
ORIGINAL PAPER

Theoretical study of Z isomers of A-type dimeric
proanthocyanidins substituted with R=H, OH
and OCH3: stability and reactivity properties

Erika N. Bentz & Alicia H. Jubert & Alicia B. Pomilio &

Rosana M. Lobayan

Received: 30 October 2009 /Accepted: 21 January 2010 /Published online: 17 March 2010
# Springer-Verlag 2010

Abstract The stereochemistry of A-type dimeric proantho-
cyanidins was studied, focusing on the factors that
determine it, and the changes that occur with R = OCH3,
R′ = H, and R = OH, R′ = H as substituents, starting with
the study of the conformational space of each species.
Using molecular dynamics at a semiempirical level, and
complementing with functional density calculations, two
conformers of lowest energy were characterized for R = H,
eight conformers for R = OH, and three conformers for R =
OCH3. Electronic distributions were analyzed at a higher
calculation level, thus improving the basis set. Intramolecular
interactions were examined and characterized by the theory
of atoms in molecules (AIM). Detailed natural bond orbitals
(NBO) analysis allowed the description of subtle stereo-
electronic aspects of fundamental importance for understand-
ing the stabilization and antioxidant function of these

structures. The study was enriched by a deep analysis of
maps of molecular electrostatic potential (MEP). The
coordinated analysis of MEP, together with the NBO and
AIM results, allowed us to rationalize novel distribution
aspects of the potential created in the space around a
molecule.
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Introduction

Procyanidins are organic compounds found in some
vascular plants, and have been synthesized as simple and
dimeric molecules with a variety of substituents in the
aromatic rings [1]. Their antioxidant activity is well
documented, but there are no crystallographic data [2–6].

The interest in these compounds arises from the fact that
one of their most important applications is in the stabiliza-
tion of suspensions, which is useful in the food industry,
mainly in the processing of citrus juices [1, 7]. Depending
on the position of the ether bridge, dimeric procyanidins
may have A- or B-type structures.

We previously reported [8] a conformational and
electronic study of the A-type dimeric proanthocyanidin
with R, R′ = H (Fig. 1), which has an intramolecular plane
of symmetry. The occurrence of both C and E rings, and
the C-3–H2 bridge, markedly decreases the flexibility of
the molecule. The main substructure of this molecule is a
bicyclic structure consisting of two six-membered rings (C
and E), where each involves a benzo-γ-pyran group, fused
by the C-3–H2 bridge, with both C-2 and C-4 as
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bridgeheads. Consequently, this bridge is a stereo-center
resulting in an E/Z isomerism, depending on the config-
uration of Ph-2 and H-4, and any other substituent at those
positions.

Scanning of the conformational space for R, R′ = H
revealed two lowest energy conformers for the Z-isomer,
and only one conformer for the E-isomer. The steric
hindrance and high tension of the C and D rings
characterize the E-isomer, thus giving rise to a higher
energy for this isomer than that for Z [8].

Given its higher stability, the present study examines the
effects of substitution on the Z-isomer, including R =
OCH3, R′ = H, and R = OH, R′ = H (Fig. 1).

The conformational space of the substituted stereo-
isomers of A-type procyanidin was scanned using molec-
ular dynamics (MD) calculations, and further density
calculations at the B3LYP level and 6-31G** basis were
performed to optimize the geometry of the lowest-energy
conformers of each species obtained in these simulations.

Maps of molecular electrostatic potential (MEP) were
also obtained. The electronic distribution of the con-
formers was analyzed at the B3LYP/6-311++G** level,
with intramolecular interactions being studied and charac-
terized by the theory of atoms in molecules (AIM). The
study was complemented by natural bond orbital (NBO)
analysis.

The scant knowledge of the structural features of these
compounds called for this analysis to be applied to their
stereochemistry, advancing description of the factors that
determine it, and the changes that occur upon substitutions
with R = OCH3, R′ = H, and R = OH, R′ = H. This analysis
was designed to describe the stabilization and possible
interactions with other organic molecules in a food matrix.
Owing to the complexity of these molecules (presence of
two prochiral carbons, and a rigid [3.1.3]-bicyclic substruc-
ture) a step-by-step analysis through an order of increasing
complexity has been proposed, this work being the second

in a series of studies (see [8] for first in series) with the
ultimate aim of studying polymeric species.

Methods

The study of conformational space was performed by MD
calculations using a module of the HyperChem software
package [9]. Several simulations were carried out with the aid
of the MM + force field. The input geometries were heated
from 0 to 800 K in steps of 0.1 ps. Then, the temperature was
kept constant by coupling the system to a simulated thermal
bath with a relaxation time of 0.5 ps. The simulation time step
was 0.5 fs. After an equilibration period of 1 ps, a simulation
of 500 ps was performed, retaining atomic coordinates every
1 ps. These geometries were then optimized to an energy
gradient less than 0.01 kcal mol−1 A−1 by the AM1 method.

The lowest energy conformers were studied using density
functional theory (DFT) as implemented in the Gaussian 03
software package [10]. Total geometry optimization was
performed with the three-parameter hybrid functional of
Becke with the correlation functional of Lee-Yang-Parr.
This combination gave rise to the well-known B3LYP
method. The 6-31G** basis set was used for all atoms.

MEP maps were obtained in the van der Waals molecule
surfaces using the Gaussian 03 software, and were further
visualized using MOLEKEL 4.0 [11].

The topological analysis was performed with modules of
the AIMPAC package [12], using wave functions obtained
at the B3LYP level and 6-311++G** basis set. NBO
analysis was performed at the same level [13].

Results and discussion

The study of the conformational space led to two con-
formers of lowest energy for R = H [8] (Fig. 2), eight

Fig. 1 Structure of Z- isomers
of A-type dimeric proanthocya-
nidin substituted with R = H,
OH, OCH3. Atom numbering is
indicated

Z2 Z1

Fig. 2 Optimized geometry of both conformers of the Z-isomer of A-
type dimeric proanthocyanidin at B3LYP/6-31G** level. Geometries
were confirmed as local minima by vibrational analysis
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conformers for R = OH (Fig. 3), and three conformers for
R = OCH3 (Fig. 4). These structures have been confirmed
as minima by the absence of negative frequencies.

The energy values and internal coordinates of the
conformers under study are shown in Table 1. The
conformers of the R = H species show a high symmetry,
the geometric parameters of ring A being similar to those of
ring D. As expected, this symmetry is lost when substituted
with R = OH, and R = OCH3 (Table 1).

The C-3―C-2―C-1′―C-6′ dihedral angle in relation to
the position of ring B has a mean value of 88° for a set of
structures called the Z1 group, and close to 0° for the other,
Z2, group. Therefore, the conformers are defined as Z1 and
Z2 conformers, respectively (Fig. 2).

Analysis of the H―O-3″―C-3″―C-4″ and H―O-5″―
C-5″―C-4″ dihedral angles is suitable for distinguishing
conformers whose mean values are either close to 180° (anti
position) or close to 0° (syn position). The “T” and “C”
subscripts for the conformers refer to trans (anti) or cis (syn)
configuration in relation to the C-3″―C-4″ and C-5″―C-4″
bonds, respectively (Figs. 3, 4).

Regardless of the substitution, the energy values show
that Z1 conformers are on average 1.88 kcal mol−1 more
stable than Z2. For all conformers, the angles between the
bonds that define rings C and E, and their respective

lengths, are very similar for both Z1 and Z2 conformers.
However, there is a remarkable difference in the C-3―C-
2―C-1′ angle, which averages 112.7° for Z1, and 116.6°
for Z2. Although this angle differs by about 4°, Z2 can be
considered a rotamer of Z1 with respect to an axis through
the C-1′―C-2 bond in all species under study.

