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ABSTRACT: During red wine maturation in contact with oak wood, C-glucosidic ellagitannins can react with anthocyanins,
leading to new pigments. In this work the thermodynamic and kinetic constants of the network pH-dependent equilibrium of a
new myrtillin (delphinidin 3-O-glucoside)—vescalagin hybrid pigment (1-deoxyvescalagin-(1—8)-myrtillin) have been
determined by UV—visible absorption and stopped-flow experiments and compared to those determined for myrtillin. The
vescalagin substitution at the C-8’ center of myrtillin entails important variations in the pigment behavior upon pH changes. The
hybrid pigment showed lower pK’, and pK, values and a much higher value of K. As a consequence, at moderately acidic pH
values (4 < pH < 6), the percentage of the hemiketal is much lower and the quinoidal base and the (E)-chalcone represent higher
percentages relative to those for myrtillin. Therefore, the hybrid pigment can provide in slightly acidic or neutral solutions an

exceptionally different color compared to that of myrtillin.
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B INTRODUCTION

Anthocyanins are natural pigments responsible for a wide range
of colors in vegetables, fruits, and derived products, such as red
wines or juices.' In particular, they are mainly responsible for
the reddish-blue color of young red wines. During aging and
storage of red wine, anthocyanins are progressively transformed
into new pigments responsible for important changes in the
color.”™® These new pigments usually present important
differences in their stability and color properties in relation to
those of their anthocyanin precursors.’”® Thus, as a
consequence of wine aging, the reddish-blue color of young
red wine changes to the reddish-brown color of matured wine.

Anthocyanins can be involved in different kinds of reactions
during wine aging. Condensation of anthocyanins with flavanols
either directly®® or by mediation of acetaldehyde'®™*?
compounds'® leads to new pigments that show bathochromic
shifts in their visible absorption maxima in relation to native
anthocyanins. Anthocyanins also undergo cycloaddition reac-
tions with wine constituents possessing a polarized double
bond, such as the enol forms of pyruvic acid'**s and
acetaldehyde,'*'” v1nylphenol hydroxycinnamic acids,"® or
the enol form of acetone,'”?° which lead to the so-called
pyranoanthocyanins. The colors of this type of pigment are
more stable against pH increase and bisulfite bleaching than
those of the native anthocyanins and exhibit an orange-red hue
as a consequence of a hypsochromic shift in their visible
absorption maxima.'>'*'**' Moreover, anthocyanins have been
proven to be involved in direct condensation reactions with
certain C-glucosidic ellagitannins,”>** oak compounds that are
present in wines as a consequence of their aging process in

or other
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contact with oak wood. Such C-glucosidic ellagitannins are
hydrolyzable tannins that may represent up to 10% of dry oak
heartwood weight.** The most representative structures of
these ellagitannins are the monomeric forms vescalagin and
castalagin, two epimers first isolated and characterized by
Mayer.”> Lyxose/xylose derivatives (grandinin and roburin E,
respectively) and dimeric forms (roburins A, B, C, and D) have
also been described.***” Some of these ellagitannins may take
part in the changes of color during wine maturation and aging,
helping to improve the stability of the wine color and also
protecting it against oxidation.”®7*° However, among those C-
glucosidic ellagitannins only the vescalagin has been proven to
directly react with other wine components such as (epi)-
catechin, malvidin, and oenin (malvidin 3-O-gluco-
side).?>***"3* The reaction with these anthocyani(di)ns leads
to new hybrid pigments that show a purple hue in accordance
with the important bathochromic shift in the absorption band
of their visible spectra.*>*® These hybrid pigments have also
shown differences in their behavior against changes in pH
values in relation to native anthocyanins.

In a mildly acidic aqueous solutions such as wine,
anthocyanins and related compounds are involved in a series
of pH-dependent chemical reactions leading to both colored
and colorless species as shown in Figure 1 for muyrtillin
(delphinidin 3-O-glucoside). The network of pH-dependent
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Figure 1. Network of pH-dependent equilibrium of myrtillin in acidic medium.

chemical reactions involving anthocyanins is well estab-
lished.>*** Depending on the pH, these compounds can
exist in the form of different species in equilibrium through
proton transfer, hydration, tautomerization, and isomerization
reactions, although this last occurs to a lesser extent. The
flavylium cation AH' is the predominant species in the
equilibrium under sufficiently acidic conditions (pH <2).
When the pH is raised, the flavylium cation is involved in
two parallel reactions: (i) deprotonation to form the blue-
purple quinoidal base A (kinetic product) and (ii) hydration in
position 2 of the pyrylium nucleus to give the colorless
hemiketal B2 (thermodynamic product), herein referred to as
B. This species leads by a ring-opening tautomeric process to
the (E)-chalcone (Cg), which in turn can be transformed via
isomerization into the (Z)-chalcone (C;).

