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A complete conformational analysis on the isolated and polarizable continuum model (PCM) modeled aqueous
solution cation, quinonoidal, and anion forms of pelargonidin, comprising the diverse tautomers of the latter
forms, was carried out at the B3LYP/6-31++G(d,p) level. The results indicate that the most stable conformer
of cationic and quinonoidal forms of pelargonidin are completely planar in the gas phase, whereas that of the
anionic form is not planar. In contrast, PCM calculations show that the plane of theB ring is slightly rotated
with regard to theAC bicycle in the most stable conformer of the cation and quinonoidal form. The most
stable conformers of the cation, both in gas phase and aqueous solution, display anti and syn orientations for,
respectively, C2-C3-O-H and C6-C5-O-H dihedral angles, whereas syn and anti orientation of hydroxyls
at 7 and 4′ positions are nearly isoenergetic. The most stable tautomer of quinonoidal pelargonidin is obtained
by deprotonating hydroxyl at C5 in gas phase but at C7 according to PCM. Also, the most stable tautomer
of the anion is different in gas phase (hydrogens are abstracted from hydroxyls at C5 and C4′) and PCM
simulation (C3 and C5). Tautomeric equilibria affect substantially the geometries of theAC-B backbone
providing bond length variations that basically agree with the predictions of the resonance model. Most of
the conformers obtained display an intramolecular hydrogen bond between O3 and H6′. Nevertheless, this
interaction is not present in the most stable anions. Ionization potentials and O-H bond dissociation energies
computed for the most stable conformers of cation, quinonoidal, and anion forms are consistent with an
important antioxidant activity.

Introduction

Anthocyanins (glycosylated polyhydroxy derivates of 2-phe-
nylbenzopyrylium salts) are defined as natural, water-soluble,
nontoxic pigments responsible for some colors of fruits,
vegetables, flowers, and other plant tissues.1 They are commonly
found in red wine and fruit juices and have been shown to have
properties beneficial to human health, including antioxidant2 and
antitumor3 activity. As no harmful effects have been established,
anthocyanins have considerable potential as food additives, and
the use of these pigments as natural colorants to replace synthetic
dyes has been proposed.4-9 However, because of their instability
toward some chemical and physical parameters such pH and
light, their use in the food industry has not been extensively
developed.

It is known that anthocyanins may exist in a variety of
protonated, deprotonated, hydrated, and isomeric forms, whose
relative proportion is strongly dependent on pH. The red
flavilium cation is dominant at very acidic pH (pH 1-3). In
aqueous media, as the pH is raised to 4-5, hydration reactions
generate the colorless carbinol pseudobase, which can further
undergo ring opening to the light-yellow chalcones, most rapidly
at pH 2.5-5 at increased temperatures. The flavylium cation
can alternatively be transformed to quinonoidal bases through
proton-transfer reactions and at values between 6 and 7 can be
further converted to the blue-purple quinonoid anions.10,11

Because of their antioxidant properties, anthocyanins are
considered as a group of polyphenolic antioxidants. As for other
polyphenolics, their antioxidant ability has been related to low

O-H bond dissociation enthalpy (BDE) and relatively high
ionization potential (IP).12-15 The first feature facilitates the
H-abstraction reaction between the antioxidant and the radical.
Relatively high IP decreases the electron-transfer rate between
the antioxidant and the oxygen and thus reduces pro-oxidative
potency of the oxidant. Nevertheless, it has to be noticed that
relatively low IP can be also related to enhanced antioxidant
activity through a mechanism involving electron transfer and
proton transfer steps.

Anthocyanins generally occur as glycosides, whose bioactivity
is attributed to the aglycon but not to the sugar or other binding
species.16 Thus, the computational study of these compounds
can be concentrated on that of the aglycons, which are known
as anthocyanidins.

Some theoretical studies on the stable structures of antho-
cyanidins have already been reported. Nevertheless, practically
all of them employ exclusively semiempirical,17-20 noncorrelated
Hartree-Fock21 levels, or molecular mechanics and simulation
methods.22 One study23 performed post-Hartree-Fock calcula-
tions, employing both MP2 and density functional theory (DFT),
but was limited to the flavylium cation and its monohydroxilated
derivatives. Two recent papers24,25 perform a detailed confor-
mational study of the cationic form of diverse anthocyanidins
using the B3LYP DFT functional with 6-31G(d) and D95 basis
sets. To the best of our knowledge, there has been no previous
DFT study on the whole set of prototropic forms of anthocya-
nidins.

Furthermore, theoretical results obtained on isolated molecules
can be compared to experiments only in a few cases, since most
of the experiments are performed in liquid solutions. For this
reason, numerous models have been developed for taking into
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account solute-solvent interactions in quantum chemical cal-
culations. Continuum solvent models are particularly attractive
since they can be both reliable and very effective. The
polarizable continuum model (PCM), first proposed by Miertu
et al.,26 has proven to be a reliable tool for the description of
electrostatic solute-solvent interactions.27

Pelargonidin (Figure 1) forms with delphinidin and cyanidin
the three anthocyanidins known as the principal and basic
skeletons of flowers color pigments. In conformational terms,
it can be considered as the basic anthocyanidin because it has
the smallest number of hydroxyl groups. This makes it the most
available anthocyanidin for performing a detailed conformational
study that considers all the possible rotamers, tautomers, and
forms in the molecule. Even assuming a preferred orientation
for 3-OH, there are 48 different rotamers in pelargonidin. The
number of different rotamers susceptible for yielding different
conformers exceeds 300 rotamers in delphinidin. This reflects
the high computational cost of complete conformational analysis.
In consequence, reliable structural trends for these compounds
would be very convenient for reducing the conformational search
in polysubstituted anthocyanidins. Therefore, the present study
investigates the structural stabilities of pelargonidin using DFT
calculations to describe its main conformational trends. We
examine the structural characteristics in the solvent-free and
water-solvent cationic, quinonoidal, and anionic forms of
pelargonidin. Finally, taking into account the radical-scavenging
capacity of anthocyanins, we also compute IPs and O-H BDEs
for the diverse acid/base forms of pelargonidin that successfully
compare with those of other natural and commercial antioxi-
dants.