For R = OH, the energy value found for the most stable
conformer, called Z1CT (Fig. 3), was−697,033.86 kcal mol−1.
The energy differences for the other conformers with respect
to the most stable were 0.63 kcal mol−1 for Z1CC, and
2.51 kcal mol−1 for Z1TC and Z1TT. The energy differences
for Z2 conformers were 1.88 kcal mol−1 for Z2CT,
2.51 kcal mol−1 for Z2CC, and 4.39 kcal mol−1 for both
Z2TC and Z2TT.

The energy value found for the most stable conformer
with R=OCH3 (Z1CT; Fig. 4) was −746,362.16 kcal mol−1,
and the energy differences for the other conformers were
1.25 kcal mol−1 for Z1CC, and 3.07 kcal mol−1 for Z2CC.

The “CT” conformers were 0.63 kcal mol−1

(1.25 kcal mol−1) more stable than “CC” for R=OH (R=
OCH3). These trends are rationalized below in the section
on NBO analysis.

“TC” and “TT” conformers were not described for R =
OCH3 (steric hindrance), but these conformers did exist for
R = OH, and showed the same energy.

Z1CT Z1CC Z1TC Z1TT 

Fig. 3 Optimized geometry of conformers of the Z-isomer of A-type dimeric proanthocyanidin substituted with R′ = H, R = OH at B3LYP/6-
31G** level of theory. Dashed lines: Intramolecular hydrogen bond interactions. Only Z1 conformers are shown

Z1CT Z1CC Z2CC 

Fig. 4 Optimized geometry of
conformers of the Z-isomer of
A-type dimeric proanthocyani-
din substituted with R′ = H,
R = OCH3 at B3LYP/6-31G**
level of theory. Dashed lines:
Intramolecular hydrogen bond
interactions
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Topology of the electronic charge density

The AIM theory [14] is based on the analysis of critical
points (CP) of molecular charge density, ρ [15, 16]. At
these points, the gradient of the electronic density, ∇2 ρ, is
null and is characterized by the three eigenvalues, λi (i=1–
3) of the ρ Hessian matrix. The CPs were named and
classified as (r, s) according to their rank, r (number of
nonzero eigenvalues), and signature, s (the algebraic sum of
the three eigenvalues). Several properties evaluated at the
bond CP [BCP, a (3,−1) CP] constitute powerful tools to
classify a given chemical structure. The negative eigenval-
ues of the Hessian matrix (λ1 and λ2, respectively) measure
the degree of contraction of ρ at a normal direction to the
bond towards the CP, while a positive eigenvalue (i.e., λ3)
gives a quantitative indication of the contraction degree
parallel to the bond and from the CP towards each of the
neighboring nuclei. When the positive eigenvalues are
dominant, the electronic density is concentrated locally
at each atomic basin. The interaction is classified as
closed shell and is typical of highly ionic bonds, hydrogen
bonds, and van der Waals interactions. This particular
interaction is described by relatively low ∇2ρb values,
∇2ρb>0 and |λ1|/λ3<1 and Gb>1. Another interesting
parameter is the ellipticity, ε, defined as λ1/λ2−1. Ellipticity
is indicative of the similarity between perpendicular
curvatures (λ1 and λ2) at BCP, and measures the extent to
which density is preferentially accumulated in a given plane
containing the bond path. If λ1=λ2, then ε=0, and the bond
is cylindrically symmetric, e.g., a C–C single bond in
ethane, and a triple bond in acetylene.

As supplementary material, the values of electron charge
density (ρb), Laplacian of charge density (∇2 ρb), Hessian
matrix eigenvalues (λ1, λ2 and λ3), ellipticity (ε), kinetic
energy density (Gb), and the |λ1|/λ3 and Gb/ρb relationships,
in BCPs for all expected chemical bonds of the lowest
energy conformers obtained by substituting R = OH and
R = OCH3 are shown (Tables S1 and S2, respectively).

According to the AIM theory, when negative eigen-
values dominate, the electronic charge is locally concen-
trated in the CP region, which leads to polar covalent
interactions. These are characterized by high ρb values,
|λ1|/λ3>1 and Gb/ρb<1, and large, less than zero, Laplacian
values, indicating charge accumulation between the bound
nuclei [14].

For all studied conformers this behavior occurs in C–H
bonds, and all C–C bonds of rings A, B, and D. The C-
2―O1 bond of ring C also shows the same behavior typical
of a covalent bond, which is due, as previously demonstrated
[8], to the change of C-2 hybridization (from sp2 to sp3),
when the γ-pyran is formed.

The C-8a―O1 bond of ring C, and the equivalent for
ring E, C-1″―O1 and C―O bonds accounting for R =

OCH3 and R = OH, do not behave like C-2―O1, since they
show values corresponding to an intermediate or shared
polar covalent bond (high ρb, large and less than zero ∇2ρb,
|λ1|/λ3 <1, and Gb/ρb >1).

We found that this behavior is typical of C―O bonds in
the pyranose ring, where the C atom also has sp2

hybridization. The C-8a―O1 BCP topological features are
a consequence of the charge density redistribution due to
the conjugation of O1 lone pairs with the π-orbitals [8].

Hydrogen-bond intramolecular interactions have been
also characterized in the substituted species. The occurrence
of a hydrogen bond is associated with the BCP formation
between the H atom and the acceptor atom (A) involved
[17, 18]. This CP has properties that are typical of a closed
shell interaction. In particular, the following hydrogen bond
interactions have been characterized: (1) H⋯O type (in
Z1CT, Z1CC, Z2CT and Z2CC conformers for R = OH, and in
all conformers for R = OCH3), and (2) dihydrogen-type: C-
5―H-5⋯H-5″―O5″ and C-4―H-4⋯H-5″―O5″ (in Z1TC
and Z1TT, R = OH), and C-5―H-5⋯H-5″ (in Z2TC and
Z2TT, R = OH). These interactions are shown with dotted
lines in Figs. 3 and 4. Some relevant geometric parameters
of these interactions, such as the distances H⋯O, H⋯H,
C⋯O, and the C―H⋯Y, Y = O, H bond angle are shown in
Table 2. The formation of the H-bonds H-5⋯O-5″, H-5″
⋯H-5 and H-5″⋯H-4 closes seven-membered, eight-
membered, and six-membered rings, respectively, and is
accompanied by the appearance of ring critical points
(RCPs), as required for the satisfaction of the Poincaré-Hopf
relationship [14]. Local topological properties calculated in
the respective BCP and RCP are listed in Table 3.

The H⋯O type hydrogen bonds with distances around
2.80–2.93Å (in the expected range of 2–3Å for C―H⋯O
bonds) were found in all conformers of the substituted
structures, except for “TC” and “TT” with R = OH.
According to other authors [19], the shorter the interatomic
H⋯A distance, and closer to 180° the D―H⋯A angle, the
higher the strength of the hydrogen bond interaction.
Another parameter that characterizes this type of bond as
a weak hydrogen bond is the distance between the C atom
attached to the hydrogen of the bridge, and the O oxygen
atom (in the range of 3.41–3.54Å) [19]. The bond angle
between donor and acceptor atoms (C―H⋯O) varies in the
range 114.7–115.3°—also in agreement with this classifi-
cation. The electron density values are lower than those
expected for typical intramolecular hydrogen bonds
(expected densities about 0.02–0.03 a.u.) [17, 20] (see
Table 3). Taking into account the correlation between the
BCP density and the interaction strength [18], from the
analysis of topological parameters it can also be concluded
that this interaction is typically weak, contributing very
little to structure stabilization. ∇2ρb varies in the range of
0.015–0.016 a.u. (0.016–0.017 a.u. for R = OCH3),
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comparable with previous results (0.016 to 0.139 a.u.).
Ellipticity varies around 0.256–0.273 (0.239–0.261 for
R = OCH3), the smallest values being for Z2.

