

As mentioned above, flavonoids can play a protective role by
donating an H atom. Therefore, bond dissociation enthalpies
(BDEs) for O-H of the OH groups attached to C-300 and C-500 were
of particular importance in analyzing the antioxidant activity of
the phenylflavans substituted with R = OH (2). The bond dissocia-
tion enthalpies for C–H bonds of the OCH3 groups attached to C-
300 and C-500 (3) were also studied with the purpose to find the
structural factors and electron charge delocalization mechanisms
that could be related to better BDEs values.

Gas phase BDE values that characterized the H-atom donating
ability of the Z1CT isomers of the phenylflavans substituted with
R = OH (2) and OCH3 (3) were 81.79 kcal mol�1 (in C-300) and
81.27 kcal mol�1 (C-500) for R = OH (2), and 94.65 kcal mol�1 (C-
300) and 94.91 kcal mol�1 (C-500) for R = OCH3 (3). These BDE values
for R = OH are in agreement with those previously reported for epi-
catechin [28]. Our results were compared with phenol as reference,
and gave DBDE = �2.43 kcal mol�1 (C-500) for R = OH (2) (gas phase
BDE for phenol at the same level of calculation was
82.70 kcal mol�1), indicating an H-transfer easier than those calcu-
lated for tyrosol and kaempferol (DBDE = �0.93 kcal mol�1 and
�1.95 kcal mol�1, respectively [14]), but worse than for epicate-
chin (DBDE = �9.17 kcal mol�1 [14]).

The BDEs at C-300 and C-500 were, as expected, lower for R = OH
(2) than for R = OCH3 (3), which clearly confirmed that H-transfer
was much easier for Z-isomers of the phenylflavans (2) than for
(3). These results are consistent with previous experimental re-
ports, showing that the OH groups have a substantial effect on
the molecule, playing a positive role in antioxidant activities [5].

Moreover, we have previously reported [12] the occurrence of
O-500� � �H–C-5 hydrogen bond in this compound (see Fig. S5). This
interaction led to a weak H-500–O-500 bond, and consequently, a
more available H-500, and BDEs lower in C-500 than in C-300 for the
R = OH substitution (2).

Selected charge transfers, and BDE values are shown in Table 4.
Our results indicated specific effects of charge delocalization that
may be associated with an increased free-radical scavenging ability
for Z-isomers of the phenylflavans substituted with R = OH (2):

– Conjugation of the 2n oxygen lone pairs of substituents with the
p-system of the ring D (‘‘i’’ transfers).

– Charge transfers from both C-300–O and C-5’’–O bonding orbitals
to ring D (‘‘ii’’ transfers).

– Charge transfers 2nO ? p�00C�1
00
—C�2 and 2nO1 ? p�00C�1

00
—C�6 (‘‘iii’’

transfers).
– Charge transfers rC-3–Ha ? r�C-2–O and rC-3–Hb ? r�C-2–O1 (‘‘iv’’

transfers).
– Charge transfers O300–H/O300–C300 ? r�C-300–C-400 and O500–H/O500–

C500 ? r�C-500–C-600 (‘‘v’’ transfers).

All of them (i–v) were more effective in the conformers of the
compound substituted with R = OH (2) than in those with
R = OCH3 (3). Therefore, a better electron delocalization was found
by the substitution with R = OH. Consequently, the structural fea-
tures related to this delocalization will be useful to stabilize the

radical A�, which is the product of the rapid H-atom transfer
reaction.

Some consequences of increasing the hyperconjugative and res-
onance effects (increase in charge delocalization) by R = OH substi-
tution of Z-isomers of phenylflavans (2) are as follows:

– Increased mean ellipticities at BCPs of ring D.
– Slightly increased charge concentration on C-100.
– Slightly increased C-2–C-3, C-10–C-60 and C-10–C-20 bond

polarization.
– Slightly decreased electron density at carbon atoms NCPs of ring

D.