Computational Details

The geometries of pelargonidin in its different forms (flavy-
lium cation, quinoidal-base, and anionic forms) were fully
optimized with the B3LYP28 hybrid density functional theory
(DFT) by using the 6-31++G(d,p) basis set as implemented in
Gaussian03 package.29 The optimized conformations were
confirmed as true minima by vibrational analysis at the same
level. Solvation free energies were computed using the polariz-
able continuum model (PCM)30 from the geometries optimized
with this method. Vibrational frequency analysis was also carried
out to characterize the stationary states obtained with PCM
optimizations.

Unrestricted UB3LYP/6-31++G(d,p) complete optimizations
were carried out for the radical species obtained as a result of
the ionization or O-H bond cleavage experienced by the most
stable conformer of each of the pelargonidin forms. These
calculations were employed to obtain ionization potentials, PI,
and O-H bond dissociation enthalpies, BDE, for cationic,
quinonoidal, and anionic forms of pelargonidin (Figure 1). PIs

and BDEs were obtained including zero point vibrational
energies (ZPVE) and other thermal corrections to the enthalpy
(TCE) of final and initial states.

Conformations are named by acronyms made by a capital
letter indicating the concrete acid/base form of pelargonidin
considered (C) cation, Q) quinonoidal, A) anion) and four
lower case letters indicating approximated values of the main
dihedral angles defining the orientation of the hydroxyl groups.
They areω1 (C2-C3-O-H), ω2 (C5-C6-O-H), ω3 (C6-
C7-O-H), and ω4 (C3′-C4′-O-H); s denotes nearly syn-
periplanar anda denotes nearly antiperiplanar. Another impor-
tant dihedral angle isω5 (O1-C2-C1′-C2′) that defines the
coplanarity ofAC andB systems (Figure 1). Bearing in mind
the different number of OH groups presented by C, Q, and A
forms and the presence of multiple tautomers in Q and A, the
position of symbol x indicates which hydroxyl has been
deprotonated.

Results and Discussion

A detailed conformational analysis was performed for the
three forms of pelargonidin (C, Q and A) both in gas and in the
PCM modelized solvated phase. The results are presented below
in separated epigraphs for cationic, quinonoidal, and anionic
forms. In all cases, the results are first presented for the isolated
molecules in gas phase and then for the PCM modelization of
the aqueous solution.

Cationic Form. We have optimized eight different initial
conformations resulting from consideringa andsarrangements
for ω2, ω3, andω4 dihedral angles. Taking into account previous
studies25 and expected high repulsions between H6′ and H3 if
ω1 is in s arrangement, this dihedral angle was considered in
dispositiona in all the initial confomations, although we have
checked the validity of this assumption (see below).Casaahas
been found as the most stable conformer of this form in gas
phase. Internal rotation aroundω1 (Figure 2a) was performed
for this conformer, and we have observed a rotational barrier
of 12 kJ mol-1 for the interconversion to a shallow minimum
(Cssaa) whose relative energy is 8 kJ mol-1 aboveCasaa,
confirming previous results and expectations on the basis of
qualitative estimations of steric repulsions.

It is noticeable that restricted optimizations withCs symmetry
from initial conformations withω2 antiperiplanar (Caa--) give
rise always to transition states with one imaginary frequency.
Their relative energies (Table 1) are between 19 and 20 kJ mol-1

(after ZPVE corrections) over the correspondingsstructure. The
internal rotation ofω2 shows that the trueCaa-- minima display
ω2 values around 170° (Figure 2b). The energy difference
between the trueCaa-- local minimum and the planar transition
state is negligible (0.02 kJ mol-1).

Figure 1. Most stable rotamers of cationic, quinonoidal, and anionic forms of pelargonidin showing the labeling scheme for the three rings (A, B,
C), atom numbering, and main dihedral angles (ω1-ω5).
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The large energy difference betweenCaa-- and Cas--
conformers may be due to the high repulsion among coplanar
hydrogens H3, H4, and H5 which is slightly reduced when H5
leaves the molecular plane. Interatomic distances show that the
energy preference forCas-- over Caa-- is due to steric
interactions. Thus, for example,Caaaadisplays H4‚‚‚H5 and
H3‚‚‚H4 distances of 2.055 and 2.265 Å, respectively, whereas
the shortest interatomic distances inCasaa are 2.389 Å
(H5‚‚‚H6) and 2.300 Å (H3‚‚‚H4). Moreover, O5 moves away
from H4, opening C10-C5-O 7.7° wider inCaaaa(123°) than
in Casaaand closing O-C5-C6 7.6° in Caaaa(116.8°) with
regard to Casaa. In contrast, no important differences are
observed for bond distances (none of them exceeds 0.007 Å).

When the geometry of the cationic form of pelargonidin is
compared to that of the parent flavylium cation (all OH groups
replaced by hydrogens), it can be observed (Figure 3) that C2-

Figure 2. Energy profiles for the internal rotation aroundω1 (C2-
C3-O3-H3) (a),ω2 (C6-C5-O5-H5) (b), andω5 (O1-C2-C1′-
C2′) (c) for the most stable cation (Casaa) of pelargonidin. Bold face
symbols refer to isolated molecule and open face symbols refer to PCM
calculations.

TABLE 1: B3LYP/6-31++G(d,p) Relative Energies (in kJ
mol-1) for Isolated Pelargonidin Rotamers

rotamer IFNa ∆Eb rotamer IFNa ∆Eb rotamer IFNa ∆Eb

Casaa 0 0.0 Qaxsa 0 0.0 Asxsx 0 0.0
Casas 0 1.0 Qaxssc,d 0 0.1 Aaxsx 0 0.5
Cassa 0 1.5 Qxsaa 0 6.0 Asxax 0 3.8
Casss 0 2.2 Qasxs 0 6.1 Aaxax 0 4.3
Caasa 1 19.8 Qasxa 0 6.1 Assxx 0 6.0
Caass 1 20.3 Qxasa 0 6.8 Axaax 0 6.4
Caaaa 1 21.9 Qaxaa 0 7.0 Axasx 0 7.9
Caaas 1 22.7 Qxaaa 0 7.0 Axxsa 0 9.4

