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Abstract Procyanidins are highly hydroxylated polymers
known as antioxidant compounds, thereby exhibiting benefi-
cial effects. These compounds are protective agents against
oxidative stress and the damage induced by free radicals in
membranes and nucleic acids. This paper describes a study of
the conformational space of (4α→6″, 2α→O→1″)-
phenylflavan substituted with R′=R=OH as part of a larger
study of similar structures with different substitutions. The
relationships between aqueous solution–vacuum variations
of some properties were studied, as well as the stabilization
and reactivity of (4α→6″, 2α→O→1″)-phenylflavan
substituted with R′=R=H, R′=H, R=OH, R′=R=OH, and (+)-
catechin. The variations in geometric parameters and electron-
ic properties due to conformational changes, as well as the
effects of substituents and polar solvents, were evaluated and
analyzed. Bader’s theory of atoms in molecules was applied to
characterize intramolecular interactions, along with a natural
bond orbital analysis for each conformer described. The mo-
lecular electrostatic potential was rationalized by charge delo-
calization mechanisms and interatomic intramolecular interac-
tions, relating them to the structural changes and topological

properties of the electron charge density. Molecular polariz-
ability and permanent electric dipole moment values were
estimated. The results show the importance of a knowledge
of the conformational space, and values for each conformer.
Based on our previous results, we showed the existence of
electron charge delocalization mechanisms acting coopera-
tively as “delocalization routes”, showing interactions be-
tween different rings not even sharing the same plane. These
“delocalization routes” were more effective for (4α→6″,
2α→O→1″)-phenylflavan substituted with R′=R=OH than
for (+)-catechin, and are proposed as adding insight into the
structure–antioxidant activity relationship of flavans.
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Introduction

Polyphenolics are a large group of secondary metabolites that
have structures with aromatic rings substituted with at least
one OH, other oxygenated groups, and conjugated double
bonds that are together responsible for their antioxidant activ-
ities. Extractable polyphenolics can be classified according to
their chemical structure as simple phenolic acids, and flavo-
noids, which in turn are subdivided into flavones, flavonols,
flavanols or catechins, flavanones, anthocyanins, aurones,
chalcones, isoflavones, biflavonoids, condensed tannins, and
other compounds.

Condensed tannins, or proanthocyanidins, are polymeric
structures formed by the condensation of flavan-3-ols. These
proanthocyanidins can be procyanidins, with a 3,4-dihydroxy
pattern in ring B (comprising only epicatechin moieties);
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prodelphinidins, with a 3,4,5-trihydroxy pattern in ring B; and
propelargonidins, with a 4-hydroxyl in ring B—the latter be-
ing less common in foods.

Proanthocyanidins are consumed widely in fruits and
vegetables, and also in some drinks, such as red wine,
green tea, and chocolate. The type and amount of these
compounds in plants vary widely [1]. The exact compo-
sition of proanthocyanidins in foods remains controver-
sial due to the numerous structures, degree of polymer-
ization, and different quantitative analytical techniques
used [1–3].

Most research has focused on proanthocyanidins, highly
hydroxylated polymers, due to their antioxidant properties
[4, 5], thereby showing many beneficial effects [6, 7]. These
compounds are protective agents against oxidative stress and
the damage induced by free radicals inmembranes and nucleic
acids [8].

In this work, the conformational space of (4α→6″, 2α→
O→1″)-phenylflavan substituted with R′=R=OHwas studied,
as part of a larger study of similar structures with different
substitutions [9–12]. Also, variations in geometric parameters
and electronic properties due to conformational changes, as
well as the effects of substituents and polar solvents, were
analyzed.

Bader’s theory of atoms in molecules (AIM) and natural
bond orbital (NBO) analysis were used to characterize intra-
molecular interactions for each conformer described.
Molecular electrostatic potentials (MEPs) were also analyzed
on the basis of the AIM and NBO results. Molecular polariz-
ability and permanent electric dipole moment values were
estimated.

Based on our previous results [9–12], the present study
focused on further analysis of the effect of aqueous solvents,
thereby establishing the relationships between solution–vacu-
um variations of some properties, as well as the stabilization
and reactivity of these compounds in a polar solvent.

Methods

The study of the conformational space in gas phase of (4α→
6″, 2α→O→1″)-phenylflavan substituted with OH groups in
rings B andDwas performed usingmolecular dynamics (MD)
calculations [13] to obtain starting conformations. Four struc-
tures were selected, namely 1, 2, 3 and 4, corresponding to
dihedral angles (τ), C3─C2─C1′─C2′ of≈90°, ≈270°, ≈180°
and≈0°, respectively. These structures arose from the rotation
of ring B around the C2─C1′ bond, and were further analyzed
by a rigid scan setting the dihedral angle (τ), C3─C2─C1′─C2′
in steps, thus obtaining the profiles of the potential energy
surfaces. The effects of free rotation around the C─O bonds
of HO-3″ and HO-5″ (resorcinol-type ring, “D”), and HO-3′
and HO-4′ (catechol-type ring, “B”), and rotation around the

C2―C1′ bond (Fig. 1) were taken into account by rigid scans.
The structures of type 1 and 2 (3 and 4) were called Z1 (Z2).
Taking into account the lowest energy conformations, and the
corresponding transition states, reoptimizations were carried
out with fully relaxed geometries by density functional theory
(DFT) with B3LYP hybrid functional [14, 15], and 6-31G(d,p)
basis set, as implemented in Gaussian 03 [16]. Harmonic vi-
brational frequencies were calculated at the same level to sup-
port the occurrence of true minimum energy structures, and
transition states as well as to evaluate zero point energy
(ZPE) corrections. Energy values were refined by single
point-type calculations at the 6-311++ G (d,p) basis set, next
corrected by ZPE at the B3LYP/6-31G(d,p) level.

The lowest energy conformers in the gas phase were
reoptimized, considering the effect of solvent, by the polariz-
able continuum model (PCM) [17] at the same level of theory.
The polarizable dielectric medium was described by the di-
electric constant (ε=78.39 for water). The values of surface
area, and cavity volume were in the ranges of 402.80–
405.63 Å2 and 454.6–457.69 Å3, respectively. At the same
calculation level, ZPEs were obtained to correct all energy
terms.

MEPs were calculated using Gaussian 03 software, and
displayed by Molekel 4.0 software [18]. MEP contours were
drawn with Multiwfn 3.3.2. software [19].

Topological analysis was performed with the PROAIM
software [20] at the B3LYP level, and 6-311++G (d,p) basis
set. The most significant local topological properties in bond
critical points (BCPs) of the chemical bonds were character-
ized both in gas phase and in a simulated aqueous solvent.