The non-conventional dihydrogen-type bonds as well as
the conventional hydrogen bonds such as those described
above, may occur either as intermolecular or intramolecular
bonds.

A dihydrogen bond always comprises an electronegative
atom (X) on one side, and an electropositive atom (Y) on

the other side, X―H+δ⋯-δH―Y. Spectroscopic studies
indicate that the H⋯H distance in such systems is typically
1.7–2.2Å [21]. Dihydrogen bonds appear in “TC” and
“TT” conformers for R=OH, for both Z1 and Z2, and occur
among H-5, H-4 and H-5″. Multiple dihydrogen bonds [22]
were characterized in Z1TC and Z1TT. For these two
conformers, the H-5―H-5" distance is 2.33Å, and that of
H-4―H-5" is 1.97Å. The angle between the donor atom
and the hydric hydrogen -δH (O―H+δ⋯-δH) is higher

Table 2 Relevant internal coordinates for hydrogen bonds in conformers substituted with R′ = H, R = OH and R = OCH3 calculated at the
B3LYP/6-31G** level of theorya

R′=H R=OH R′=H R=OCH3

Z1CT Z1CC Z1TC Z1TT Z2CT Z2CC Z2TC Z2TT Z1CT Z1CC Z2CC

H-5⋯O-5″ H-5⋯O-5″ 2.94 2.94 3.14 3.13 2.80 2.93 3.16 3.16 2.92 2.92 2.91

C-5⋯O-5″ 3.54 3.54 3.70 3.69 3.41 3.53 3.58 3.59 3.51 3.51 3.51

C-5―H-5⋯O-5″ 115.09 115.25 ― ― 114.68 114.77 ― ― 114.89 114.92 114.92

H-5⋯H-5″ H-5⋯H-5″ 3.61 3.61 2.34 2.34 3.60 3.60 2.19 2.19 ― ― ―

C-5―H5⋯H-5″ 123.11 123.33 117.08 116.91 122.67 122.79 104.03 103.84 ― ― ―

H-5⋯H-5´´―O-5″ ― ― 139.58 139.32 ― ― 175.46 174.05 ― ― ―

H-4⋯H-5″ H-4⋯H-5″ 3.43 3.43 1.97 1.97 3.43 3.43 2.23 2.24 ― ― ―

C-4―H-4....H-5″ 101.73 101.85 104.10 104.02 101.52 101.59 93.24 93.03 ― ― ―

H-4⋯H-5´´―O-5″ ― ― 128.89 129.54 ― ― 106.95 106.05 ― ― ―

a Bond lengths are expressed in Å, angles and dihedral angles in degrees

Table 1 Relevant internal coordinates and ΔE of conformers of the Z-isomer of A-type dimeric proanthocyanidin substituted with R′=H, R=OH
and R=OCH3 calculated at the B3LYP/6-31G** level of theory

R=OH R=OCH3

Z1CT Z1CC Z1TC Z1TT Z2CT Z2CC Z2TC Z2TT Z1CT Z1CC Z2CC

ΔE (kcal mol−1) 0 0.63 2.51 2.51 1.88 2.51 4.39 4.39 0 1.3 3.1

Dihedral angles (°)

C-3―C-2―C-1´―C-6´ 88.2 89.6 90.3 88.9 3.6 1.6 –3.4 –2.0 88.3 88.9 0.2

C-3―C-2―C-1´―C-2´ –88.2 –86.9 –86.2 –87.6 –176.7 –178.5 176.9 178.0 –88.1 –87.3 –179.8

O1―C-2―C-1´―C-2´ 33.8 35.0 35.6 34.3 –53.3 –55.3 –58.9 –57.6 33.9 34.6 –56.7

H―O-5´´―C-5´´―C-4´´ 0.1 0.2 –176.6 –176.8 0.1 0.1 –153.6 –152.6 ― ― ―

H―O-3´´―C-3´´―C-4´´ 179.2 0.8 0.4 179.1 179.6 0.7 –0.8 178.7 ― ― ―

C-3a´´―O-3´´―C-3´´―C-4´´ ― ― ― ― ― ― ― ― 0.8 1.1 0.7

C-5a´´―O-5´´―C-5´´―C-4´´ ― ― ― ― ― ― ― ― 179.2 0.7 0.6

Angles (°)

C-3―C-2―C-1´ 112.8 112.8 112.6 112.7 116.6 116.5 116.6 116.6 112.7 112.7 116.6

C-2―C-3―C-4 107.5 107.5 107.4 107.4 107.5 107.4 107.2 107.2 107.5 107.5 107.4

C-8a―O1―C-2 120.4 120.4 120.6 120.6 120.8 120.7 121.5 121.5 120.4 120.4 120.7

C-4a―C-8a―C-8 121.0 29.4 120.9 29.5 121.0 121.0 127.6 120.8 121.0 121.0 121.0

O1―C-2―O 109.0 109.1 109.1 109.1 108.4 108.4 108.0 108.0 109.1 109.1 108.5

C-4a―C-8a―O1 122.8 116.0 122.9 122.9 122.6 122.6 122.2 122.2 122.8 122.8 122.7

C-4a―C-4―C-8a 117.9 93.7 117.6 117.6 117.7 117.7 116.4 116.4 117.9 117.9 117.8

C-4a―C-4―C-3 107.7 131.4 107.6 107.6 107.8 107.8 106.7 106.7 107.6 107.6 107.9

C-3―C-4―H 110.9 110.9 109.0 109.0 110.5 110.5 109.8 109.8 110.9 110.9 110.5
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(more linear, it varies around 150–170°) than the angle
associated with the protic hydrogen H+δ⋯-δH―C (more
bent, it varies around 95–115°) as expected for such
interactions [23]. The BCP topological parameter values
and the difference found in the value of natural charges for
the hydrogen atoms involved (Δq≈0.3 a.u.) led to closed
shell weak electrostatic interactions [24, 25].

By subtracting structures the stabilizing effect
(1.88 kcal mol−1) associated with the position of ring B
(Δ=4.39 kcal mol−1−1.88 kcal mol−1=2.51 kcal mol−1) in
Z2, it was shown that the stabilizing effect of dihydrogen
interactions is similar in all cases.

NBO analysis

NBO analysis transforms the canonical delocalized Hartree-
Fock (HF) molecular orbitals (MOs), or corresponding
natural orbitals of a correlated description, into localized
orbitals that are closely linked to chemical bonding
concepts.

Filled NBOs describe the hypothetical, strictly localized
Lewis structure. The interactions between filled and vacant
orbitals account for the deviation of the molecule from the
Lewis structure and can be used as a measure of
delocalization. This method provides energies of hyper-
conjugative interactions from the second-order perturbation
approach

Eð2Þ ¼ �ni
F2
ij

"j � "i
ð1Þ

where Fij is the Fock matrix element between the i and j
NBO orbitals, εi and εj are the energies of i and j NBOs,
and ni is the population of the donor i orbital.