Qaxasc,e 0 7.3 Axxss 0 10.8
Qxsas 0 8.3 Aasxx 0 11.5
Qxass 0 8.7 Axsxa 0 12.0
Qxaas 0 9.2 Axaxa 0 12.7
Qxssa 0 9.2 Axsxs 0 13.3
Qxsss 0 11.2 Axxaa 0 13.5
Qasax 0 17.3 Axaxs 0 13.5
Qassx 0 20.3 Asaxx 0 14.7
Qaaxa 1 24.2 Axxas 0 15.1
Qaaxs 1 25.0 Axsax 0 17.8
Qaasx 1 28.7 Axssx 0 22.2
Qaaax 1 28.7 Aaaxxc 0 23.6

Aaxxs 0 48.0
Aaxxac 0 48.7

a Number of imaginary frequencies.b Energies are relative to the
most stable conformer for each series once it has been corrected with
ZPVE. These references areE(+ZPVE)(Casaa) ) -953.92802 au,
E(+ZPVE)(Qaxsa) ) -953.53752 au, andE(+ZPVE)(Asxsx) )
-953.03173 au.c ω1 differs from 180.0° by less than 0.2°. d ω5 differs
from 0.0° by less than 0.1°. e ω5 ) 0.7°. f As- rotamers are not planar;
main distortions from the planar geometry areAsxsx(ω1 ) -20.7°,
ω3 ) 0.4°, ω5 ) -20.7°), Asxax(ω1 ) -20.6°, ω3 ) -179.8°, ω5 )
-21.4°), Assxx(ω1 ) -21.1°, ω2 ) 1.0°, ω5 ) -20.9°), Asaxx(ω1 )
-20.9°, ω2 ) -161.2°, ω5 ) -20.6°).

Figure 3. Relative bond lengths in the most stable form of cationic
pelargonidin with regard to the flavylium cation. All values in Å
multiplied by 103. B3LYP/6-31++G(d,p) optimized geometry for the
flavylium cation is listed as supporting information.
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C1′ bond length shrinks from 1.450 Å (flavylium cation) to
1.440 Å, whereas O1-C2 lengthens from 1.337 Å (flavylium
cation) to 1.351 Å and C2-C3 also lengthens from 1.409 Å
(flavylium cation) to 1.422 Å. This has been explained in terms
of the resonance model considering that the introduction of one
OH group in 4′ stabilizes the carbocation represented by
structures F4 and F5 in Figure 4. Nevertheless, introduction of
the OH group in 5 should stabilize resonance form F6 leading
to the lengthening of C5-C10 and C5-C6. Figure 3 shows
that the latter is contradicted by the optimized structures.

The electron density analysis carried out with the quantum
theory of atoms in molecules (QTAIM)31 indicates by finding
a bond path (Figure 5) that the eight rotamers (fourCas--
conformers and fourCaa-- transition states) display an intramo-
lecular hydrogen bond (IHB) connecting O3 and H6′,
O3‚‚‚H6′-C6′, as assumed in previous papers by Pereira et
al.19,21We observe that the frequency which can be assigned to
C6′-H6′ vibration,υ(C6′-H6′), is 3284.3 cm-1 (in Casaaand
displaying very slight variations for the other conformers of
pelargonidin cation) and is 3222.1 cm-1 in the equivalent
conformer of the 3-deoxy-pelargonidin structure (apigeninidin),

which obviously does not present this IHB. Also, the C6′-H6′
bond length is shorter in pelargonidin (1.079 Å) than in
apigeninidin (1.084 Å), indicating the formation of a blue-shifted
IHB.

Overall, we can say that the conformational energy of the
cations is mainly determined byω2 (the energy rises around
20 kJ mol-1 when this dihedral goes from syn to anti
arrangement) andω1 (which prefers the anti orientation over
the syn by more than 8 kJ mol-1). In contrast,ω3 andω4 have
a much smaller effect on the conformational energy, raising the
energy by 1.7 and 1.1 kJ mol-1, respectively, when passing from
anti to syn dispositions. The internal rotation around C2-C1′
is significantly hindered although the molecular energy remains
practically constant along the interval-20° e ω5 e 20° (Figure
2c).

The eight stationary points found in gas phase were also
optimized with no restrictions simulating the aqueous solvation
with the PCM method. All the optimized structures show at
least one imaginary frequency (two when the corresponding gas-
phase structure is a saddle point). The new imaginary frequency,
observed for the eight rotamers, represents a movement that
can be described approximately as an internal rotation around
the C2-C1′ bond and will be namedν(C2-C1′) in what
follows.

To find the real minima, we have tried several things like
performing subsequent unrestricted optimizations with more
rigorous convergency criteria and computing relaxed scans of
ω1 and ω5. All of these procedures were unsuccessful for
locating the true minima. The most detailed minimum search,
carried out for theCasasconformer, included 1° stepwise
relaxed scan of two dihedral angles (ω1, ω5). The profile of the
PCM energy surface obtained for rotatingω1 is significantly
flat between 0 and 10° as shown in the detail in Figure 2a. The
lowest molecular energy achieved was 0.2 kJ mol-1 more
negative than the planar structure. This energy difference is
clearly below the confidence level of DFT calculations.
Moreover,ν(C2-C1′) is imaginary for this optimized nonplanar
structure. Taking into account that the modulus ofν(C2-C1′)
is rather small (around 17 cm-1) and the shortcomings associated
to frequency calculations within the framework of PCM,32 we
assume that the exact position of the four expected minima
cannot be determined by this method. Actually, the concrete
positions of these conformers are not really important as they
are experiencing large amplitude vibrations in this flat region
of ω1 andω5. Finally, we think that the planarC structures are
not true minima for PCM optimizations. In fact, the moduli of
the imaginaryν(C2-C1′) computed for them are larger than
30 cm-1.

In summary, we can say that (1) solvatedCas-- conformations
are found around 12 kJ mol-1 more stable than their corre-
spondingCaa-- conformations and (2) the most stable confor-
mations (Table 2) of the solvated cation,Casas, are not planar,
as reflected by two of the main dihedral angles (ω1 ) 176.6°
andω5 ) 13.6°, Figure 2).

Quinonoidal Forms. The flavylium cation analogue studied
above is the main form in strong acidic media. Anthocyanin
cations are transformed into neutral quinonoidal forms upon
deprotonation when raising the pH. Hydroxylic hydrogens are
obviously the most suitable targets for deprotonation. Therefore,
one OH group is replaced by a carbonyl in these forms. As
pelargonidin has four-OH groups, we can distinguish four
different quinonoidal tautomers (Figure 6), which henceforth
will be named by the atom attached to the carbonyl oxygen.
Every one of them appears as a set of rotamers. After checking

Figure 4. Some significant resonance structures for flavylium cation.
Other resonance structures (not shown) place the positive charge on
C2, C4, C5, C7, C9, C2′, C6′.