3.5. IP evaluation

The electron donation of the Z1CT isomers of the substituted
compounds 2 and 3 was also studied. Adiabatic IP values were
167.00 kcal mol�1 and 152.89 kcal mol�1 for R = OH and R = OCH3,
respectively. Our results were compared with phenol as reference,
and gave DIP = �25.8 kcal mol�1 for R = OH, and
DIP = �39.19 kcal mol�1 for R = OCH3 (gas phase IP for phenol at
the same level of calculation was 192.08 kcal mol�1). Therefore,
electron donation for R = OH (2) was easier than that for tyrosol,
hydroxytyrosol, gallic acid, caffeic acid, epicatechin, and kaempfer-
ol (DIP = �10.33 kcal mol�1, �16.98 kcal mol�1, �2.96 kcal mol�1,
�10.90 kcal mol�1, �21.20 kcal mol�1 and �24.06 kcal mol�1,
respectively [14]). Considering the electron donation mechanism
and the calculated IP values, compound 3 substituted with
R = OCH3 was the most reactive system, even better than 6-hydro-
xy-2,2,5,7,8-pentamethylchroman (HPMC), which is a simplified
model of a-tocopherol (DIP = �37,15 kcal mol�1 [14]). No experi-
mental data were available in the literature for IP, so that the com-
parison between computed and experimental values was not
possible.

Table 4
Selected NBO second-order stabilization energies, E(2), calculated at B3LYP/6-
311++G�� level of theory. BDE and adiabatic IP values are also shown.a,b

Transfer Donor Acceptor R = OH R = OCH3

i 2nO30 p�C-300–C-40 54.67 54.63
2nO500 p�C-500–C-600

ii rC300–O300 r�C-400–C-500 8.00 7.38
r�C-200–C-300

r�C-100–C-200

rC500–O500 r�C-300–C-400

r�C-400–C-500

r�C-100–C-600

r�C-500–C-600

iii 2nO p�C-100–C-200 27.38 26.35

iv rC3–Ha r�C-2–O 10.34 10.32
rC3–Hb r�C-2–O1

v rO300–H/C3a00 r�C-300–C-400 9.55 5.78
rO500–H/C5a00 r�C-500–C-600

i + ii + iii + iv + v 109.94 104.46
BDE at C-300 81.79 94.65
BDE at C-500 81.27 94.91

vi rC3a00–H r�O300–C-3a00 – 9.25
‘‘ r�C-300–O300

‘‘ r�O300–C-3a00

rC5a00–H r�O500–C-5a00

‘‘ r�C-500–O-500

‘‘ r�O500-C-5a00

v + vi 9.55 15.03
IP (kcal/ mol�1) 167.75 152.89

a All values are expressed in kcal mol�1.
b Summation of the E(2) corresponding to the transfers selected, are reported.
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The adiabatic IP value for R = OH (2) was about 14 kcal mol�1

higher than for R = OCH3 (3). Therefore, substitution with R = OH
lowered electron donating efficiency. However, a relatively high
IP value, decreasing the electron transfer rate between the antiox-
idant and oxygen, was considered one of the key factors helping to
enhance the antioxidant potency because of reducing the pro-
oxidative effect of the antioxidant molecule [29,30].

Charge delocalization from the O300 ,500–H bonding orbital to the
rest of the molecule by substitution with R = OH (2) was lower
than charge transfers from O300 ,500–C300 ,500 and C300 ,500–H bonding orbi-
tals to the rest of the molecule by substitution with R = OCH3 (3)
(transfers v and vi, Table 4). These charge delocalization mecha-
nisms are relevant in stabilizing cation radicals, which explains
the lower IP value found for R = OCH3 (3). In fact, the ellipticity val-
ues and charge density Laplacian function analysis showed the
highest reactivity of ring D and higher availability of p-electrons.
Moreover, according to single-electron transfer (SET), one electron
is removed from the HOMO of the parent molecule giving rise to
the cation radical. HOMO of the parent molecule and its cation rad-
ical form are shown in Fig. S6. Our results showed that electron
donation mainly affected ring D, thus indicating the relevance of
electron delocalization from the substituents to ring D (transfers
v and vi in Table 4) in the energy stabilization of the parent per-
turbed structure (cation radical) in the SET mechanism.