At equilibrium, the network can be very simplified if the
system is considered as a single acid—base equilibrium between
the flavylium cation and a conjugate base CB, defined by the
apparent acidity constant K',, eq 1:

AH" + H,0 = CB + H,0" K, =K, + K, + KK, + KKK,
(1)
CB is defined as the sum of the concentrations of the other
species in the network, [CB] = [A] + [B] + [Cg] + [C]. This
global equilibrium is decomposed into its corresponding
components, eqs 2—S:

AH' + H,0 = A + H,0" K, proton transfer (2)
AH" + 2H,0 = B + H;0" K, hydration (3)
B = C;; K, tautomerization 4)
C; = C, K, isomerization (5)

Prior to reaching thermodynamic equilibrium, kinetic processes
lead to the formation of transient species. When the pH rises,
base A is immediately formed from AH" as a kinetic product
and later totally or partially disappears to yield the
thermodynamic equilibrium in which at least some of the
other species (B, Cg, or C;) are more stable than A»

The relative distribution of the mole fraction of each of these
species in the conjugate base, CB, is dependent on the
substitution pattern of the flavylium core.*** In the case of
anthocyanins, the hemiketal B is the major component and the
quinoidal base A and the (E)- and (Z)-chalcones are the minor
species.36

The thermodynamic and kinetic parameters of some
anthocyanin-derived pigments have been studied showing
important differences in relation to the native anthocya-
nins.”'”* These differences depend on the type of substituent
linked to the native anthocyanins. In particular, the
anthocyanin—ellagitannin hybrid pigment previously studied
by Dangles, Quideau, and co-workers,?* 1-deoxyvescalagin-

(1f—8)-oenin, has been shown to be a more stable pigment
than oenin with respect to hydration.

In this work, the thermodynamic and kinetic constants of the
network of a new related anthocyanin—ellagitannin hybrid
pigment, 1-deoxyvescalagin-(1—8)-myrtillin (Figure 2) have

Figure 2. Structure of myrtillin—vescalagin hybrid pigment (1-
deoxyvescalagin-(1—8)-myrtillin).

been determined and compared to those of myrtillin to evaluate
the changes in the aqueous equilibria of myrtillin induced by
the vescalagin substitution at the carbon C-8 of the flavanic
skeleton.

B MATERIALS AND METHODS

Chemicals. Myrtillin (delphinidin 3-O-glucoside) was extracted
from the skins of Vitis vinifera L. cv. Tempranillo grapes using a
previously developed methodology.*' 1-Deoxyvescalagin-(15—8)-
myrtillin  (Vg-Myr) hybrid pigment has been previously hemi-
synthetized, purified by semipreparative HPLC (final purity > 95%),
and characterized by HPLC-DAD, mass spectrometry, and NMR.*!

The solutions were prepared in Millipore water. A universal buffer
of Theorell and Stenhagen** was made by dissolving 2.25 mL of
phosphoric acid (85% w/w), 7.00 g of monohydrated citric acid, 3.54 g
of boric acid, and 343 mL of 1 M NaOH solution in Millipore water to
1 L. The pH of the pigment solutions was adjusted by the addition of
HCI, NaOH, or the universal buffer of Theorell and Stenhagen at the
appropriate pH value and was measured on a Radiometer Copenhagen
PHM?240 pH/ion meter (Radiometer Analytical, Lyon, France).

Stock solution of the 1-deoxyvescalagin-(15—8)-myrtillin pigment
(0.15 mM) was prepared in aqueous solution of 0.1 M HC, which was
kept protected against sunlight at 4 °C. The resulting low pH value of
the stock solutions (pH #1) ensured that most of the pigment is in its
flavylium form, thus preventing pigment degradation. All of the
solvents employed were of analytical grade.