Figure 5. Pelargonidin cation molecular graph (obtained with AIM-
200052) for its most stable rotamer computed from its completely
optimized B3LYP/6-31++G(d,p) electron density. The molecular
graph contains the bond path associated to the O3‚‚‚H6′-C6′ IHB.
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again that antiperiplanar dispositions ofω1 are of lower energy
than the corresponding synperiplanar ones (Supporting Informa-
tion), four different rotamers were studied for C4′, C7, and C5
tautomers and eight were studied for C3.

C5 tautomer is found as the most stable one with two rotamers
that are nearly isoenergetic (QaxsaandQaxss). The remaining
rotamers of C5 (QaxaaandQaxas) are slightly destabilized (7.0
and 7.3 kJ mol-1, respectively). The most important difference
between interatomic distances is that observed for the H5‚‚‚H
closest nonbonded distance (2.29 Å for the former and 2.26 Å

for the latter). This difference cannot be responsible for relative
energies of 7.0 kJ mol-1, and in fact, it gives rise to less than
0.3 kJ mol-1 according to Allinger et al.’s MM333 van der Waals
term of this molecular mechanics force field.34 In contrast, there
is a very significant variation of global dipole moment when
ω3 is rotated, going from 5.3 D inQaxsa(5.0 D in Qaxss) to
7.8 D in Qaxaa(7.7 D in Qaxas), pointing to an electrostatic
origin for this destabilization.

There is a group of rotamers of the C5, C3, and C7 tautomers
whose energies are between 6 and 11 kJ mol-1 less negative

TABLE 2: B3LYP/6-31++G(d,p) Relative Energies (in kJ mol-1) for PCM Modeled Aqueous Solvated Pelargonidin Rotamers

rotamer ω1 ω2 ω3 ω4 ω5 ∆Gsolv
a Epol

a EPCM - E gasa ∆Eb

Casasc 180.0 0.1 180.0 0.1 0.0 -65.8 -75.4 -69.0 0.0
Casaad 179.9 0.1 180.0 180.0 0.6 -65.3 -74.9 -68.7 0.0
Casssd 179.8 0.2 0.2 0.1 0.9 -66.5 -76.1 -69.2 0.4
Cassad 180.0 0.1 0.1 180.0 0.1 -66.3 -75.8 -69.0 0.5
Caaaae 179.9 180.0 180.0 180.0 0.2 -69.4 -79.1 -71.1 14.7
Caaase 179.9 179.8 180.0 0.1 0.0 -69.7 -79.4 -71.3 14.7
Caasse 180.0 180.0 0.1 0.1 0.1 -68.7 -78.4 -70.6 14.8
Caasae 180.0 180.0 0.1 180.0 0.1 -68.6 -78.3 -70.5 14.8
Qasxs 173.6 0.0 x 0.2 15.8 -37.0 -47.0 -34.9 0.0
Qasxa 173.5 0.1 x 179.6 16.3 -37.3 -47.3 -34.9 0.2
Qaxss 174.0 x 0.1 0.0 16.5 -32.9 -42.9 -33.3 0.5
Qaxsa 174.2 x 0.2 179.9 15.7 -32.9 -42.9 -33.2 0.7
Qaxaa 174.3 x 179.1 0.1 16.6 -36.1 -46.1 -34.6 2.5
Qaxas 174.2 x 179.5 0.1 15.9 -36.1 -46.1 -34.7 2.5
Qxsaa x 0.1 180.0 180.0 -0.3 -34.4 -44.4 -34.2 2.8
Qxsas x 0.1 180.0 0.1 0.0 -35.9 -45.8 -34.8 2.9
Qxssa x 0.1 0.2 180.0 0.0 -35.8 -45.8 -34.9 3.7
Qxsss x 0.1 0.2 0.1 -0.7 -37.1 -47.1 -35.4 3.8
Qasax 179.9 0.1 179.9 x 0.1 -42.0 -51.9 -36.4 5.0
Qassx 179.9 0.1 0.2 x 0.2 -44.0 -53.9 -37.2 5.4
Qxaaa x 179.7 179.9 180.0 0.2 -30.7 -40.8 -31.9 14.1
Qaaxs 174.4 147.7 x 0.2 16.3 -41.2 -51.3 -35.4 14.2
Qxaas x 179.8 179.9 0.1 -0.6 -32.0 -42.1 -32.5 14.2
Qaaxa 174.0 148.1 x 179.5 16.4 -41.6 -51.7 -34.3 14.4
Qxasa x 178.5 0.1 179.9 -0.1 -30.4 -40.5 -31.8 14.6
Qxass x 180.0 0.1 0.1 0.2 -31.6 -41.7 -32.3 14.7
Qaasx 180.0 179.9 0.1 x 0.0 -43.4 -53.4 -36.6 17.7
Qaaax 180.0 179.9 180.0 x 0.0 -43.1 -53.1 -36.6 17.7
Axxsa x x 0.1 179.9 -0.3 -69.7 -80.0 -66.8 0.0
Axxss x x 0.1 -0.1 -0.3 -70.7 -81.1 -67.2 0.0
Aaxsx 176.6 x 0.2 x 2.1 -65.4 -75.7 -64.6 0.5
Axsxs x 0.1 x -0.1 -0.3 -69.1 -79.4 -67.5 0.8
Axsxa x 0.2 x 179.9 0.1 -68.5 -78.8 -67.2 0.9
Axxaa x x 180.0 179.9 -0.1 -72.0 -82.4 -67.6 1.3
Axxas x x 180.0 -0.1 -0.2 -73.2 -83.6 -68.1 1.4
Aasxx 180.0 0.1 x x 0.2 -70.9 -81.2 -66.9 2.2
Aaxax 178.7 179.9 x x 0.6 -67.0 -77.3 -65.2 2.3
Axsax x 0.1 180.0 x 0.2 -73.7 -84.0 -68.4 2.4
Axssx x 0.0 0.2 x 0.3 -76.1 -86.4 -69.5 3.1
Aaxxs 172.5 x x 0.1 17.9 -81.2 -91.5 -74.7 6.3
Aaxxa 173.8 x x -179.5 16.7 -81.6 -91.9 -74.9 6.5
Asxsx -62.1 x 0.3 x -15.8 -63.6 -74.1 -62.1 8.8
Assxx -68.4 0.8 x x -13.3 -66.8 -77.2 -63.4 9.4
Asxax -69.8 x -179.7 x -12.8 -65.6 -76.0 -62.7 10.5
Axaax x -180.0 -180.0 x 0.1 -66.7 -77.2 -63.6 11.5
Axasx x -179.8 0.1 x 0.0 -67.5 -77.9 -63.9 11.9
Axaxs x 177.3 x 0.0 0.7 -66.5 -77.0 -65.1 12.5
Axaxa x -179.7 x -180.0 0.3 -66.0 -76.5 -64.9 12.6
Aaaxx 179.9 179.8 x x 0.3 -73.7 -84.0 -67.3 15.6
Asaxx -69.6 -153.8 x x -12.2 -67.6 -78.1 -62.7 21.3