The structures under study showed nearly the same second-
order stabilization energies for 1nO1→σ*C-8a―C-8 transfers
(0.55 kcal mol−1 on average). Energies associated with
1nO1→ σ*C-8a―C-4a and 2nO1→π*C-8a―C-4a transfers are
7.12 kcal mol-1 and 26.12 kcal mol-1, respectively, on
average. The R=H conformers have symmetric contributions

Table 3 Topological properties at bond critical point (BCP) for hydrogen bonds in conformers substituted with R′ = H, R = OH and R = OCH3

calculated at the B3LYP/6-311++G** level of theory. Relevant topological properties at (3, +1) BCP for the corresponding rings are also reporteda

BCP Bond length ρb ∇2ρb λ1 λ2 λ3 ε Gb/ρb Vb Hb

(3, -1) OH Z1CT H5⋯O5″ 2.938 0.004 0.016 –0.003 –0.002 0.021 0.273 0.770 –0.002 0.001

Z1CC H5⋯O5″ 2.939 0.004 0.016 –0.003 –0.002 0.021 0.275 0.774 –0.002 0.001

Z1TC H5⋯H5″ 2.337 0.005 0.018 –0.004 –0.002 0.023 0.944 0.702 –0.003 0.001

Z1TC H4⋯H5″ 1.972 0.014 0.050 –0.014 –0.006 0.070 1.287 0.785 –0.009 0.002

Z1TT H5⋯H5″ 2.337 0.005 0.018 –0.004 –0.002 0.023 0.956 0.703 –0.003 0.001

Z1TT H4⋯H5″ 1.968 0.014 0.051 –0.014 –0.006 0.071 1.242 0.784 –0.009 0.002

Z2CT H5⋯O5″ 2.802 0.004 0.016 –0.003 –0.002 0.021 0.256 0.769 –0.003 0.001

Z2CC H5⋯O5″ 2.933 0.004 0.016 –0.003 –0.002 0.021 0.255 0.771 –0.003 0.001

Z2TC H5⋯H5″ 2.192 0.007 0.024 –0.006 –0.004 0.034 0.518 0.652 –0.003 0.001

Z2TT H5⋯H5″ 2.193 0.007 0.024 –0.006 –0.004 0.034 0.530 0.652 –0.003 0.001

OCH3 Z1CT H5⋯O5″ 2.919 0.004 0.017 –0.003 –0.002 0.022 0.261 0.764 –0.003 0.001

Z1CC H5⋯O5″ 2.918 0.004 0.017 –0.003 –0.002 0.022 0.264 0.766 –0.003 0.001

Z2CC H5⋯O5″ 2.913 0.005 0.017 –0.003 –0.002 0.022 0.240 0.765 –0.003 0.001

(3,+1) OH Z1CT 0.004 0.017 –0.002 0.003 0.015 ―

Z1CC 0.004 0.017 –0.002 0.003 0.015 ―

Z1TC 0.005 0.018 –0.003 0.002 0.019 ―

Z1TC 0.014 0.060 –0.012 0.007 0.064 ―

Z1TT 0.005 0.018 –0.003 0.002 0.019 ―

Z1TT 0.014 0.060 –0.012 0.008 0.065 ―

Z2CT 0.004 0.017 –0.001 0.003 0.015 ―

Z2CC 0.004 0.017 –0.001 0.003 0.015 ―

Z2TC 0.007 0.025 –0.003 0.005 0.023 ―

Z2TT 0.007 0.025 –0.003 0.005 0.023 ―

OCH3 Z1CT 0.004 0.018 –0.002 0.004 0.016 ―

Z1CC 0.004 0.018 –0.002 0.004 0.016 ―

Z2CC 0.004 0.018 –0.002 0.004 0.016 ―

a ρb,∇2 ρb, Gb/ρb, λ1, λ2, λ3 are expressed in a.u. and bond lengths in Å
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to these energies accounting for the resonance of the O
oxygen with ring D. However, in the case of substituted
species, this symmetry is broken, and hyperconjugative
interactions related to O are now 1nO→ σ*C-1´´―C-2´´

(0.56 kcal mol−1 on average), 1nO→ σ*C-1´´―C-6´´

(6.87 kcal mol−1 on average), and 2nO→π*C-1´´―C-2´

(26.88 kcal mol−1 on average). This information describes
the resonance of oxygen lone pairs with rings A and D.

Bond polarization or ionicity is described by NBO
calculations of the electron density percentage on each atom
of the bond (Table 4). The results indicate that in substituted
compounds (for R=H there is almost no change) the C-
2―C-3 polarization is higher than that of the C-3―C-4
bond. On the other hand, upon comparison of Z1CT for
R=OH and Z1CT for R = OCH3, it is evident that the C-
2―C-3 polarization increases according to R ¼ H < R ¼
OCH3 < R ¼ OH.

It is remarkable that this behavior associated with
conformational effects was correlated with relative struc-
ture stability (Z1 conformers are more stable than Z2,
"CT" are more stable than “CC”, which are in turn more
stable than both “TC” and “TT”). In other words, at
higher C-2―C-3 polarization, higher structural stability
is expected.

For R = OCH3, the second-order stabilization energy of
the σC-3´´a―O-3´´ → σ*C-3´´―C-4´´ transfer is higher in the
“CT” conformer than in “CC” (3.11 kcal mol−1 and
2.93 kcal mol−1, respectively; Table 5). This indicates a
higher electron delocalization in “CT”, and explains its
relative stabilization (ΔEZ1CT-Z1CC: 1.25 kcal mol−1; Table 1).
Similarly, for R = OH, the σH―O-3´´→ σ*C-3´´―C-4´´ transfer
(5.15 kcal mol−1 and 4.98 kcal mol−1; Table 6; ΔEZ1CT-Z1CC:
0.63 kcal mol−1; Table 1); H is designated the hydrogen
atom of the substituent.

The highest stabilization for R = OCH3 is explained by
the major efficiency of the σC-3″C-4″ →σ*C-5″―O-5″ trans-
fer, to which second-order stabilization energies of
5.06 kcal mol−1 in “CT”, and 4.68 kcal mol−1 in “CC”
are associated, while for R = OH the respective energies
are 4.67 kcal mol−1 in “CT” and 4.56 kcal mol−1 in “CC”
(Tables 5, 6). This describes stabilization mechanisms
operating in the substitution positions, which are more
effective for R = OCH3. The values corresponding to Z2
conformers for R = OH are shown in Table S3 (electronic
supplementary material).

Analysis of MEP through the NBO-AIM study

MEP maps have been used extensively for predicting the
behavior and reactivity of a wide variety of chemical
systems [26–33].

The V(r) potentials, created in the space around a
molecule by its nuclei and electrons, are a useful tool for

the study of molecular reactivity. Unlike other parameters
currently used as reactivity indices, V(r) is an actual
physical property that can be determined both experimen-
tally and by computational methods. The calculation of
physicochemical properties on molecular surface, and its
visualization through a color code allows a different view
of molecular behavior. This paper uses the procedure
proposed by Politzer et al. [26] for predicting sites targeted
for electrophilic attack in the regions of negative V(r)
values, and NBO and AIM results are reviewed in the light
of the complementarity of the different theoretical tools
used; thus, a thorough analysis of the role of substituents in
the stabilization and reactivity of the structures studied was
performed.

In non-substituted species, we found [8] two attack sites
that are very close to each other, associated with the O
atoms of rings C and E, where the higher values of negative
V(r) show that Z1 conformers are more reactive to
electrophilic attack, since the negative potential on a group
or substructure indicates its tendency to participate in
electrostatic interactions, formation of ion pairs or hydrogen
bonds. Similar features were observed in substituted
species. Upon comparison of negative V(r) values, the
following order for reactivity towards electrophilic attack:
R ¼ OH < R ¼ H < R ¼ OCH3 was observed. The values
of maximum [Vmax, positive V(r)], and minimum [Vmin,
negative V(r)] potentials in kcal mol−1 are shown in Table 7,
(see also Fig. S1a–d in the electronic supplementary
material).