NBO analysis [21] was carried out at the same level as
AIM calculations, and allowed electron charge delocalizations
typical of the structures under study to be described.
Hyperconjugative interactions that defined the stability order
for all conformers, and charge delocalization trends were char-
acterized. For eachNBO donor (i), and eachNBO acceptor (j),
the second-order perturbation energy (E(2)) associated with i/j
delocalization was as follows:

E 2ð Þ ¼ −ni
F2
i j

ε j−εi

where ni is the occupation or population of the donor orbital i;
εi and εj are the orbital energies involved in the interaction,
and F(i,j) is the element i,j of the Fock matrix.

Variation of parameters of interest (x) derived from topo-
logical, NBO and MEP analyses in aqueous solution was
quantified by calculating percentage differences relative to
values under vacuum:

%Δx ¼ x solutionð Þ−x vacuumð Þ
x vacuumð Þ
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Molecular polarizability <α>, and permanent electric di-
pole moment μ were also studied. The <α> values were cal-
culated as:

αh i ¼ 1

3
αxx þ αyy þ αzz

� �

where tensor components (α) were obtained from the second
derivative of the energy relative to Cartesian components of
applied electric field (ε),α= [∂2E/∂ε2]. The weight of different
conformers was considered for <α> values; the statistical av-
erage value was calculated from the Maxwell-Boltzmann dis-
tribution of polarizability at 298.15 K,

< α >¼
X

i

< αi >exp
−Ei

RT

� �.X

i

exp
−Ei

RT

� �

The entire conformational space was also considered for μ
values, and, therefore, a similar statistical average was calcu-
lated on each Cartesian component,

μ j

D E
¼

X

i

μ j;iexp −
Ei

RT

� �.X

i

exp −
Ei

RT

� �

with j= x, y, z; where Eiwas the relative energy of conformer i,
and μj.i was component j of conformer i. Then, the statistical
average of the total permanent electric dipole moment magni-
tude was obtained by the Maxwell-Boltzmann distribution.

μh i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

μxh i2 þ μy

D E2
þ μzh i2

r

Results and discussion

Conformational analysis

A study of the conformers throughout the conformational
space was carried out; conformers obtained by changing the
O–H arrangements of ring D are indicated by C and T sub-
scripts, referring to syn (cis) and anti (trans) configurations of

II

I

II D
3''5''

D
3''5''

D
3''5''

D
3''5''

I

a b c

4' 4' 4'

B B B 3'3'3'

Fig. 1 Structure of (4α→6″,
2α→O→1″)-phenylflavan
substituted with R′=R=OH.
Numbering used for analysis is
indicated

J Mol Model (2016) 22: 187 Page 3 of 15 187



H─O3″ and H─O5″ bonds of the resorcinol ring (ring D)
relative to the C3″─C4″ and C5″─C4″ bonds, respectively
(line II, Fig. 1). The mean values of H─O3″─C3″─C4″ and
H─O5″─C5″─C4″ dihedral angles were close to 180.0° (an-
ti), and 0.0° (syn). In turn, the O–H arrangements of the cat-
echol ring (ring B) allowed the conformers to be classified into
three groups, namely a, b, and c. Therefore, structure aCTwas
that in which the hydroxyl H atom that would form an intra-
molecular hydrogen bond (HB) was attached to C-4′; bCT, in
which the hydroxyl H atom that would form an intramolecular
HBwas attached to C-3′, and, finally, cCTaccounted for anOH
arrangement that would not form any intramolecular HB in
ring B (line I, Fig. 1). Consequently, groups were character-
ized by the hydroxyl H atom involved in the HB.

In total, 48 conformers were obtained, confirming minima
energy structures on the hypersurface of the molecules by
vibrational analysis.

On the basis of energy stability, and relative Maxwell-
Boltzmann population at room temperature (298.15 K), a
subset of 12 CT-type conformers (Table 1) with a relative
population of 74.54 % was selected. The relative popula-
tion of CT conformers was one order of magnitude higher
than that of CC conformers, while that of CC conformers
was one order of magnitude higher than those of TC and
TT conformers. Moreover, the energy gap between a and
b structures with respect to c-type led to a tiny population
of the latter (Table 1), which thus were not considered
further in this next study.

By a rigid scan at the B3LYP/6-31G(d,p) level rotating
ring B [setting dihedral angle (τ), C3─C2─C1′─C2′]
around the C2─C1′ bond in 30.0° steps for aCT, bCT, and
cCT structures (Figs. S1, S2 and S3; Supplementary
Material), the profiles of potential energy surfaces were
obtained, showing two minima, Z1 and Z2. The low barrier
value (less than 3.0 kcal mol−1) suggested the coexistence
of both Z1 and Z2 conformers at room temperature, as pre-
viously reported for similar compounds [9–12]. The
C3─C2─C1′─C2′ dihedral angle indicated that ring B po-
sition relative to ring C was 88.0° as mean value for all Z1
structures (Fig. 2; a1CT and a2CT conformers), and close to
0.0° for Z2 (Fig. 2; a3CT and a4CT conformers).

The Z1 conformers were the most stable for each group,
having a higher relative population with τ close to 270.0° for
the minima of aCT and bCT, as shown in Table 1. Therefore, in
gas phase, the stability order was, a2CT>a1CT>b2CT>b1CT.
The most stable structure was a2CT with an energy value of
−791,230.15 kcal mol−1. The energy differences of the other
conformers with respect to the most stable one were, on aver-
age, 0.17 kcal mol−1 for type a structures; 0.40 kcal mol−1 for
b; and 4.20 kcal mol−1 for c. The energy differences of Z2
conformers with respect to the most stable structure were, on
average, 2.02 kcal mol−1 for type a structures; 2.24 kcal mol−1

for b; and 6.15 kcal mol−1 for c.

The energy values of Z1 conformers were, on average,
1.96 kcal mol−1 less than those of Z2. The energy gap between
Z1 and Z2 conformers calculated by Maxwell-Boltzmann dis-
tribution at 298.15 K led to relative populations of 60.46 %,
34.39 %, and 0.05 % for Z1 conformers of types a, b, and c,
respectively, while the sums of the relative Z2 populations
accounted for 2.87 %, 1.53 %, and 0.00 % for a, b, and c type
structures, respectively (Table 1). The relative weight of Z2
structures showed that these structures might be taken into
account; although slightly lower than those of similar com-
pounds [9–12], their relative weight was up to two orders of
magnitude higher than that of (+)-catechin [12].

The electronic energies of the transition states in gas phase
at the B3LYP/6-31G(d,p) level of theory are shown in
Table S1 (Supplementary Material).

Full (τ) angle rotation in±30° steps in both species (aCT
and bCT) led to two transition states (TS), TS2 and TS3, for Z2
rotamer, and two TS (TS1 and TS4) for Z1.