Absorption Spectroscopy. UV—visible absorption spectra were
recorded using Varian-Cary 100 Bio and Varian-Cary 5000
spectrophotometers (Agilent Technologies, Waldbronn, Germany).
Spectroscopic absorbance curves were recorded from 200 to 800 nm
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Figure 3. (a) Absorption spectra of equilibrated solutions of myrtillin § X 10~ M (universal buffer 0.03 M) at different pH values; (inset)
determination of pK’, using the absorbance at 513 nm. (b) Spectral variations of a solution of myrtillin 5 X 107> M (universal buffer 0.03 M) upon a
pH jump from 1 to 5.9. (c) Trace of the absorbance of a solution of myrtillin 5 X 107> M (universal buffer 0.03 M) at 550 nm upon a pH jump to

S.1.

with a 1 nm sampling interval using a quartz cell cuvette of 3.5 mL
capacity and 1 cm optical path for all of the solutions. Stopped-flow
experiments were conducted in an Applied Photophysics SX20
stopped-flow spectrometer (Applied Photophysics Ltd., Leatherhead,
UK) provided with a PDA.1/UV photodiode array detector with a
minimum scan time of 0.65 ms and a wavelength range of 200—735
nm.
Determination of the Thermodynamic and Kinetic Param-
eters. The network of chemical reactions was studied at pH values
between 1 and 6. The apparent acidity constant (K',) was
accomplished by measuring, on the UV—visible spectrophotometer,
equilibrated solutions composed of one-third of the corresponding
pigment stock solution, one-third of a solution of 0.1 M NaOH, and
one-third of a universal buffer solution adjusted at different pH values
(1.0, 1.3, 1.7, 2.1, 2.5, 3.4, 3.5, 3.7, 3.9, 4.4, 5.0, and 5.5 in the case of
myrtillin and 1.0, 1.6, 2.0, 2.5, 3.0, 3.3, 4.1, 4.2, and 4.7 in the case of
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Vg-Myr). The pH of the solutions was also measured after a
spectroscopic absorbance curve had been recorded.

Kinetic and thermodynamic constants were determined using the
so-called direct and reverse pH jump experiments: The spectral
variations after a pH jump from equilibrated solutions of the pigment
were followed over time by conventional UV—vis spectroscopy or by
stopped-flow coupled to a UV—vis detector depending on the rate of
the monitored process.

B RESULTS AND DISCUSSION

The thermodynamics and kinetics of the network of chemical
reactions (Figure 1) involving myrtillin and the Vg-Myr hybrid
pigment have been studied using the same experimental
procedure to allow comparisons of the data under identical
conditions.

dx.doi.org/10.1021/jf403319u | J. Agric. Food Chem. 2013, 61, 11569—11578
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The network simplification considering it as a single acid—
base equilibrium between the flavylium cation and a conjugate
base CB, eq 1, is useful for the analysis of the thermodynamic
equilibria. Moreover, considering that in the case of
anthocyanins the formation of the (Z)-chalcone from the
(E)-chalcone is the slowest process, further simplifications can
be done in the single acid—base equilibrium, defining a
pseudoequilibrium involving all other species, eq 6.

AH" + H,0 = CB" + H,0" K} =K, + K, + KK, (6)
[CB"] = [A] + [B] + [Cg]

Taking into account the equilibria shown in Figure 1 and eqs
1—6, it is easy to establish the expressions to determine the pH-
dependent mole fraction distribution of the network species
both at equilibrium and at pseudoequilibrium if K’', is
substituted by K] eq 7.

[H*] K, K,
Xamt = T+ T T ToF R Yo 7
[H'] + K, [H"] + K/ [H"] + K/
KK, KKK,
fo = _ hht 2. = _ hoMe

= [HT)+K % [HY+ K (7)

A way to study the kinetics processes of the network is to
carry out different pH jumps from equilibrated solutions of the
pigment to higher (direct)** or lower (reverse)*’ pH values. In
the case of anthocyanins the direct pH jumps give rise to three
different kinetic processes. The first one is the deprotonation to
form the quinoidal base, A, the fastest kinetic step of the
network, eq 8, which can be detected only through very fast
techniques such as temperature jumps.

ki = k, + k_[H'] (8)
The second one is the hydration taking place according to eq
9:
[H'] 1 +
kyg = k_y[H
MTHT 4K, 1+K, ] (9)

Equation 9 presupposes that the tautomerization reaction (C-
ring-opening—closure) is much faster than hydration, which is
usually true if the final pH is >2. However, if the final pH value
is <2, the hydration becomes the fastest process. At this point
the species AH", A, B, and Cy, are in pseudoequilibrium. Finally,
the system equilibrates through a much slower process to form
C, eq 10, a minor species in the case of anthocyanins.