a Values in kcal mol-1. ∆Gsolv, Epol, andEPCM - Egas represent, respectively, the solvation Gibbs energy, the PCM term for polarization energy,
and the difference between electronic molecular energies for PCM and isolated molecule calculations.b Energies are relative to the most stable
conformer for each series once it has been corrected with ZPVE. These references areE(+ZPVE)(Casas) ) -954.04449 au,E(+ZPVE)(Qasxs)
) -953.59521 au, andE(+ZPVE)(Axxsa) ) -953.13721 au.c The actual geometry for theCasasconformation with the most negative energy
displaysω1) 176.6°, ω2 ) -0.2,ω3 ) -179.4,ω4 ) 0.1, andω5 ) 13.6. d It is expected that this conformation is a transition state very close in
energy to the real conformer as obtained forCasas. Results obtained forCasas(Figure 3) indicate that the computational cost for obtaining the true
minima is not justified. Therefore, we have assumed that the PCM energy of the fourC minima can be represented by that of the corresponding
planar form, and these are the data shown this table.e These structures display two imaginary frequencies, one associated toω2 (already displayed
by the corresponding gas-phase structure) and another toω5. According to the behavior shown byCasas, the actual transition state should display
similar geometry (but nonplanar) and very close energy.
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than that ofQaxsa. In contrast, all the rotamers of the C4′
tautomer display relative energies larger than 17 kJ mol-1 (Table
1). Computed frequencies indicate that four rotamers of different
tautomers are transition states. All of them show simultaneous
antiperiplanar disposition ofω2 andω1 (Qaa-- in Table 1). In
contrast to what has been found for the cation and the remaining
tautomers of the quinonoidal form, the relative energies of the
rotamers of the C3 tautomer cannot be classified usingω2

values. In fact, the anti arrangement ofω2 is preferred in two
pairs of rotamers (Qx-ssand Qx-sa), as shown in Figure 7,
whereas the other two pairs prefer the syn arrangement as was
found for the cation.

All the rotamers, both true minima and transition states, are
completely planar. Tautomerism gives rise to important varia-
tions in the bond lengths of the polycyclic system (Table 3),
which are practically unaffected by internal rotation of hydroxyls
and which basically agree with the predictions that can be
inferred from the resonance model looking at the structures
drawn in Figure 6. Thus, referring the bond lengths of the
quinonoidal tautomers to the corresponding ones in the most
stable cationic rotamer (Casaa), we observe that (1) C5 and
C7 tautomers have bond lengths that are significantly different
from those of the cation in theAC bicycle, whereas they are
practically equivalent in ringB; (2) all the bond lengths of the

tautomer C4′ in theAC-B system (excluding C7-C8 and C8-
C9) show important changes with regard to the cation; and (3)
only two bond lengths (C2-C3 and C3-C4) of the tautomer
C3, which cannot be represented by any uncharged Lewis
structure, are significantly different to those of the cation.

The only remarkable changes observed for bond angles within
the polycyclic skeleton are localized in the C-C-C angle,θ,
whose central carbon is attached to the deprotonated OH. These
angles close between 6° (C5 and C3 tautomers) and 5° (C4′
and C7 tautomers) upon hydrogen abstraction with regard to
their value in the corresponding cation (Supporting Information).
There are also bond angles involving H or O atoms that
experience significant modifications in the series of quinonoidal
tautomers. They can be related to the cycle geometry reorga-
nization accompanyingθ closing.

All the quinonoidal rotamers display (as commented above
for the cation) the O3‚‚‚H6′-C6′ hydrogen bonding (detected
as a QTAIM bond path). According to interatomic distances
and to the electron density at the corresponding bond critical
point (BCP),FBCP, this IHB becomes stronger when O3 is in
sp2 hybridization (tautomer C3). Thus,FBCPrises from 1.87‚10-2

au in the other tautomers to 2.45‚10-2 au in C3 andRO3···H6′
displays the smallest value in the series in C3 (2.057 Å). The
blue-shift for C6′-H6′ becomes negligible in C3 (υC-H )
3229.9 cm-1, RC-H ) 1.083 Å), whereas it is still significant
in the other tautomers (3269.9 cm-1 < υC-H < 3271.6 cm-1;
RC-H ) 1.080 Å). All the rotamers, if we exclude those of the
C3 tautomer, display also another hydrogen bond (O1‚‚‚H2′-
C2′) which, according to QTAIM analysis, is weaker (FBCP )
1.62‚10-2 au).

Another common characteristic of quinonoidal rotamers is a
high dipole moment. All of them are above 4.9 D if we exclude
theQxasaandQxaaa(2.45 and 3.84 D, respectively), and it is
5.33 D for the most stable rotamer,Qaxsa.

All the rotamers of C5 and C7 tautomers lose the planarity
obtained for gas phase after PCM optimization, although the
energy difference with the planar structure (obtained as a
transition state) is very small (never larger than 0.5 kJ mol-1).
The remaining tautomers (C4′ and C3) keep the planarity
because of the importance of the C2-C1′ double-bonded

Figure 6. Tautomers of the quinonoidal form of pelargonidin in their
most stable conformers (name in parenthesis) represented by their
uncharged canonical Lewis structures excluding C3 where no uncharged
Lewis structure can be drawn.

Figure 7. Energy profiles for the internal rotation aroundω2 (C6-
C5-O-H) for isolated and PCM modeled aqueous solution of C3
tautomer (interconversion betweenQxsssand Qxassrotamers). Bold
face symbols refer to isolated molecule and open face symbols refer to
PCM calculations.