Effects of aqueous solvent on conformational analysis

The same type of structures were obtained in vacuum as in
PCM-simulated aqueous solution for phenylflavan substituted
with R′=R=OH throughout the conformational space, indicat-
ed as xyz with x= a,b,c; y=1,2,3,4; and z=CT, CC, TC, TT.
Then, two Z1 conformers (y=1, 2), and two Z2 (y=3, 4) were
obtained for each “xz” subgroup (Figure S4; Supplementary
Material). The inclusion of the solvent introduced small
changes in the relative energy order. Therefore, the stability
order was, a2CT>b1CT>a1CT>b2CT. The values of the elec-
tronic energies, and the relative populations in aqueous phase
are shown in Table 1.

Energies relative to the most stable conformer were de-
creased in solution, as reported for similar compounds [11,
12] as well as pelargonidin and other anthocyanidins in
PCM-simulated aqueous solution at the B3LYP/6-31++
G(d,p) level of theory [22]. Energy differences between struc-
tures in gas phase and in aqueous solution averaged
13.10 kcal mol−1. All conformers were stabilized in solution,
but Z2 rotamers were more stabilized than Z1. The relative
population of Z2 rotamers increased from 4.5 % in gas phase
to 7.4 % in aqueous solution. In turn, (+)-catechin showed a
weight of only 0.17 % for Z2 in vacuum, and was absent in
aqueous solution [12].

The effect of solvent on structure stabilization was not uni-
form for all conformers. Relative populations at 298.15 K
calculated by Maxwell-Boltzmann distribution showed con-
siderable variation in solution, especially for the most stable
conformers. In gas phase, the sum of the relative populations
was 63.41 % for aCT, 36.52 % for bCT, and 0.06% for cCT. The
sum of relative populations in aqueous phase was 50.20 % for
aCT, 48.60 % for bCT, and 1.20 % for cCT. Therefore, when
including aqueous solvent, the populations of both bCT and
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cCT conformers increased at the expense of decreasing the aCT
population.

The structural parameters of optimized structures in solu-
tion showed small changes from the values under vacuum.
Variations in some geometric parameters of the conformers
under study due to aqueous solvent effect are shown in
Table S2 (Supplementary Material).

In phenylflavan substituted with R′=R=OH, a difference of
up to 3.00°, similar to R′=H, R=OH substitution (3.30°) [11],
was observed for the dihedral angles that define the position of
ring B with respect to the A–C conjugated system
(C3─C2─C1′─C2′ and C3─C2─C1′─C6′ dihedral angles)
in solution. The position of the OH groups of the catechol
and resorcinol rings was not significantly changed. Instead,
the variation thereof was about 14.0° for (+)-catechin [12].
Therefore, except for (+)-catechin [12], solvent slightly affects
the ring B position relative to the A–C system.

Intramolecular HB interactions in the catechol ring

As previously reported for (+)-catechin [12], intramolecular
HB interactions in the catechol ring could not be characterized
by charge density topology using standard search criteria for
BCPs. However, HB occurrence in the catechol ring has been
widely documented [23–25], although characterizations by
AIM theory were not reported in any of these latter reports.
On the contrary, in the phenylflavan substituted with R
′=R=OH, and in (+)-catechin [12], these interactions can be
characterized by geometric criteria, e.g., an O3′⋯H4′ distance
of 2.127 Å, and O3′⋯H4′─O4′ angle of 114.44° for a1 struc-
tures, and O4′⋯H3′ distance of 2.128 Å, and O4′⋯H3′─O3′
angle of 114.44° for b1. Therefore, the intramolecular HB
interaction in the catechol ring of a1 structures can be consid-
ered as stronger than that in b1.

Also, the occurrence of a charge transfer between oxygen
lone pairs and the 1nO→σ*O─H hydroxyl antibonding orbital,
typical of HB interactions, was revealed by NBO analysis, be-
ing only slightly more effective for a1 than for b1. Second-
order stabilization energy E(2) values were 0.98 kcal mol−1

and 0.96 kcal mol−1, respectively, which was in agreement with
the shortest distance of the former structure.

The presence of solvent affected HB interactions slightly.
The O⋯H distances did not vary appreciably (on average, a
0.03 % decrease). The O⋯OH angle decreased on average by
0.3 %. (Table S3; Supplementary Material). Variations were
similar to those reported for (+)-catechin [12].

The 1nO→σ*O─H charge transfer increased 4.67 % on av-
erage. The NBO analysis showed that such transfer was slight-
ly more effective in b2 than in a1, second-order stabilization
energy E(2) values being 1.02 kcal mol−1 and 1.01 kcal mol−1,
respectively.

These findings demonstrated the presence of HB interac-
tions in the catechol ring of both a and b structures, thus
explaining the greater stability of these two conformers com-
pared to c-type structures. The stabilizing effect of these HB
interactions was 4.00 kcal mol−1 on average, calculating the
energy difference between a1 and b1 conformers, and c1 con-
formers (Table S4; Supplementary Material).

The mean energy difference between structures with HB in
the catechol ring (a and b structures), and those without (c
structures) was 2.20 kcal mol−1 in an aqueous solvent. The
smallest difference found in solution, even when HB interac-
tions were stronger, was due to the higher stabilization of c
structures (approximately 3.00 kcal mol−1) in aqueous solvent
(Table 1), similar to that reported for (+)-catechin [12] (ap-
proximately 2.00 kcal mol−1).

MEP analysis can efficiently identify the presence of intra-
molecular HB interactions, as previously reported [10, 12]. In
the present case, this analysis tool also confirmed the occur-
rence of O⋯H─O intramolecular HB interactions in the cat-
echol ring of phenylflavan substituted with R′=R=OH, as re-
ported for (+)-catechin [12]. In fact, the MEP of the a1 con-
former showed that the V(r) value on the HB-involved O atom
(atom of the H acceptor portion) became less negative (higher)
than the V(r) of the atom not involved in this interaction (e.g.,
ΔO3′-O4′≅ 15.3 kcal mol−1). The positive V(r) value on the HB
hydrogen atom (belonging to the H donor portion) became
more negative (lower) than on any other hydrogen (e.g.,
ΔH≠4′-H4′≅23.0 kcal mol−1). The V(r) value on the atom of
the donor portion decreased, while V(r) on the acceptor in-
creased (Fig. 3). V(r) variations caused by solvent effect on O
and H atoms involved in intramolecular interactions were

a4CTa1CT a3CT a2CT

Fig. 2 Optimized geometries of
Z1 isomers of (4α→6″, 2α→O→
1″)-phenylflavan substituted with
R′=R=OH calculated under
vacuum at the B3LYP/6-31G(d,p)
level of theory. Dotted lines
Intramolecular hydrogen bond
(HB) interactions
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lower than those of (+)-catechin (17.0 kcal mol−1 and
33.0 kcal mol−1, respectively [12]).

Intramolecular HB interactions in the resorcinol ring

In phenylflavan substituted with R′=R=OH, the H⋯O intra-
molecular HB interactions were also characterized between
the HO-5″ oxygen atom of the resorcinol ring, and the H-5
atom of ring A. These interactions are shown as dotted lines in
Fig. 2.