Values of Vmin are higher in Z1 rotamers than in Z2
(Table 7; Fig. S1c, d), which is indicative of the higher

Table 4 Bond polarizations of C-2―C-3 and C-3―C-4 (% at C-2, C-
3 and C-4)

Substituent Conformer C-2―C-3 bond C-3―C-4 bond

R=OH %C-3 %C-2 %C-4 %C-3

Z1CT 50.77 49.23 49.47 50.53

Z1CC 50.74 49.26 49.43 50.57

Z1TC 50.52 49.48 48.86 51.14

Z1TT 50.56 49.44 48.89 51.11

Z2CT 50.74 49.26 49.81 50.19

Z2CC 50.71 49.29 49.78 50.22

Z2TC 50.56 49.44 49.32 50.68

Z2TT 50.60 49.40 49.36 50.64

R=OCH3

Z1CT 50.76 49.24 49.50 50.50

Z1CC 50.73 49.27 49.48 50.52

Z2CC 50.71 49.29 49.83 50.17

R=H

Z1 50.65 49.35 49.34 50.66

Z2 50.63 49.37 49.69 50.31
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Table 5 Second-order stabilization energies, E(2), calculated at B3LYP/6-311++G** level of theory for donation and back donation transferences
related to R = OCH3 moietya

Z1CT Z1CC Z2CC

Donor Acceptor E(2) Donor Acceptor E(2) Donor Acceptor E(2)

R = OCH3 (donation transferences)

σ C-3″―O-3″ σ* C-4″―C-5″ 1.51 σ C-3″―O-3″ σ * C-4″―C-5″ 1.16 σ C-3″―O-3″ σ * C-4″―C-5″ 1.19

σ * C-2″―C-3″ 0.59 σ * C-2″―C-3″ 1.45 σ C-2″―C-3″ 1.47

σ* C-1″―C-2″ 1.05

Σ 3.15 Σ 2.61 Σ 2.66

σ C-5″―O-5″ σ * C-3″―C-4″ 1.10 σ C-5″―O-5″ σ * C-3″―C-4″ 1.17 σ C-5″―O-5″ σ * C-3″―C-4″ 1.16

σ * C-4″―C-5″ 0.67 σ * C-4″―C-5″ 0.64 σ * C-4″―C-5″ 0.65

σ * C-1″―C-6″ 1.81 σ* C-1″―C-6″ 1.99 σ * C-1″―C-6″ 1.90

σ * C-5″―C-6″ 0.65 σ * C-5″―C-6″ 0.71 σ* C-5″―C-6″ 0.68

Σ 4.23 Σ 4.51 Σ 4.39

σ O-3″―C-3a″ σ * C-3″―C-4″ 3.11 σ O-3″―C-3a″ σ * C-3″―C-4″ 2.93 σ O-3″―C-3a″ σ * C-3″―C-4″ 2.91

Σ 3.11 Σ 2.93 Σ 2.91

σ O-5″―C-5a″ σ * C-5″―C-6″ 2.68 σ O-5″―C-5a″ σ * C-5″―C-6″ 2.60 σ O-5″―C-5a″ σ* C-5″―C-6″ 2.60

Σ 2.68 Σ 2.60 Σ 2.60

1n O-3″ σ * C-2″―C-3″ 7.38 1n O-3″ σ* C-3″―C-4″ 7.38 1n O-3″ σ* C-3″―C-4″ 7.96

σ *C-3a″―H 0.87 σ * C-2″―C-3″ 0.56 σ* C-2″―C-3″ 0.56

σ* C-3a″―H 2.68 σ * C-3a″―H 2.77 σ *C-3a″―H 2.77

σ* C-3a″―H 0.89 σ * C-3a″―H 0.91 σ * C-3a″―H 0.91

σ * C-3a″―H 0.92 σ * C-3a″―H 0.92

Σ 11.82 Σ 12.54 Σ 13.12

2n O-3″ σ * C-3a″―H 0.89 2n O-3″ π* C-3″―C-4″ 30.54 2n O-3″ π * C3″―C-4″ 30.50

π* C-3″―C-4″ 28.00 σ * C-3a″―H 5.90 σ* C-3a″―H 5.91

σ * C-3a″―H 5.76 σ * C3a″―H 5.93 σ* C-3a″―H 5.94

σ * C-3a″―H 5.79

Σ 40.44 Σ 55.83 Σ 56.39

1n O-5″ σ * C-4″―C-5″ 7.13 1n O-5″ σ* C-4″―C-5″ 7.23 1n O-5″ σ* C-4″―C-5″ 7.30

σ* C-5″―C-6″ 0.68 σ* C-5″―C-6″ 0.65 σ* C-5″―C-6″ 0.68

σ * C-5a″―H 2.69 σ* C-5a″―H 0.90 σ* C-5a″―H 0.89

σ * C-5a″―H 0.87 σ* C-5a″―H 0.82 σ* C-5a″―H 0.82

σ * C-5a″―H 0.80 σ *C-5a″―H 2.76 σ* C-5a″―H 2.75

Σ 12.17 Σ 12.36 Σ 12.44

2n O-5″ π* C-5″―C-6″ 26.42 2n O-5″ π* C-5″―C-6″ 26.48 2n O-5″ π* C-5″―C-6″ 26.45

σ* C-5a″―H 5.63 σ * C-5a″―H 5.71 σ* C-5a″―H 5.73

σ* C-5 ″―H 5.76 σ * C-5″―H 5.88 σ* C-5″―H 5.86

Σ 37.81 Σ 38.07 Σ 38.04

R = OCH3 ( back donation transferences)

σ C-4″―C-5″ σ* C-3″―O-3″ 3.24 σ C-4″―C-5″ σ* C-3″―O-3″ 4.48 σ C-4″―C-5″ σ* C-3″―O-3″ 4.47

σ C-4″―H 1.06 σ C-4″―H 0.58 σ C-4″―H 0.58

σ C-1″―C-2″ 5.12 σ C-1″―C-2″ 3.67 σ C-1″―C-2″ 3.68

σ C-2″―H 0.54 σ C-2″―H 1.11 σ C-2″―H 1.11

σ C-3a″―H 3.61 σ C-3a″―H 3.64 σ C-3a″―H 3.64

Σ 13.57 Σ 13.48 Σ 13.48

σ C-3″―C-4″ σ* C-5″―O-5″ 5.06 σ C-3″―C-4″ σ* C-5″―O-5″ 4.68 σ C-3″―C-4″ σ* C-5″―O-5″ 4.73

σ C-4″―H 0.74 σ C-4″―H 0.69 σ C-4″―H 0.69

σ C-1″―C-6″ 3.44 σ C-1″―C-6″ 3.54 σ C-1″―C-6″ 3.59

σ C-5a″―H 3.61 σ C-5″―C-6″ 0.53 σ C-5″―C-6″ 0.55
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inductive effect exerted by the O and O1 oxygen atoms in
the most stable rotamers (Z1) [8].

The percentage values of electron density on each atom
of C-1′―C-6′ and C-1′―C-2′ bonds by NBO calculations
are shown in Table 8. As already stated, the difference
between the values found on each atom of a bond quantifies
the polarization or ionicity thereof. Therefore, C-1′―C-6′
and C-1′―C-2′ bonds are more polarized in Z1 rotamers
than in Z2, which indicates a higher inductive effect in Z1
than in Z2 for all substituents. Interestingly, the highest
polarization found in C-1′―C-6′ and C-1′―C-2′ bonds
correlates with a greater electron delocalization in Z1
conformers than in Z2, which is related to hyperconjugative
interactions between O-1―C-2 and O1―C-8a bonds (and
those of the symmetrically equivalent bonds: O―C-2 and
O―C1″) with adjacent bonds that connect the γ-pyran
substructure with ring B: C-2―C-1′, C-1′―C-2′ and
C-1′―C-6′. These interactions in Z1 are up to 24% more
intense than in Z2 conformers, thus determining its higher
stabilization.