Although it is known that the best antioxidants show low IP val-
ues, an alternative mechanism for free radical scavenging has been
reported [31,32], which states that antiradicals might act either
donating or accepting electrons. Therefore, to understand the anti-
radical capacity of different molecules, it is important to study the
electron transfer process, also taking into account their ability to
accept electrons. For this purpose, it is necessary to assess the elec-
tron affinity (EA).

Vertical IP and EA were used to classify any substance regarding
its electron donor–acceptor ability. Electron acceptance and elec-
tron donation indexes were defined using fluor and sodium as ref-
erences, thus leading to the useful donator-acceptor map [33,34].
Electron acceptance index can be defined by RIP = IPAH/IPNa and
electron donation index by REA = EAAH/EAF, where IPAH and EAAH

are the IP and EA of the antioxidant molecule. At B3LYP/6-31G⁄⁄ le-
vel of calculation we found RIP = 1.387 and REA = 0.360 for com-
pound 2, and RIP = 1.353 and REA = 0.364 for compound 3.
Therefore, our calculations show that the substitution with
R = OCH3 is better electron donor and slightly better electron
acceptor than R = OH, because 3 has a lower IP and a slightly higher
EA than 2. Therefore, if the electron transfer mechanism is the
important reaction for neutralizing free radicals, our results indi-
cate, through a donator-acceptor map analysis, that 3 would be a
better antiradical compound than 2.

4. Conclusions

The resonance effects of O and O1 oxygen, and oxygen of ring D
substituents explain the ring D asymmetrization of the substituted
phenylflavans (similar to ring A of catechins and epicatechins).
Conjugative and hyperconjugative stereoelectronic interactions
described, suggest a higher reactivity of ring D. We also conclude
that in flavans, even when they are nonplanar structures, the ring
B is not independent of ring A, and specific charge delocalization
mechanisms define the interaction between A, D and B rings in
substituted phenylflavans 2 and 3.

The theoretical NMR chemical shifts showed that at the level of
calculation employed experimental trends were reproduced satis-
factorily, and some charge delocalization mechanisms underlying
magnetic trends could be explained. The effect of substituent
was evaluated, showing a directional influence on the shielding
constants.

Our results showed an enhanced free radical scavenging ability
by donating an H atom for Z-isomers of 2 that can be related to
specific charge delocalization effects. We also concluded that there
are structural and electronic consequences of those increased
hyperconjugative and resonance effects (increased charge delocal-
ization) for R = OH substitution of Z-isomers of phenylflavans (2).
Consequently, the charge delocalization mechanisms, and struc-
tural and electronic features aforementioned were suggested as
significant in the enhancement of the free radical scavenging abil-
ity for R = OH substitution (2), and other related structures such as
A-type proanthocyanidins.

Furthermore, we concluded that the enhanced antiradical activ-
ity by electron transfer can be related to electron donation affect-
ing primarily the ring D, the electron delocalization of ring D
substituents being important in stabilizing the structure of the par-
ent perturbed structure (cation radical). Moreover, the calculation
of IPs and EAs was useful for a qualitative comparison between the
substances studied, thus showing that substitution with R = OCH3

would lead to a better antiradical compound than with R = OH, if
we are to assess the antiradical activity via electron transfer.

Our results also allow us to conclude that the enhanced energy
stabilization of the cation radical or the radical generated in the
free radical scavenging process could be predicted on the basis of
higher resonance and other charge delocalization effects found in
the corresponding AH.

We are following a program that focuses on factors that can be
associated with antioxidant properties, and also those important in
understanding the processes of biosynthesis, oligomerization and
polymerization of flavans, through an analysis by stepwise in-
crease in complexity. The analysis of the charge delocalization in
the radicals A� and cation radicals AH�+, substitution with R0 = R = H,
OH and OCH3 and the free-radical scavenging capacity in various
solvents is in progress.
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