Relevant geometric parameters of these interactions, such
as H⋯O, C⋯O distances, and C─H⋯Y bond angles, Y=O,
are shown in Table S5 (Supplementary Material). Local topo-
logical properties calculated in the respective BCP are shown
in Table S6 (Supplementary Material).

The H⋯O bonds were found in all conformers, with a mean
H⋯O distance of 2.94 Å (within the expected range of 2.0–
3.0 Å for C─H⋯O bonds, with C as “D” donor atom of hy-
drogen, and O as “A” acceptor atom: D─H⋯A). As already
reported [26], the shorter the H⋯A interatomic distance, and
closer to 180.0° the D─H⋯A angle became, the greater the
strength of the HB interaction. Another parameter that charac-
terized such bonds as weakHBswas the distance between the C
atom bonded to the H that formed the bridge, and the O atom
(mean values of 3.54 Å) [26]. The bond angle between donor
and acceptor atoms (C─H⋯O) varied in the range of 114.7–
115.0°. Electron density values were lower than those expected

for typical intramolecular HB (expected electron density around
0.02–0.03 a.u.) [27, 28]. Given the correlation between the
density in BCP and interaction strength [29], this interaction
was also typically weak from the analysis of the topological
parameters, contributing very little to structure stabilization.
∇2ρb varied in the range of 0.002–0.016 a.u., and ellipticity, ε,
between 0.271 and 0.294. As a result, these intramolecular
interactions in the resorcinol ring were stronger than those de-
scribed for phenylflavan substituted with R′=H, R=OH, but
with high ε values [10].

Solvent slightly affected HB interactions. The O⋯H dis-
tances did not vary appreciably (on average a 0.3 % increase).
The O⋯OH angle decreased on average by 0.4 %.

MEP analysis revealed the occurrence of O⋯H intramo-
lecular HB in the resorcinol ring as for other compounds of the
series. The V(r) value on the atom of the acceptor portion
increased, while V(r) decreased on the donor portion. These
results were in agreement with the electrostatic potential com-
plementarity between the positive region of the hydrogen at-
om of the H donor, and the negative region of the H acceptor
in intermolecular HBs [29]. The MEP of the a1 conformer
showed that the V(r) value on the HB oxygen atom (atom of
H acceptor portion) became less negative (higher) than the
V(r) of the atom that was not involved in the HB interaction
(e.g., ΔO3″-O5″≅ 15.3 kcal mol−1). The positive V(r) value on
the H atom of the O⋯H HB (donor portion, C─H) became
more negative (smaller) than on another aromatic H atom

(a) (b)
Fig. 3 a Molecular electrostatic potential (MEP) on van der Waals
surface for a1 structure in vacuum, showing modification of the
positive V(r) value on hydrogen atoms, and the negative V(r) value on
hydroxyl oxygen atoms involved or not in an intramolecular HB. Solid

linesAtoms involved in the interaction, dotted lines atoms not involved in
the interaction. bMEP contours for a1 structure in vacuum accounting for
the plane of the HB interaction relative to an OH group of the resorcinol
ring
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(e.g., ΔH≠5-H5≅ 30.6 kcal mol−1) (Fig. 3). The V(r) value on
the donor portion atom decreased, while V(r) on the acceptor
portion increased.

AIM and NBO electronic structural analysis

The most significant local topological properties in BCPs [e.g.
electron charge density in BCP (ρb), Laplacian of electron
charge density (∇2ρb), three eigenvalues of the Hessian matrix
(λ1, λ2, and λ3), ellipticity (ε), relationship between the per-
pendicular and parallel curvature (|λ1|/λ3), and kinetic energy
density per charge unit (Gb/ρb)], of the chemical bonds of the
most stable aCT and bCT conformers are shown in Tables S7
and S8 (Supplementary Material), both in gas phase and in a
simulated aqueous solvent. Polar covalent interactions and
intermediate polar covalent interactions were characterized
by the redistribution of charge density on the adjacent molec-
ular region as previously reported for compounds of the series
[9–12].

The ε values (bond π character) were higher in substituted
rings (Table 2), further decreasing on average as follows, ring
D> ring B> ring A>benzene, thus indicating increased π
electron availability in ring D, as previously reported for
phenylflavan substituted with R′=H, R=OH [11]. Accordingly,
the resorcinol ring would have greater π-electron availability
than the catechol ring. Similar results were found for (+)-cate-
chin, e.g., ellipticity values obtained by averaging over rings B
and A bonds of Z1 conformers were 0.247 and 0.273, respec-
tively (values not previously reported).

The sums of the second order stabilization energies E(2) by
NBO analysis that describe the effects of charge delocaliza-
tion, and explain the greater stability of Z1 rotamers over Z2
are shown in Table 3. Electron charge transfers from and to the
bonds of ring C, as well as O and O-1 lone pair transfers of this
ring, play an important role in stabilizing both rotamers.
Consequently, despite being non-planar structures, ring B
was not independent of ring A, as reported for other similar
compounds [9–12].

Due to the higher stability of Z1 rotamers than Z2, four Z1
structures of a and b groups, namely a1, a2, b1 and b2, were
selected for further analysis.

It can be concluded from Table 3 that all conformers of the
structures under study showed nearly the same second order
stabilization energies for 1nO1→σ*C8a─C8 transfer (0.56 -
kcal mol−1 on average). In addition, energies associated with
1nO1→σ*C8a─C4a and 2nO1→π*C8a─C4a transfers were, on av-
erage, 7.09 kcal mol−1 and 25.69 kcal mol−1, respectively,
resulting in lower values than in phenylflavan substituted with
R′=H, R=OH [10]; this in turn is lower than in the
phenylflavan substituted with R′=R=H (0.56 kcal mol−1,
7.15 kcal mol−1, and 26.30 kcal mol−1, respectively) [9].

Hyperconjugative interactions related to the O atom were
1nO→σ*C1″─C2″ (0.54 kcal mol−1 on average), 1nO→

σ*C1″─C6″ (6.74 kcal mol−1), and 2nO→π*C1″─C2″

(27.46 kcal mol−1), thus describing the resonance of the oxygen
lone pairs with rings A and D.

Bond polarization by NBO calculations determined the
percent electron density on each bond atom (Table S9;
Supplementary Material). Therefore, C2─C3 polarization
was greater than that of C3─C4 in the phenylflavan substitut-
ed with R′=R=OH, as previously reported for similar com-
pounds [10].

In addition, the C2─C3 bond was more polarized in
phenylflavan substituted with R′=R=OH (on average
49.26 % on C-2, and 50.74 % on C-3), than when substituted
with R′=R=H, and with R′=H, R=OH (49.35 % on C-2, and
50.65 % on C-3).