When we related the major intensity of the hyper-
conjugative effects mentioned above with the highest
polarization of C-1′―C-6′ and C-1′―C-2′ bonds, we found
in all structures an inductive effect exerted by O and O1
atoms assisted by resonance, which reaches a maximum
intensity when each structure has the highest stabilization.

The plane of the molecule (ring A, and part of ring C)
divides the space into two regions: one above this plane,
and another below it. In Z1 rotamers, ring B has one side
towards the upper part of the molecule (“upper side of B”),
and the other towards the lower part of the molecule
(“lower side of B”). Regardless of the substitution, a
remarkable difference in V(r) distribution is observed in
these two sides, a higher negative potential expansion being
found on the second side due to the proximity of the O-
1―C-O active site (Fig. 5a,b).

For R = OH, the negative V(r) on the O attached to C-3″
("the outside one") is higher than that of the O attached to
C-5″ [ΔO-3″-O-5″: (−58.82) − (−43.35) = −15.47 kcal mol−1

for Z1TC, ] (Figs. 5a,b). Consequently, the respective NCP
charge density follows this trend, leading to an electron
density on O-3″ of 295.210 a.u. for Z1 and 295.211 for Z2,
and on O-5″ 295.203 a.u. for Z1 and 295.197 a.u. for Z2.

It is also possible to relate V(r) to the increase in CP
electron density of the C-3″―O bond, which is 0.284 a.u.
(on average, considering Z1 and Z2 conformers) while the
mean value for C–5″―O is 0.281 a.u.

The O attached to C-5″ has a lower negative V(r) in “C”
(−43.3 kcal mol−1) than that in “T” disposition
(−58.98 kcal mol−1; Fig. 5c,d), its electron density in
NCP is also lower (295.195 a.u. and 295.204 a.u.,
respectively), and consequently the electron density in CP
of the C-5´´―O bond (Table S1).

V(r) values for R = OCH3 are also more negative on
the O attached to C-3″ (“the outside one”) than that
attached to C-5″ [ΔO-3″-O-5″: (−64.89) − (−52.93) =
− 11.96 kcal mol−1]. For any of these positions, more
negative potentials (mean difference of 6.13 kcal mol−1) are
always found than on the oxygen atoms of the R = OH
substituent (see Fig. 6a,b). For all conformers with R =
OCH3, the mean electron density in BCP is also higher on
C-3″―O (0.28302 a.u.) than on C-5″―O (0.27993 a.u.), in
agreement with the findings for R = OH. Similarly, NCP
electron density is 295.188 a.u. on C-3″, and 295.172 a.u.
on C-5″, as mean values for Z1 and Z2.

Electron donation (transfers that remove charge from the
bond) and electron back-donation (reverse charge transfers
towards the bond) related to C-3″―O and C-5″―O bonds
show that the difference between both contributions is
negative and large in the former case, thus explaining the
higher intensity of negative V(r) on O-3″ than on O-5″
(Tables 5, 6). Using the same arguments, it is also possible

Table 5 (continued)

Z1CT Z1CC Z2CC

Donor Acceptor E(2) Donor Acceptor E(2) Donor Acceptor E(2)

σ C-5a″―H 3.66 σ C-5a″―H 3.64

Σ 12.85 Σ 13.1 Σ 13.2

σ C-5″―C-6″ σ* O-5″―C-5a″ 3.34 σ C-5″―C-6″ σ* O-5″―C-5a″ 3.4 σ C-5″―C-6″ σ* O-5″―C-5a″ 3.32

σ C-5a″―H 0.54 σ C-5a″―H 0.53 σ C-5a″―H 0.53

σ C-5a″―H 0.52 σ C-5a″―H 0.50 σ C-5a″―H 0.50

Σ 4.40 Σ 4.43 Σ 4.35

σ C-3″―C-4″ σ* O-3″―C-3a″ 3.25 σ C-2″―C-3″ σ * O-3″―C-3a″ 3.29 σ C-2″―C-3″ σ* O-3″―C-3a″ 3.30

σ C-3a″―H 0.53 σ C-3a″―H 0.53 σ C-3a″―H 0.53

σ C-3a″―H 0.54 σ C-3a″―H 0.53 σ C-3a″―H 0.53

Σ 4.32 Σ 4.35 Σ 4.36

a All values are expressed in kcal mol-1
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to justify the higher intensity of negative V(r) of the oxygen
atoms of OCH3 groups with respect to the potential on
oxygen atoms of OH groups, as has been observed in the
MEPs mentioned above.

All this suggests a higher reactivity of the substituent at
C-3″, and explains the mechanisms underlying this condi-

tion. The substituent at C-5″ operates in hydrogen bond-
type interactions in all structures, as described above.

Hyperconjugative interactions related to R = OCH3 and
R = OH substituents are shown in Tables 5 and 6,
respectively. From these tables it is possible to delve deeper
into the study of the role of substituents in the structures of

Table 6 Second-order stabilization energies, E(2), calculated at B3LYP/6-311++G** level of theory, for donation and back donation transferences
related to R = OH moiety in Z1 conformersa

Z1CT Z1CC Z1TC Z1TT

Donor Acceptor E(2) Donor Acceptor E(2) Donor Acceptor E(2) Donor Acceptor E(2)

R=OH (donation transferences)

σ C-3″―O-3″ σ* C-4″―C-5″ 7.13 σ C-3″―O-3″ σ* C-3″―C-4″ 0.54 σ C-3″―O-3″ σ* C-3″―C-4″ 0.55 σ C-3″―O-3″ σ* C-4″―C-5″ 1.35

σ* C-2″―C-3″ 0.59 σ* C-2″―C-3″ 1.19 σ* C-2″―C-3″ 1.18 σ* C-2″―C-3″ 0.63

σ* C-1″―C-2″ 1.29 σ* C-1″―C-2″ 1.49 σ* C-1″―C-2″ 1.38 σ* C-1″―C-2″ 1.23

Σ 3.25 Σ 3.22 Σ 3.11 Σ 3.21

σ C-5″―O-5″ σ* C-3″―C-4″ 1.15 σ C-5″―O-5″ σ* C-3″―C-4″ 1.16 σ C-5″―O-5″ σ* C-3″―C-4″ 1.45 σ C-5″―O-5″ σ* C-3″―C-4″ 1.41

σ* C-4″―C-5″ 0.66 σ* C-4″―C-5″ 0.67 σ* C-1″―C-6″ 1.73 σ* C-1″―C-6″ 1.62

σ* C-1″―C-6″ 2.15 σ* C-1″―C-6″ 1.98 σ* C-5″―C-6″ 0.75 σ* C-5″―C-6″ 0.69

σ* C-5″―C-6″ 0.79 σ* C-5″―C-6″ 0.77

Σ 4.75 Σ 4.58 Σ 3.93 Σ 3.72

σ O-3″―H σ* C-3″―C-4″ 5.15 σ O-3″―H σ* C-2″―C-3″ 4.98 σ O-3″―H σ * C-2″―C-3″ 4.79 σ O-3″―H σ* C-3″―C-4″ 5.02

Σ 5.15 Σ 4.98 Σ 4.79 Σ 5.02

σ O-5″―H σ* C-5″―C-6″ 4.40 σ O-5″―H σ* C-5″―C-6″ 4.39 σ O-5″―H σ* C-4″―C-5″ 4.81 σ O-5″―H σ* C-4″―C-5″ 4.71