TABLE 3: B3LYP/6-31++G(d,p) Optimized Main Bond
Lengthsa for the Most Stable Cationb and Every Tautomer
of Quinonoidalc Isolated Pelargonidin

Casaa

C4′
tautomer
Qasax

C7
tautomer

Qasxs

C5
tautomer
Qaxsa

C3
tautomer
Qxsaa

C5-C6 1.379 0.011 -0.021 0.059 -0.001
C6-C7 1.415 -0.011 0.059 -0.034 0.001
C5-C10 1.430 -0.017 0.015 0.065 0.005
C9-C10 1.413 -0.011 0.032 0.020 0.001
C4-C10 1.405 0.028 -0.033 -0.035 -0.005
C8-C9 1.389 0.005 -0.029 -0.021 0.013
C7-C8 1.399 -0.003 0.058 0.029 -0.013
C3-C4 1.385 -0.021 0.032 0.030 0.046
C2-C3 1.422 0.029 -0.040 -0.037 0.043
C2-C1′ 1.440 -0.047 0.022 0.022 0.005
C1′-C2′ 1.425 0.028 -0.012 -0.010 -0.005
C1′-C6′ 1.421 0.030 -0.006 -0.009 -0.004
C2′-C3′ 1.377 -0.020 0.012 0.010 0.007
C5′-C6′ 1.384 -0.025 0.005 0.008 0.007
C3′-C4′ 1.410 0.058 -0.009 -0.009 -0.006
C5′-C4′ 1.406 0.059 -0.007 -0.007 -0.007
C2-Ã1 1.351 0.029 0.017 0.015 0.002
C9-Ã1 1.343 0.019 0.030 0.027 0.005

a All values in Å. b Absolute values.c Values are relative to those
of Casaa.
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resonance form in C4′ and because of the enhancement of
O3‚‚‚H6′-C6′ IHB after abstraction of H3 in C3. PCM
frequency calculation finds for some planar structures (all C5
and C7 tautomers) one imaginary frequency (associated to the
internal rotation around C2-C1′) that is not obtained in the
gas phase. In this case, we have obtained true nonplanar minima
when the optimizations were carried out without any symmetry
restrictions. Table 2 lists the main characteristics of completely
optimized geometries.

Another result of PCM optimizations is a general reduction
of relative conformational energies. Thus, two rotamers of C7
(Qasxsand Qasxa) and two of C5 (Qaxssand Qaxsa), those
with synperiplanar dispositions ofω2, are found as the most
stable rotamers and their energies differ by less than 1 kJ mol-1.
Also, the C5 rotamers showing antiperiplanar disposition ofω3

display relative energies below 2.5 kJ mol-1. The most
significant change in relative energy takes place whenω2 is
antiperiplanar. This disposition raises the relative energy above
14 kJ mol-1. Nevertheless, these relative energies are smaller
than those obtained in gas phase (Tables 1 and 2).

All the rotamers of tautomer C4′ are significantly stabilized
in PCM with regard to gas phase, whereas the opposite trend is
followed by the Qxa-- rotamers of tautomer C3. The most
negative polarization energy between solute and solvent is
obtained for C4′ rotamers (-51.9 to-53.9 kcal mol-1) and C7
rotamers with antiperiplanarω2 (-51.2 to-51.7 kcal mol-1).
This can be related to the long distance between the most
negative and positive sites of the molecule (carbonyl oxygen
and hydroxyl hydrogens, respectively), which allows the spread-
ing of a higher charge density over their neighborhoods on the
cavity surface. In fact, when the 5-OH of C7 becomes
synperiplanar (approaching hydroxyl H5 at one side of carbonyl
O7), the polarization term is reduced (-47.0 to -47.3 kcal
mol-1). In the same vein, the smallest polarization energies
(-40.5 to-42.1 kcal mol-1) are shown byQxa-- where the
carbonyl group at C3 is very close to hydroxylic H5. This
explains why these rotamers are relatively destabilized in PCM.

Anionic Forms. Neutral quinonoidal forms are transformed
into anions upon deprotonation of another hydroxyl in basic
media. We are naming the diverse anion tautomers indicating
the atoms attached to the two carbonyl oxygens. Again, there
is a series of rotamers for every tautomer. In this case, the
assumption that synperiplanar dispositions ofω1 are of higher
energy than the corresponding antiperiplanar ones is not correct
for all the tautomers. Thus, the reverse trend is found for C7C4′
and C5C4′ tautomers (Supporting Information). Therefore, we
have studied four different rotamers for C3C5 (Axxsa, Axxss,
Axxas, Axxaa), C3C7 (Axsxa, Axsxs, Axaxs, Axaxa), C3C4′
(Axssx, Axasx, Axaax, Axsax), C5C4′ (Aaxsx, Aaxax, Asxsx,
Asxax), and C7C4′ (Aaaxx, Aasxx, Asaxx, Assxx) tautomers and
two rotamers for C5C7 (Aaxxs, Aaxxa).

C5C4′ is the most stable tautomer, displaying in gas phase a
significant preference for the nonplanarAsxsxrotamer (Table
1). The following tautomer in the stability sequence is C3C4′,
but the relative energy of its rotamers depends highly upon the
disposition ofω2, the antirotamers being more than 10 kJ mol-1

more stable than the syn. If we exclude theAxxs- rotamers of
tautomer C3C5, the relative energies of the remaining rotamers
are over 10 kJ mol-1. The C5C7 tautomer also has high relative
energy (Table 1).

As was found for quinonoidal forms, tautomerism gives rise
to important variation in the bond lengths of the polycyclic
system, which are practically unaffected by internal rotation of
hydroxyls (see below for exceptions) and which agree with the

resonance model (Supporting Information). Thus, C2-C1′ is
significantly shorter in those tautomers involving O4′ deproto-
nation (1.418-1.428 Å in C5C4′ and C7C4′ and 1.404 in
C3C4′) than in the remaining ones (1.450 Å in C3C5 and C3C7
and 1.465 Å in C5C7). There are canonical forms assigning a
C2)C1′ formal double bond in the first series, whereas all the
canonical forms of the second series leave formal single bonds
for C2-C1′. Moreover, the shortest C2-C1′ bond lengths
correspond to the C3C4′ tautomer where the unique Lewis
structure leaves a formal double bond for C2)C1′. The fact
that C2-C1′ bond length in C5C4′ and C7C4′ tautomers is
closer to that of the formal double bond than to the single one
can be related to a preference for canonical forms A2 (Figure
8). (For more details, see Supporting Information, Figure S1.)
This preference is supported by QTAIM atomic electron
populations, which are higher for deprotonated oxygens of the
AC bicycle (9.225-9.239 au) than for deprotaned O4′ (9.209-
9.214 au). Significant variations observed for other bond lengths
across the tautormers (Supporting Information, Table S3) are
also explainable in relation to resonance structures.