The conjugative and hyperconjugative interactions of O
and O-1 oxygen lone pairs explained the increase of the pos-
itive eigenvalue of the Hessian matrix (λ3 curvature) at critical
points (CPs), and the distinctive topological features of
C8a─O1 bond compared to C2─O1 (and C1″─O against
C2─O) mentioned above, and previously reported for all sim-
ilar compounds [9, 11]. This behavior was associated with a
greater charge concentration on C-8a and C-1″ atoms than on
C-2 (119.62 a.u. at CNP for C-8a, and C-1″ against 119.54 a.u.
at CNP for C-2).

As for other similar compounds [9, 11], the weakness of
C3─H and C4─H compared to the other C─H bonds of rings
A, B, and D was associated with the donor role in
hyperconjugative interactions, and explained the ε increase
at BCP of the bonds that connected them with the rest of the
structure (C2─C3 and C3─C4 bonds), thus further indicating
a slight π character of these simple bonds (Tables S7 and S8;
Supplementary Material). There were also transfers that ex-
plained the loss of symmetry for ring A compared to benzene
(Table 4), being associated with ε values of some bonds, and
mechanisms by which O-1 donated electron density to ring A
(charge density increase on C-5 and C-7 atoms, e.g.,
119.620 a.u., 119.604 a.u., 119.627 a.u., 119.605 a.u.,
119.622 a.u., and 119.605 a.u. for C-8a, C-4a, C-5, C-6, C-7,
and C-8 atoms, respectively).

In Z1 structures C1′─C2′ (1.399 Å), C1′─C6′ (1.399 Å),
C3′─C4′ (1.398 Å), and C4′─C5′ (1.401 Å), bonds were lon-
ger than the other ring B bonds (1.396 Å). These bonds also
showed higher ellipticity (0.220–0.290 range) than typical ar-
omatic bonds (ε=0.200), as previously reported for (+)-cate-
chin. Similar behavior was observed for Z2 compounds.

NBO analysis revealed significant charge transfers from
the C2─C1′ bonding orbital to the C1′─C2′ and C1′─C6′ an-
tibonding orbitals (Table S10; Supplementary Material).
Moreover, transfers were also found from C2─O, C2─O1,
O3′─H, and O4′─H bonding orbitals to C1′─C2′, C1′─C6′,
C3′─C4′, and C4′─C5′ antibonding orbitals (Tables 3 and
Table S10; Supplementary Material). These charge transfers
explained the greater length of the bonds mentioned above.
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Analysis of the hyperconjugative interactions among
different rings showed the existence of electron charge
delocalization mechanisms acting cooperatively as "delo-
calization routes", showing interactions occur between
rings even when not sharing the same plane. Charge trans-
fers, and E(2) values are shown in Fig. 4. Values obtained
for the phenylflavan substituted with R′=H, R=OH, and
(+)-catechin are also shown. The results indicated that
these “delocalization routes” were more effective for the
phenylflavan substituted with R′=R=OH than for (+)-cat-
echin. All these results are relevant for further study of the
molecular basis of the different antioxidant mechanisms
proposed in the literature.

Aqueous solvent effects on AIM-NBO electron structure
analysis

As reported for other compounds of the series [9–12], the
AIM characterization of atomic interactions in gas phase
underwent small variations due to the inclusion of the aqueous
solvent [Tables S7 and S8; Supplementary Material, topolog-
ical parameters for CPs (3, −1)].

There were also changes at CPs (3, −3) or CNP in solution.
Concerning aromatic H atoms, there was an electron density
decrease at CNP, not exceeding 1.1 %. However, CNP values
of hydroxyl H atoms decreased as much as 4.0 % compared to
gas phase.

Table 2 Values of mean
ellipticity (ε) for bonds of each
ring calculated at the B3LYP/6-
311++G(d,p) level of theory in
vacuum for different substitutions
of rings A, B, and D of Z1
conformers. Percentage variations
in PCM-simulated aqueous
solution are also reported

Vacuum Percentage variation in solution

Substituent R′=H,
R=H

R′=H,
R=OH

R′=OH,
R=OH

R′=H,
R=H

R′=H,
R=OH

R′=OH,
R=OH

Ring A 0.223 0.223 0.222 −1.44 −1.35 −0.90
Ring B 0.203 0.203 0.246 −1.70 −1.57 −1.22
Ring D 0.223 0.272 0.273 −1.44 −0.74 −0.73

Table 3 Second order energies
E(2) associated with charge
transfers that explain the higher
stability of Z1 rotamers compared
to Z2 in gas phase, calculated at
the B3LYP/6-311++G(d,p) level
of theory. Values are expressed in
kcal mol−1

aCT bCT

Z1 Z2 Z1 Z2

Donor Acceptor a1CT a2 CT a3 CT a4 CT b1 CT b2 CT b3 CT b4 CT

σO1─C2 σ*C1′─C6′ 1.99 1.96 1.52 1.50 1.86 1.88 1.49 1.41

σO─C2 σ*C1′─C2′ 1.93 1.97 1.30 1.28 1.89 1.87 1.22 1.34

∑ 3.92 3.93 2.82 2.78 3.75 3.75 2.71 2.75

σC2─C1′ σ*C8a─O1 2.58 2.59 2.68 2.68 2.59 2.59 2.68 2.70

σ*O─C1″ 2.62 2.60 2.74 2.75 2.59 2.60 2.74 2.74

σ*C2─C3 0.96 0.95 0.93 0.93 0.95 0.95 0.93 0.93

σ*C3─C4 1.63 1.64 1.35 1.4 1.65 1.64 1.35 1.34

∑ 7.79 7.78 7.70 7.76 7.78 7.78 7.7 7.71

1nO1 σ*C8a─C8 0.55 0.56 0.54 0.55 0.56 0.55 0.55 0.55

σ*C8a─C4a 7.08 7.08 7.03 7.05 7.09 7.08 7.05 7.05

σ*C2─C3 3.99 4.10 4.01 4.04 4.04 4.06 4.02 4.05

∑ 11.62 11.74 11.58 11.64 11.69 11.69 11.62 11.65

1nO σ*C2″─C1″ 0.54 0.53 0.51 0.54 0.54 0.54 0.51 0.54

σ*C1″─C6″ 6.74 6.74 6.70 6.97 6.74 6.75 6.72 6.98

σ*C2─C3 3.77 3.69 3.71 3.71 3.77 3.75 3.71 3.73

∑ 11.05 10.96 10.92 11.22 11.05 11.04 10.94 11.25

1nO1 σ* C2─C1′ 0.84 0.83 0.82 0.81 0.85 0.82 0.82 0.8

1nO σ* C2─ C1′ 0.83 0.83 0.78 0.77 0.83 0.86 0.77 0.78

∑ 1.67 1.66 1.60 1.58 1.68 1.68 1.59 1.58

∑TOTAL 36.05 36.07 34.62 34.98 35.95 35.94 34.56 34.94
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The inclusion of the aqueous solvent resulted in a decrease
in the mean bond ellipticity of different rings. The effect was
more pronounced for ring B (Table 2), as in (+)-catechin (in

solution, −1.42 % variation for ring B, and −1.06 % for ring
A). This decrease was modulated in the phenylflavan by the
substituents, and was attenuated in the following order, R
′=R=H>R′=H, R=OH>R′=R=OH. Also in solution, the mean
bond ellipticity was greater for ring D than for ring B, as
reported for (+)-catechin [12]. The ε values showed that, also
in solution, the bond π character decreased on average in the
following order, ring D> ring B> ring A>benzene.