Σ 4.40 Σ 4.39 Σ 4.81 Σ 4.71

1n O-3″ σ* C-2″―C-3″ 6.76 1n O-3″ σ* C-3″―C-4″ 6.87 1n O-3″ σ* C-3″―C-4″ 6.80 1n O-3″ σ* C-2″―C-3″ 6.62

Σ 6.76 Σ 6.87 Σ 6.80 Σ 6.62

2n O-3″ π* C-3″―C-4″ 28.17 2n O-3″ π* C-3″―C-4″ 29.12 2n O-3″ π* C-3″―C-4″ 28.89 2n O-3″ π* C-3″―C-4″ 27.87

Σ 28.17 Σ 29.12 Σ 28.89 Σ 27.87

1n O-5″ σ* C-4″―C-5″ 6.08 1n O-5″ σ* C-4″―C-5″ 6.21 1n O-5″ σ* C-4″―C-5″ 6.81 1n O-5″ σ* C-4″―C-5″ 6.82

Σ 6.08 Σ 6.21 Σ 6.81 Σ 6.82

2n O-5″ π* C-5″―C-6″ 26.50 2n O-5″ π* C-5″―C-6″ 26.33 2n O-5″ π* C-5″―C-6″ 27.97 2n O-5″ π* C-5″―C-6″ 28.09

Σ 26.50 Σ 26.33 Σ 27.97 Σ 28.09

R=OH (back donation transferences)

σ C-4″―C-5″ σ* C-3″―O-3″ 3.71 σ C-4″―C-5″ σ* C-3″―O-3″ 4.29 σ C-4″―C-5″ σ* C-3″―O-3″ 4.34 σ C-4″―C-5″ σ* C-3″―O-3″ 3.78

σ C-4″―H 0.78 σ C-4″―H 0.61 σ C-4″―H 0.67 σ C-4″―H 0.81

σ C-1″―C-2″ 4.57 σ C-1″―C-2″ 4.02 σ C-1″―C-2″ 3.92 σ C-1″―C-2″ 4.62

σ C-2″―H 0.67 σ C-2″―H 0.82 σ C-2″―H 0.76 σ C-2″―H 0.61

Σ 9.73 Σ 9.74 Σ 9.69 Σ 9.82

σ C-3″―C-4″ σ* C-5”―O-5” 4.67 σ C-3″―C-4″ σ * C-5”―O-5” 4.56 σ C-3″―C-4″ σ* C-5”―O-5” 3.72 σ C-3″―C-4″ σ * C-5”―O-5” 3.89

σ C-4″H 0.74 σ C-4″―H 0.69 σ C-4″―H 0.85 σ C-4″―H 0.90

σ C-1″―C-6″ 3.88 σ C-1″―C-6″ 3.84 σ C-1″―C-6″ 4.43 σ C-1″―C-6″ 4.20

Σ 9.29 Σ 9.09 Σ 9.00 Σ 8.99

σ C-3″―C-4″ σ* O-3″―H 1.76 σ C-3″―C-4″ σ* O-3″―H 1.78 σ C-2″―C-3″ σ* O-3″―H 1.74 σ C-2″―C-3″ σ* O-3″―H 1.76

Σ 1.76 Σ 1.78 Σ 1.74 Σ 1.76

σ C-5″―C-6″ σ* O-5″―H 1.60 σ C-5″―C-6″ σ* O-5″―H 1.62 σ C-5″―C-6″ σ* O-5″―H 1.80 σ C-5″―C-6″ σ* O-5″―H 1.83

σ C-4―H 0.52 σ C-4―H 0.52

Σ 1.60 Σ 1.62 Σ 2.32 Σ 2.35

a All values are expressed in kcal mol-1
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A-type proanthocyanidins. Thus, it is shown that all bonds
are better acceptors than donors, i.e., transfers that take
charge to antibonding orbitals are more important than
those that remove charge from bonding orbitals. The
exception is the OH bond, which is a much better donor
than acceptor (cf. transfer energies that take charge to it
with those from it; Table 6, S3). Therefore, since only part
of the OH electron delivery comes from hyperconjugative
delocalizations (OH donates more than it receives by
hyperconjugation) it is postulated that, by charge conser-
vation, the remaining charge delivered comes from the
charge concentration in the area associated with the higher
EW (electron withdrawing) effect of O-5″―H and O-3″―H,
e.g., from the σ cloud via inductive effects. From NBO
analysis, this mechanism then describes the major EW
effect of OH against the OCH3 group. Although the
electron donor ability of a CH3 towards a closed π-system
is known, the occurrence of the methoxyl oxygen atom
prevents donations from CH3 reaching the aromatic ring,
thus showing the EW effect of the oxygen of the adjacent
C―O bond (Table 5).

The occurrence of an inductive effect assisted by
resonance has been reported for O-O1 atoms [8].
Concerning the oxygen atoms of substituents, as mentioned
above, the associated resonance mechanisms are higher for
R = OH, and a higher inductive effect can also be
postulated in agreement with that mentioned above, due to
the high O-H donor capacity.

This high donor capacity is also evidenced by MEP
analysis. The difference in electrostatic potential values on
the various hydrogens is remarkable. Those of the OH group

have always a higher positive value (72.79 kcal mol−1)
regardless of the conformer, thus indicating the high donor
role of this group (Fig. 6b). The increase in positive V(r) on
the hydrogen atoms of the C-3―H2 group (Fig. 7c, oblique
lines) can be similarly explained. The donor role of these
C―H bonds in hyperconjugative interactions has been
related to their weakening and elongation [8].

Upon analysis of the hydrogen atoms of the OCH3

group, we found that those attached to C-5″ in the “C”-type
position showed an extended area of higher positive V(r)
value (34.05 kcal mol−1), covering the three hydrogen
atoms. Similar results were observed for the hydrogen
atoms attached to C-3″ in “C”. However, when this
substituent adopted the “T” configuration, the area of
positive potential was reduced, being concentrated only
on each individual hydrogen atom (Fig. 7). Again, these
results have a counterpart in the donor role of the related C–
H bonds. In fact, by NBO analysis (Table 5), the increase in
positive potential in “C” dispositions was explained by
taking into account the increase in C–H donor capacity
(and/or increase in the acceptor ability of the C-3″―O-3″
bond) in this configuration with respect to the donor ability
in the “T” configuration (the energy associated with
σC-3a″―H→σ*C-2―O-3″ transfer is 3.64 kcal mol−1 for “T”,
and 3.61 kcal mol−1 for “C”). Therefore, a higher loss of
charge on hydrogen atoms is expected in “C” than in “T”.

The V(r) values on oxygen atoms that comprise a
hydrogen bond (atom of the acceptor moiety) become less
negative (higher) than V(r) of those that do not comprise it
(ΔO-3″-O-5″ = 15.46 kcal mol−1 for Z1CC conformers with
R = OH).