The only significant variation of the geometry due to internal
rotation around C-OH bonds is obtained whenω1 is rotated
from anti- to synperiplanar disposition. Thus, when planarAaxsx
interconverts into the nonplanarAsxsx conformer, C2-C1′
lengthens and C2-C3 shortens by 0.01 Å. This geometry change
allows a reduction of electron-electron repulsions between H3
and H6′.

All the anionic rotamers disposingω1 in a arrangement
display (as commented above for cation and neutral forms) the
O3‚‚‚H6′-C6′ hydrogen bonding (detected as a bond path). This
interaction is not present in the correspondings rotamers (the
most stable for C5C4′ and C7C4′ tautomers). Interatomic
distances andFBCPvalues indicate that this IHB is stronger when
O3 is deprotonated (tautomers C3-). Thus, FBCP is between
2.31‚10-2 and 2.34‚10-2 au in these tautomers and goes from
1.80‚10-2 to 1.90‚10-2 au when O3 is protonated (tautomers
C5C4′, C5C7, and C7C4′). RO3···H6′ is shorter than 2.090 Å for
O3 deprotonated forms and is longer than 2.137 Å for the O3
protonated ones. In all cases,υC6′-H6′ frequencies are lower with
regard to their values in quinonoidal forms. Accordingly, C6′-
H6′ bond lengths are longer in the anion than in the corre-
sponding rotamer of the neutral form. Althoughν(C6′-H6′) is
still blue-shifted with regard to apigenidin for the most stable
tautomer, tautomers where H has been abstracted from C3 show
red-shiftedν(C6′-H6′) (e.g., 3212.9 cm-1 for C3C7). Finally,

Figure 8. Main canonical forms for the diverse C4′ deprotonated
tautomers of pelargonidin. C2-C1′ bond lengths shown for C7C4′ and
C5C4′ tautomers correspond toAa---rotamers (planar). They lengthen
by 0.010 Å in the correspondingAs---rotamer.
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O1‚‚‚H2′-C2′ IHB is only observed in C5C7, being weaker
than O3‚‚‚H6′-C6′ (FBCP ) 1.65‚10-2 au andRO1···H2′ ) 2.290
Å).

The rotamers of C5C7 and C5C4′ tautomers lose the planarity
obtained for gas phase after PCM optimization withω5 around
17° and 2.1°, respectively. The energy difference with the planar
structures (obtained as a transition state with one imaginary
frequency always larger than 30i cm-1 and associated to the
internal rotation around C2-C1′) is very small (never larger
than 0.5 kJ mol-1). The remaining tautomers keep the planarity.

Tautomers with a carbonyl group at C3 display the lowest
energy according to PCM optimizations if we exclude those
rotamers whereω2 is antiperiplanar. As usual, the conforma-
tional energy interval gets narrow after PCM optimizations.
Thus, 11 rotamers show relative energies below 1 kcal mol-1.
They represent five different groups of tautomers (C3C5, C5C4′,
C3C7, C7C4′, and C3C4′). The largest relative energies cor-
respond toAaaxx(where the hydroxylic H3 and H5 are quite
close to H4) and toAxa-- rotamers where, as commented for
the quinonoidal forms, the relative orientations of the carbonyl
at C3 and the hydroxyl at C5 are not compatible with optimum
solvation. Once more, we find that the most significant change
in relative energy takes place whenω2 is antiperiplanar. This
disposition raises the relative energy above 10 kJ mol-1.
Nevertheless, these relative energies are smaller than those
obtained in gas phase (Tables 1 and 2).

The rotamers of tautomer C5C7 (AaxxsandAaxxa) are the
most stabilized in PCM with regard to the gas phase (-74.7
and-74.8 kcal mol-1) because of its high polarization (-91.5
and -91.9 kcal mol-1) and solvation (-81.2 and-81.6 kcal
mol-1) energies, whereas the opposite trend is followed by the
Axa- rotamers (Table 2).

Ionization Potential and O-H Bond Dissociation Energies.
Anthocyanins are polyphenolic antioxidants (ArOH) since they
contain at least one hydroxyl group attached to a benzene ring.
They intercept free radicals, reacting with them at a faster rate
than the substrate. Since free radicals are able to attack a variety
of targets including lipids, fats, and proteins, it is believed that
they are implicated in several important degenerative diseases
including aging itself.35-38 It is commonly accepted that the key
factors that help to enhance the antioxidant activity of polyphe-
nols include15 (1) a relatively low O-H bond dissociation
enthalpy (BDE), which facilitates the H-abstraction reaction with
the radical (eq 1), and (2) a relatively high ionization potencial
(IP) that decreases the electron-transfer rate between antioxidant
and oxygen that yields ArOH+‚ cations (eq 2). Radical cations
are potencial pro-oxidative species, which have been shown to
undergo substitution on DNA bases and which thereby exert
mutagenic effects.39 Nevertheless, it has been also reported that
low IPs may enhance antioxidant activity when the formation
of ArOH+‚ is followed by the proton transfer shown in (eq 3).40

IPs were calculated in the gas phase for the most stable
structure of cation, neutral, and anion forms of isolated
pelargonidin taking into account zero point vibrational energies
(ZPVEs) and thermal corrections to enthalpy (TCEs). It can be
observed that the IP of pelargonidin diminishes when H-
abstraction progresses reducing the number of OH groups in

the molecule (Table 4). This differs with previously reported
results, where a growing number of OH in the molecule results
in lower IP.41,42 The reason is because in previous cases the
comparison was established among neutral forms of similar
compounds (sets of hydroxybenzoic41 and cinnamic42 acids) and
here we are studying cationic, neutral, and anionic forms of
the same molecule. Therefore, the expected sequence for IPs is
cation> neutral> anion. Anyway, according to eq 2, acid pH
enhances pelargonidin antioxidant activity.