From the NBO analysis, the two lone pairs for each O atom
were characterized both in vacuum and in solution. One of
them (1n) was sp-type, and the other one (2n) was p-type,
each playing a different role. Also, in solution, substitution
of ring D led to a higher polarization of the C2─C3 bond than
that of C3─C4; the difference was even more pronounced
(Table S9; Supplementary Material).

Besides these similarities, there were interesting changes in
electron delocalizations in solution.

The main changes in second order stabilization energy (x)
of the relevant charge transfers, e.g., 1,2nO, O1→σ*,π* (%Δσ

→σ* and %Δ1,2nO, O1→σ*, π , respectively), and σ→σ * are
shown in Tables 4 and 5 in terms of percent.

Some variations were as follows:

(1) Both in solution and in vacuum, the σC3―H→
σ*C―O transfer was higher than that of σC3―H→
σ*C―C. Furthermore, both types of delocalizations
increased in solution, e.g., transfer to C─O anti-
bonding orbital increased 3.7–4.7 %, and transfer
to C─C antibonding orbital increased 1.1–2.3 %
(Table 5).

(2) Second order stabilization energies for σO3″―H→σ* and
σO5″―H→σ* transfers increased up to 3.1 % in solution
(Table 5).

Table 4 Percentage values of the main changes in second order
energies E(2) calculated at the B3LYP/6-311++G(d,p) level of theory for
relevant electronic charge transfers from oxygen lone pairs of (4α→6″,
2α→O→1″)-phenylflavan substitutedwith R′=R=OH in PCM-simulated
aqueous solution

Donor Acceptor a1CT a2CT b1CT b2CT

1nO1 σ*C8―C8a −3.57 −3.64 −3.64 −3.57
1nO1 σ*C4a―C8a −0.28 −0.42 −0.14 −0.42
2nO1 π*C4a―C8a −1.99 −2.53 −2.10 −2.18
1nO σ*C1″― C6″ −1.78 −1.78 −1.78 −1.63
1nO σ*C1″―C2″ −3.77 −5.56 −3.70 −5.56
2nO π*C1″―C2″ −4.89 −5.05 −5.05 −4.81
1nO1 σ*C2―C1′ −6.02 −4.88 −7.32 −7.06
2nO1 σ*C2―C1′ −1.63 3.28 0.82 0.00

1nO σ*C2―C1′ −2.41 −2.41 −2.33 −3.61
2nO σ*C2―C1′ 6.59 −2.15 1.05 2.06

1nO1 σ*C2―C3 7.05 −8.62 0.00 −0.53
2nO1 σ*C2―C3 −4.52 −7.74 −7.01 −5.10
2nO1 σ*C2―O −3.77 −2.39 −3.95 0.00

1nO3″ σ*C2″―C3″ 3.55 3.40 3.56 3.70

2nO3″ π*C3″― C4″ 1.32 1.03 1.42 1.14

1nO5″ σ*C4″―C5″ 5.25 5.43 5.43 5.60

2nO5″ π*C5″― C6″ 8.27 8.28 8.31 8.23

1nO3′ σ*C―C,O―H/C3′―C4′ 6.35 6.22 6.48 6.24

2nO3′ π*C2′― C3′ 8.27 8.28 8.31 8.23

1nO4′ σ*C3′―C4′/σ*C―C,O―H 0.00 0.00 −0.32 −0.16
2nO4′ π*C4′― C5′ −2.10 −2.18 −2.12 −2.01

a Values are expressed in kcal mol−1
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Fig. 4 Values of second order
energies E(2) accounting for
charge transfers associated with
"delocalization routes" in (4α→
6″, 2α→O→1″)-phenylflavan
substituted with R′=R=OH
calculated in vacuum at the
B3LYP/6-311++G(d,p) level of
theory. Values obtained for (4α→
6″, 2α→O→1″)-phenylflavan
substituted with R′=H, R=OH,
and (+)-catechin are indicated in
brackets, the latter being in bold
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(3) Charge transfers from O-3″ and O-5″ lone pairs to the
antibonding orbitals of ring D increased from 3.7 % to
5.6 % in solution (Table 4) due to hybridization. In solu-
tion, the p character of 1n lone pair bonding orbitals
increased (up to 3.0 %). Therefore, it was proposed that
the best O-3″ and O-5″ delocalizations were based on the
solvent effect on lone pair hybridization. The p character
increase of 1n lone pairs allowed a better overlap be-
tween them and the C─C antibonding orbitals of ring
D (Table S11; Supplementary Material).

(4) The O and O-1 lone pairs showed a different behavior.
Transfers of these lone pairs in Z1 isomers decreased up
to 8.6 % in solution (Table 4). Second order stabilization
energies for 1nO1→σ*C8―C8a transfer, and symmetrical
equivalent (1nO→σ*C1″―C2″) decreased 3.6–5.6 % in Z1
isomers.

(5) In relation to the decrease of hyperconjugative interac-
tions of 1nO,O1→σ*C2―C1′ oxygen lone pairs in solution
(Table 4), and σC2―C1′→σ*C5′―C6′/σ*C2′―C3′ transfers
were both found to diminish (Table 5). These findings
were related to the decrease in mean bond ellipticities of
ring B, and may explain the π character decrease of ring
B in terms of the reduction in charge delocalization ef-
fects referred to O-1 and O lone pairs in solution
(anomeric effect).

(6) Aqueous solvent resulted in variations for some transfers
in vacuum for the catechol ring. Although these varia-
tions were very similar to those found in (+)-catechin,
they were all attenuated by R′=R=OH substitution. This
trend was consistent with the lowest stabilization in so-
lution of the compound analyzed herein.

These variations were similar to those found for phenylflavan
substituted with R′=H, R=OH, although attenuated by the
R′=R=OH substitution.

Regarding the decrease in hyperconjugative interactions of
2nO4′→π*C4′―C5′ oxygen lone pairs in solution (Table 4), π

C4′―C5′→π*C―C transfers were also decreased (Table 6). On
the contrary, increasing 2nO3′→π*C2′―C3 oxygen lone pair
hyperconjugative interactions in solution (Table 4) was related
to an increase in π C2′―C3′→π *C―C transfer (Table 6), also
proving the existence of delocalization routes, some of which
being reinforced in solution.