Table 8 Bond polarizations of C-1′―C-2′ and C-1′―C-6′, % at C-1′,
C-2′ and C-6′

Substituent Conformer C-1′―C-2′ bond C-1′―C-6′ bond

OH % C-2′ % C-1′ % C-6′ % C-1′

Z1CT 51.08 48.92 51.39 48.61

Z1CC 51.07 48.93 51.46 48.54

Z1TC 51.12 48.93 51.07 48.88

Z1TT 51.10 48.91 51.09 48.90

Z2CT 50.72 49.28 50.67 49.33

Z2CC 50.73 49.27 50.44 49.56

Z2TC 50.77 49.23 50.75 49.25

Z2TT 50.47 49.25 50.75 49.53

OCH3

Z1CT 51.06 48.94 51.34 48.66

Z1CC 51.05 48.95 51.41 48.59

Z2CC 50.72 49.28 50.42 49.58

H

Z1 51.08 48.92 51.08 48.92

Z2 50.74 49.26 50.44 49.56

Table 7 Ranges of V(r) potentials (kcal mol-1)

Substituent Conformer Vmax Vmin

OH

Z1CT 72.60 –79.33

Z1CC 72.27 –79.62

Z1TC 70.99 –76.68

Z1TT 72.65 –76.46

Z2CT 70.85 –76.41

Z2CC 70.56 –76.45

Z2TC 68.68 –72.76

Z2TT 67.61 –73.10

OCH3

Z1CT 35.48 –83.00

Z1CC 37.76 –84.85

Z2CC 37.03 –80.63

H

Z1 27.48 –82.01

Z2 28.05 –78.83
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The positive V(r) values on hydrogens of the O⋯H
hydrogen bridge (belonging to the donor C–H moiety)
become more negative (lower) than the other H of the
benzene ring (Figs. 5c, 6a–c, 7c), i.e., in Z1CC for R = OCH3

ΔH≠5-H5=18.52−3.05 kcal mol−1=15.47 kcal mol−1. Thus,
MEP analysis suggests the formation of intramolecular
H⋯O hydrogen bonds. The V(r) value on the atom that
belongs to the acceptor moiety increases, while the V(r)

Fig. 6 Maps of MEP for Z1CT conformers of A-type dimeric
proanthocyanidins substituted with R = OCH3 (a) and R = OH (b)
(in a.u.). Circles in (a) and (b) indicate differences between V(r) at

oxygen atoms of OCH3 and OH moieties. Z2CT rotamer with R = OH
is also shown (c). Vertical lines indicate different behavior of V(r) at
hydrogen atoms

Fig. 5 Maps of molecular elec-
trostatic potential (MEP) for
Z1TC conformers of A-type di-
meric proanthocyanidin substi-
tuted with R = OH (in a.u.). The
upper (a) and lower (b) sides of
ring B are shown (see text for
definitions). (c) Rotamer (Z2CT).
Horizontal lines indicate the
spreading of negative potential
at the lower side of ring B.
Vertical lines indicate the differ-
ences in V(r) over oxygen atoms
of substituents. Oblique lines
indicate the differences of V(r) at
O-5″ in Z1 (b) and in Z2 (c).
Dashed lines indicate changes in
V(r) at O-5″ for type “C”(c) and
“T” (d) arrangements
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value decreases on that of the donor moiety. These results are
in agreement with the electrostatic potential complementarity
between positive regions of H-donor groups and negative
regions of the H-acceptor atom found in intermolecular
H-bonds [18].

MEPs and NBO analyses highlight another topic, i.e., the
possibility of characterizing the electrostatic nature of both
H⋯O and H⋯H intramolecular weak interactions, and their
marked directionality. The latter is visible when realizing the
asymmetry of the V(r) distribution of hydrogen and oxygen
atoms of the bridge, which is defined clearly by the neighbor
oxygen and hydrogen positions (Figs. 5b, d, 6a and 7c).

Conclusions

We carried out a study of the stereochemistry of dimeric
proanthocyanidins, highlighting description of the factors
that determine stereochemistry, and the changes that occur
with R = OCH3, R′ = H, and R = OH, R′ = H as
substituents, starting with a study of the conformational
space of each species. Two conformers of lowest energy
were characterized for R = H, eight conformers for R =
OH, and three conformers for R = OCH3.

Intramolecular interactions were studied and character-
ized by AIM theory, analyzing the common features for all
structures. In all substituted structures, BCPs were also
found to define intramolecular weak hydrogen bond-type
interactions. Some had intramolecular conventional bridges,
while others had intramolecular dihydrogen-type non-

conventional interactions. These interactions have been
the focus of much recent research, and their discovery in
organic compounds is of high interest.

Specifically, at the B3LYP/6-311++G** level of calcu-
lation, the following intermolecular hydrogen bond inter-
actions were characterized: (1) H⋯O type (in Z1CT, Z1CC,
Z2CT and Z2CC conformers for R = OH, and in all
conformers for R = OCH3), and (2) dihydrogen-type, such
as C-5―H-5⋯H-5″―O5″ and C-4―H-4⋯H-5″―O5″ (in
Z1TC and Z1TT, R = OH), and C-5―H-5⋯H-5″ (in Z2TC
and Z2TT , R = OH).

Through a detailed NBO analysis, subtle stereoelectronic
aspects of fundamental importance to the understanding the
stabilization and antioxidant function of these structures
were described. We described the resonance of the lone
pairs of both O and O1 oxygens and concluded that
substitution gives rise to a C-2―C-3 bond that is more
polarized than C-3―C-4, and that polarization increases in
the order R ¼ H < R ¼ OCH3 < R ¼ OH. Furthermore,
we showed that conformational changes are correlated with
the relative structure stability through the hyperconjugative
mechanisms described above. Stabilization mechanisms
were also described in the substitution positions, being
more effective when R = OCH3.

This study was enriched by a deep analysis of MEP
maps, which are used for predicting sites targeted for
electrophilic attack in the negative V(r) regions, and also for
rationalizing other aspects of their distribution in the light
of the complementarity of the different theoretical tools
used herein.

Fig. 7 Maps of MEP for Z1CT (a, b) and Z2CC (c) conformers of
A-type dimeric proanthocyanidin substituted with R = OCH3 (in a.u.).
Oblique lines indicate the increase of V(r) at hydrogen atoms of the

C-3H2 moiety. Vertical lines indicate different behavior of V(r) at
hydrogen atoms of the R = OCH3 substituent
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All species had two, closely spaced attack sites associ-
ated with the oxygen atoms of rings C and E, where higher
negative V(r) values show that Z1 conformers are more
reactive for electrophilic attack. Accordingly, it was
concluded that C-1′―C-2′ and C-1′―C-6′ bonds are more
polarized in Z1 than in Z2, thus correlating with the higher
intensity of hyperconjugative interactions between them
and those oxygen atoms. This in turn leads to the
conclusion that an inductive effect, assisted by resonance,
is exerted by both O and O1 atoms, which reaches maximal
intensity when each structure has the highest stabilization.

As for the substituted ring, the major reactivity of the
substituent group was found at C-3″, and thus mechanisms
supporting this condition can be explained. It was also
established that the substituent at C-5″ exhibits hydrogen
bond-type intramolecular interactions in all structures.

The possibility of distinguishing hydrogen atoms from
each other according to the donor role of the bond to which
they belong is also noteworthy. Similarly for oxygens,
showing that the more important their donor role according
to NBO analysis, the more their negative potential will
decrease in absolute values.

In addition, we have shown that, in proanthocyanidins,
MEP analysis allows the formation of H⋯O intramolecular
hydrogen bonds to be suggested. Another aspect that must be
highlighted is the possibility of characterizing both H⋯O and
H⋯H intramolecular interactions found as weak electrostatic
interactions, and to appreciate their remarkable directionality.
This is of great interest, primarily in the study of non-
conventional-type interactions like dihydrogen bonds, whose
nature is still under discussion. The study of the effect of
solvent and level of calculation on such interactions is in
progress in our laboratory.

This work deepens the analysis of the stereochemistry of
dimeric proanthocyanidins, describing hyperconjugative
and conjugative effects associated with substituents, and
the effect thereof on structure. This analysis aimed to
describe a posteriori the stabilization and possible inter-
actions with other organic molecules in a food matrix, thus
enabling and validating useful analysis tools to be imple-
mented in subsequent studies of more complex structures.
Owing to the unique structural features of proanthocyani-
dins (presence of two prochiral carbons, and a [3.1.3]-
bicyclic rigid substructure), this work represents a major
step in the process towards the final study of polymeric
species.
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