The cation of pelargonidin can be considered as a very
powerful antioxidant species as its IP is significantly larger than
widely used food synthetic additives as butylated hydroxyani-
sole, propyl gallate, and nordihydroguaiaretic acid (639, 702,
and 672 kJ mol-1, respectively)15 and the natural flavanoid
antioxidants epigallocatechin-3-gallate (618 kJ mol-1), one of
the most active antioxidants obtained from green tea,43 epicat-
echin (714.8 kJ mol-1),40 tocopherol (648.1 kJ mol-1),44 or
quercetin (694.9 kJ mol-1).45 Even the IP of neutral pelargonidin
can be satisfactorily compared (644 kJ mol-1) to most of those
indicated above.

BDE was calculated in the gas phase for each OH group of
the most stable cation (Casaa), quinonoidal (Qaxsa), and
quinonoidal-anion (Asxsx) forms of pelargonidin in the gas
phase. For this calculation, we have also included ZPVE and
TCE corrections. BDE is calculated as the enthalpy difference
at 298 K for eq 4, where ArOH is the parent polyphenol and
ArO‚ is the corresponding polyphenoxyl radical.

BDEs computed are smaller (254.1-339.3 kJ mol-1) than
those of hydroxybenzoic acids (350-442 kJ mol-1)41 and phenol
(values varying from 346 to 360 kJ mol-1 depending upon the
method employed).46 Most of them are also lower than the BDE
computed by Zhang and Ji for 2,2,5,7,8-pentamethyl-6-hydroxy-
chroman (325.9 kJ mol-1),47 a model compound for vitamin E.
Analyzing the position of broken OH, we observe that 3 is the
most labile position. This can be explained considering the
presence of an IHB between O3‚‚‚H6′-C6′. As this position is
usually glycosided in anthocyanins, other BDEs shown in Table
4 for each form should also be considered for analyzing the
antioxidant activity of natural compounds. It is also noticeable
that BDE computed for each position follows the sequence
cation > neutral > anion. Therefore, lowering the pH has
opposing effects with regard to the antioxidant properties of
pelargonidin, raising both IP and BDE.

It is known that the acidity of anthocyanidins exceeds that
of other natural polyphenols like flavonoids and hydoxybenzoic
acids.48,49 Thus, the energies involved in the gas-phase depro-
tonation processes of the most stable conformers of cationic
and neutral pelargonidin (1025.3 and 1328.0 kJ mol-1, respec-
tively) are significantly smaller than those computed for a series
of natural flavonoids (1456-1519 kJ mol-1).50 It has been stated
that the antioxidant mechanism which operated through the
chelation of transition-metal ions occurs quite often with at least

RO2‚ + ArOH f ArO‚ + ROOH (1)

RO2‚ + ArOH f RO2
- + ArOH+‚ (2)

RO2
- + ArOH+‚ f RO2H + ArO‚ (3)

TABLE 4: Ionization Potential (IP) and O -H Bond
Dissociation Energies (BDE), in kJ mol-1, for the Most
Stable Rotamer of the Three Forms of Isolated Pelargonidin

BDE

3OH 5OH 7OH 4′OH IP

Casaa 339.3 366.6 375.3 381.6 1031.0
Qasxs 287.8 x 346.5 327.5 644.5
Asxsx 255.5 x 323.3 x 320.4

ArOH f ArO‚ + H‚ (4)
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one deprotonated ligand.51 Therefore, relative acidities also point
to a higher antioxidant activity of anthocyanidins.

Conclusions

According to our B3LYP/6-31++G(d,p) study, the following
conclusions on the conformational equilibria of pelargonidin
can be obtained:

1. The most stable conformer of the cationic and neutral forms
of pelargonidin is completely planar in the gas phase but is not
planar for the anion form.

2. In gas phase, the most stable cations display C2-C3-
O-H and C6-C5-O-H anti and syn orientations, respectively.
Internal rotations around these units results in very significant
destabilizations, whereas syn and anti orientations of hydroxyls
at 7 and 4′ positions are nearly isoenergetic.

3. C5 is the most stable tautomer of quinonoidal pelargonidin.
The energy of this tautomer is significantly affected by the
rotation around the C7-O7 bond, displaying a conformational
preference for the syn disposition of the C6-C7-O-H dihedral
angle. The energies of C3 and C7 tautomers are, at least, 6 kJ
mol-1 higher, whereas C4′ tautomers can be considered
negligible in the conformational mixture as their relative energy
exceeds 17 kJ mol-1. C3 tautomers are only 6 kJ mol-1 above
the most stabilized ones in spite that it is not possible to write
a Lewis structure for theirAC system.

4. In gas phase, the most stable tautomers of pelargonidin
anion display the two carbonyl groups at C5 and C4′. The
rotamers of C3C4′ and C3C5 tautomers have relative energies
between 6 and 10 kJ mol-1, whereas tautomers with a carbonyl
group at C7 display higher energies except forAssxx.

5. Tautomeric equilibria affect substantially the geometries
of the AC-B backbone. Thus, the geometries of quinonoidal
and anionic pelargonidin display significant changes of C-C
bond distances that can be interpreted in terms of resonance
forms. Thus, the C2-C1′ bond length varies from 1.393 to 1.462
Å in quinonoidal and anionic pelargonidin, contrasting to its
constant 1.450 Å value in the cation.

6. All the forms, tautomers, and rotamers with antiperiplanar
arrangement ofω1 in pelargonidin display an intramolecular
hydrogen bond between O3 and H6′ characterized by a clear
blue shift of the frequency associated to C6′-H6′ bond in the
cation. This frequency gets progressively lower in quinonoidal
and anion forms and becomes even red-shifted for the O3-
deprotonated tautomers of the anion.

7. The interval of conformational relative energies gets narrow
with PCM optimizations, which provide nearly the same
conformational sequence for the cation, interchange the relative
position of some quinonoidal tautomers, and even alter which
is the most stable tautomer in the anion (C3C5 according to
PCM and C5C4′ in gas phase). PCM calculations also indicate
that the planarity is lost in the C5 quinonoidal rotamers, in the
C7 tautomers, and in the C5C7 anions.

Finally, gas-phase ionization potentials and O-H BDEs are
consistent with an important antioxidant activity.
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