Aqueous solvent effects on MEP and reactivity
by AIM-NBO study

The procedure proposed by Politzer et al. [30] was used herein
to predict susceptible sites to electrophilic attack in the region
of negative V(r) values. The most stable structures were stud-
ied, as previously reported for similar compounds [9–12].

Results showed that the most reactive sites were located on
the oxygen atoms (Fig. 5). The highest V(r) value (positive)
showed an average increase of 33.46 % in solution, and the
minor value (negative) a decrease of 18.77 % by comparison
of the maximum and minimum V(r) values in both media, A
similar variation was reported for (+)-catechin, being much
greater for the phenylflavan substituted with R′=H, R=OH
(46.99 % and −26.66 %) and R′=R=H (39.12 % and
−31.14 %) (Table 7).

The greater reactivity of the phenylflavan substituted with
R′=R=OH in aqueous solution rather than in vacuum is shown
in Table 7. The phenylflavan substituted with R′=R=OH was
more reactive than that substituted with R′=H, R=OH in gas
phase, while the opposite behavior was found in solution.
Consequently, a polar solvent such as water affected the struc-
tures differently, and the OH substitution of ring B (catechol
ring) attenuated the effects of the aqueous solvent.

The increase in the positive V(r) value on the hydroxyl H
atoms of catechol and resorcinol rings in solution is shown in
Fig. 5. This change can be rationalized by the increased donor
character of these O─H bonds in solution relative to the gas

Table 5 Percentage
values of the main
changes in second order
energies E(2) calculated
at the B3LYP/6-311++
G(d,p) level of theory for
relevant electronic
charge transfers in (4α→
6″, 2α→O→1″)-
phenylflavan substituted
with R′=R=OH in PCM-
simulated aqueous
solution.a,b

Donor Acceptor aCT bCT

σC3─H σ*C4─C6″ 1.13 1.13

σC3─H σ*C2─O 3.66 3.75

σC3─H σ*C4─C4a 2.12 2.31

σC3─H σ*C2─O1 4.71 4.73

σO3″─H σ*C─C
c 0.49 0.39

σO5″─H σ*C─C
c 2.95 3.07

σC2─C1′ σ*C1′─C6′ −0.76 2.12

σC2─C1′ σ*C1′─C2′ 0.00 1.67

σC2─C1′ σ*C5′─C6′ −0.74 −3.04
σC2─C1′ σ*C2′─C3′ 0.22 −0.82
σC5′─C6′ σ*C4′─O 3.22 −42.00
σC2′─C3′ σ*C4′─O 1.46 61.68

σC2─C3 σ*C1′─C2′ 3.85 0.00

a Values are expressed in kcal mol−1

b Average values for all conformers of
(4α→6″, 2α→O→1″)-phenylflavan
substituted with R′=R=OH
cC─C accounts for bonds of ring D

Table 6 Percentage values of the main changes in second order
energies E(2) calculated at the B3LYP/6-311++G(d,p) level of theory for
relevant electronic charge transfers from π orbitals of C2′─C3′ and
C4′─C5′ bonds of (4α→6″, 2α→O→1″)-phenylflavan substituted with
R′=R=OH in PCM-simulated aqueous solutiona

Donor Acceptor a1CT a2CT b1CT b2CT

π*C2′― C3′ π*C1′― C6′ 2.81 3.36 5.44 5.38

π*C2′― C3′ 3.06 2.33 4.54 4.24

π*C4′― C5′ π*C1′― C6′ −2.24 −2.23 −3.59 −3.07
π*C4′― C5′ −3.77 −3.33 −5.33 −4.67

a Values are expressed in kcal mol−1
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phase, which can be up to 5 % as shown in Table S12
(Supplementary Material). The previously reported decrease
in CNP density of the H atoms in solution was also in agree-
ment with this observation.

The 1nO3′,O4′→σ*O─H charge transfer in solution was
higher than that found in vacuum (on average 5.17 % in-
crease). Moreover, charge transfers from the O and O-1 oxy-
gen atoms of rings C and E usually decreased in solution. In
a1, for example, the decrease expressed as percentage differ-
ence for 1,2nO→σ*, π* transfers was −2.99 % [ΔSolvent-

Vacuum= (65.93–67.96) kcal mol−1], and for 1,2nO1→σ*, π*
transfers was −1.65 % [ΔSolvent-Vacuum = (23.25–23.64)
kcal mol−1].

A large area accounting for negative potential on oxygen
atoms, whose donor role in solution decreased, is shown in
Fig. 5. This indicated an increase in the reactivity of these
sites. When the donor role increased, the opposite was ob-
served. Therefore, increased V(r) negative values may be ex-
plained as a decreased donor role of O lone pairs as previously
reported [11, 12].

Molecular polarizability and permanent electric dipole
moment

Molecular polarizability,<α>, and permanent electric dipole
moment, μ, were also studied throughout the conformational

(a) (b)
Fig. 5 aMEP on van derWaals surface for a1, where the modification of
the positive V(r) value on hydroxyl H atoms, and the negative V(r) value
on O atoms of rings C and B is observed. Solid/dotted lines are used to

indicate areas of interest in vacuum/aqueous solution. bMEP contours for
a1 in vacuum accounting for the plane of the catechol ring, where the area
of the HB interaction in such ring is observed

Table 7 Values of maximum and minimum V(r) molecular electrostatic potential in vacuum, and in PCM-simulated aqueous solutiona

R′=R=H R′=H, R=OH R′=H, R=OCH3 (+)-catechin R′=OH, R=OH

Vmax Vmin Vmax Vmin Vmax Vmin Vmax Vmin Vmax Vmin

Vacuum 28.05 −82.08 72.65 −79.62 37.76 −84.85 71.97 −78.99 73.74 −79.80
Solution 39.02 −103.60 106.23 −99.94 45.64 −107.49 95.12 −92.74 98.00 −91.36
Δb (%) 39.12 −31.14 46.99 −26.66 21.45 −26.68 34.57 −17.41 33.46 −18.77

a Values are expressed in kcal mol−1

b Percentage difference
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space analyzed. The <α> values are shown in Table S13
(Supplementary Material). The<α>value of the most stable
conformer was 232.84 a.u. higher than that reported for (+)-
catechin (175.97 a.u. [31]). When considering the conforma-
tional space consisting of 12 conformers, this value was
233.06 a.u., and there was low fluctuation throughout the
conformational space (Table S13; Supplementary Material).
The results indicated the soluble nature of such structures in
polar solvents, and their ability to polarize other atoms or
molecules. Mean polarizability values, although very similar,
decreased in the following order, c1>b1>a1 (likewise for 2-
and 3-type structures). Note the higher polarizability of c con-
formers, which explains their greater stability in solution, as
reported for (+)-catechin [31].

The values of μ throughout the conformational space ana-
lyzed are shown in Table S14 (Supplementary Material).

Values ranging from 1.33 to 3.47 D showed that these
compounds can fit with the environment on the basis of di-
pole–dipole interactions. To take into account the entire con-
formational space, a statistical average was performed at
298.15 K by the Maxwell-Boltzmann distribution in each
Cartesian component of μ.

The calculated μ module value for the most stable con-
former was 1.733 D (a2) (3.077 D for (+)-catechin [31]),
whereas, when all conformers were considered at room tem-
perature by the Maxwell-Boltzmann distribution, it turned out
to be 1.481 D (0.876 D for (+)-catechin [31]); showing a
decrease of 14.5 % (71.4 % for (+)-catechin) from the μmod-
ule value for the most stable conformer of the phenylflavan
substituted with R′=R=OH. Usually, this property was
overestimated when considering the value of the most stable
conformer, except for the phenylflavan substituted with R′=H,
R=OH, where it was underestimated [11].

The magnitudes and directions of μ can serve as a
useful tool for conformational analysis [32] because
they are sensitive to molecular size and shape, as pro-
posed for the phenylflavan substituted with R′=H,
R=OH [11]. However, the results obtained herein indi-
cated that the μ module value varied over a wide range,
which was similar for all three groups (1.733–3.444 D
for a structures; 1.918–3.466 D for b, and 1.327–2.154
D for c). Therefore, in the phenylflavan substituted with
R′=R=OH, this magnitude was not useful to distinguish
conformers from each other. Similar behavior was re-
ported for (+)-catechin [31]. In other types of flavo-
noids, changes in μ were observed due to small struc-
tural changes [25, 33].

As reported for similar compounds [31], it was very diffi-
cult to obtain a relationship between this descriptor and the
biological activity without prior knowledge of the flavonoid
arrangement inside the enzyme. This latter work reported a
high flexibility of such structures, leading to a large confor-
mational space and a large variation in the μ modulus values

and directions. Our results show the importance of knowing
the conformational space, and μ values for each conformer.

The μ modulus values were 3.444 D, 1.733 D, and 2.681 D
for a1CT, a2CT, and a1TC structures, respectively. Therefore, μ
modulus values were greater for clockwise-oriented OH groups
of the catechol ring than for counterclockwise-oriented ring B
HO substituents [Figure S5a,b; Supplementary Material]. Upon
analyzing μ variations in the resorcinol ring, the μ modulus
value was greater for counterclockwise-oriented HO groups
(CT-type conformation) than for clockwise-oriented OH groups
(TC conformation) (Figure S5a,c; Supplementary Material).

As expected, μ modulus values increased in aqueous solu-
tion (Table S15; Supplementary Material) as reported for the
phenylflavan substituted with R′=H, R=OH [11], but the
greater attenuation might be due to the lower stabilization in
solution for the phenylflavan substituted with R′=R=OH
(60.0 % for R′=H, R=OH substitution vs. 45.0 % for
R′=R=OH).

The solvent effect was not uniform, as shown in (Table S15;
Supplementary Material). The Z1 conformers with a C3–C2–
C1′–C6′ dihedral angle (τ) close to 270.0° (a2 and b2) showed
greater variations (45.1 and 40.6 %, respectively) than those
with such dihedral angle close to 90.0° (a1 and b1 variations of
39.1 and 35.6%, respectively). It is noteworthy that the highest
value found for the a2 and b2 structures was consistent with
the highest stability in aqueous solution. A relationship be-
tween the highest μmodulus variation and greater stabilization
in solution has already been reported for structures of the series
[11].

Conclusions

We concluded that the conformational space of the (4α→6″,
2α→O→1″)-phenylflavan substituted with R′=R=OH was
described by 48 lowest energy conformers at the calculation
level used, the inclusion of solvent by PCM led to the same
type of structures as in vacuum, and the stabilization energy in
solution was modulated by substitution, increasing in the fol-
lowing order, phenylflavan substituted with R′=R=H<R
′=R=OH<(+)-catechin<R′=H, R=OH. All results indicated
the importance of Z2 rotamers in the flavans under study.

The structural parameters of the optimized structures in
solution showed small changes from vacuum values. Both in
gas phase and in solution, the π bond character decreased on
average in the following order, ring D > ring B > ring A >
benzene. This decrease was modulated by the substituents,
and attenuated in the following order, R′=R=H>R′=H,
R=OH>R′=R=OH. Therefore, ring D showed the highest π-
electron availability. The intramolecular HB interactions of
the catechol rings were characterized using geometric criteria,
NBO analysis, and MEP study. For HB interactions in the
resorcinol ring, characterization was also drawn from
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topological parameters. It was concluded that the solvent
changes mainly the CNPs (decrease of electron density in
solution), the most affected ones being those accounting for
hydroxyl H atoms, and the mean bond ellipticity value for
different rings (also a decrease in solution).

We conclude that it was possible to find hyperconjugative
interactions that operate in a cooperative way (“delocalization
routes”), which allowed us to describe and quantify the inter-
actions between different rings, even when they did not share
the same plane. Further MEP analysis allowed us to find the
most susceptible sites to electrophilic attack, and also the
highest reactivity in aqueous solution. Moreover, the conclu-
sion that the aqueous solvent did not affect all structures of the
series uniformly could also be drawn, and changes in the do-
nor role of O─H bonds and oxygen lone pairs were related to
changes of MEP.

Molecular polarizability<α> showed low variability when
scanning the conformational space. The results indicated the
soluble nature of such structures in polar solvents, and that the
ability to polarize other atoms or molecules was greater than
that reported for the phenylflavan substituted with R′=H,
R=OH, and (+)-catechin. The μ modulus value varied over a
wide range, but was not useful for distinguishing conformers
from each other. The difference between the statistical μ av-
erage and the value of the most stable conformer (14.5 %),
although highlighting the risk of using the theoretical μ value
considering only the most stable conformer, was much lower
than that previously found for (+)-catechin (71.4 %). In the
series studied, the committed error decreased in the following
order, (+)-catechin > phenylflavan substituted with R′=H,
R=OH>R′=R=OH, being greater in solution. The values had
a non-uniform increase in aqueous solution due to the confor-
mational changes.

We also concluded that the lowest stabilization of the
(4α→6″, 2α→O→1″)-phenylflavan substituted with
R′=R=OH in solution could be related to changes in several
electronic properties, among them: electron density at NCPs
and mean bond ellipticity (lower decrease), hyperconjugative
interactions, MEPs and molecular dipole moment (lower
variations).

The accumulated knowledge is relevant in modeling differ-
ent mechanisms that describe the antioxidant capacity of these
compounds, which is currently ongoing in various solvents.
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