KK,
[HY] + K, + K, (1 +K)ki *
a h t

ks = k; (10)
In the case of the reverse pH jumps, if the final pH is
sufficiently acidic, the hydration becomes the fastest process
and AH" is formed from B in a first step, and in a second
process additional AH" is obtained from Cg through B.
Equations 11 and 12 account for these two processes. The acid
and basic catalyses were not included in eq 12 because its
influence on the tautomerization can be neglected.**

(B 4k 1]

ko s ration) = ;| gy
s (bydration) ™ g 4 [H*] (11)

kobs (taut) = k—t (12)

Thermodynamic and Kinetic Parameters of Myrtillin.
In a previous paper,” the network of chemical reactions of
myrtillin was studied. Here, some experiments are reproduced
for comparison purposes with Vg-Myr. Initially, the thermody-

namics of the network was studied. Figure 3a shows the spectral
variations of myrtillin solutions at different pH values upon
equilibration (overnight) and the fitting of the data set to
calculate the pK’, (Figure 3a, inset). The concentration used is
sufficiently low to prevent self-aggregation.*> The myrtillin pK’,
(Table 1) was calculated by fitting the absorbance values at the

Table 1. Equilibrium Constants

pK’, pK, K MY K2 K
Myr 2.5(5) £ 005  37(5) +£ 005 28x 102 006 02°
VeMyr  2.2(5) + 0.05 294005 24x100° 09  03°

“Estimated error $%. UEstimated error 20%. “The value is a rough

estimate.

maximum absorbance wavelength of the flavylium cation (513
nm) for a single acid—base equilibrium according to eq 1. The
value obtained (pK’, = 2.55) is in good agreement with the one
previously reported.* Inspection of this figure shows the
disappearance of the characteristic flavylium cation absorption
as the pH is raised. It can also be observed that, at pH >4, the
equilibrium is essentially constituted by a species absorbing in
the UV region of the spectra. Moreover, a remaining absorption
in the visible is easily attributed to the quinoidal base A, which
is present at equilibrium.

The spectral variations upon a direct pH jump from an
equilibrated solution at pH 1 to pH 5.9 are represented in
Figure 3b, showing the disappearance of the quinoidal base
(which is formed immediately after the pH jump) to give the
pseudoequilibrium, that is, a (pseudo)equilibrium involving all
of the forms of the flavylium network except the (Z)-chalcone.
In Figure 3c, the fitting obtained at 550 nm upon a similar pH
jump from pH 1.0 to 5.1 is shown: (i) initially, almost all the
flavylium cation is transformed into quinoidal base A; (i) the
final absorbance at S50 nm (at equilibrium, not shown) is due
to the remaining quinoidal base; (iii) the absorbance at 550 nm
at pseudoequilibrium (20 min) is very similar to the one at
equilibrium (a few hours) as a consequence of the very small
mole fraction of C, at equilibrium. On this basis, the ratio
Agnat/Apnigia = Ko/K', allows the calculation of pK, = 3.75.* The
value of the pK, obtained is in accordance with previous
studies.”?

Previously, reverse pH jump experiments of muyrtillin
followed by stopped flow were reported™ and are here
presented for comparison purposes. The spectral variations
upon a reverse pH jump from an equilibrated solution of
myrtillin at pH 4.5 to 1.4 are shown in Figure 4a. Inspection of
this figure shows the rising of the flavylium absorption and the
existence of three distinct processes. The initial absorption
appears during the mixing time of the stopped flow and is due
to the protonation of the quinoidal base (A) leading to the
flavylium cation (AH'). From this point, the process is
biexponential (Figure 4b). The fitting of the absorbance at
512 nm for a biexponential equation allowed the calculation of
the kinetic and thermodynamic constants of the tautomeriza-
tion process. The faster process (ks = 1.2 s™") corresponds to
the flavylium formation through the hemiketal (B) previously
available at pH 4.5 (see eq 11). This step is followed by a
slower one (kyp, = 0.3 s71) that is due to the formation of more
flavylium cation from (E)-chalcone (Cg) via the transient
hemiketal (B). Because the final pH of the reverse pH jump is
sufficiently acidic, hydration is the fastest process and the
kinetic constant determined in the second step kyqp

dx.doi.org/10.1021/jf403319u | J. Agric. Food Chem. 2013, 61, 11569—11578
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Figure 4. (a) Spectral variations upon a reverse pH jump from equilibrated solutions of myrtillin 2 X 107> M at pH 4.5 back to 1.4 obtained by
stopped flow. (b) Trace taken at S12 nm; from the ratio of the amplitudes of the two exponential processes Cg/B, K, = 0.06, is calculated. As a
consequence of the experimental error associated with the values of the equilibrium and rate constants the calculation of the fraction of CB species is

slightly higher than 100%. (Figures reprinted from Phytochemistry, Vol.

83, Y. Leydet et al., "The effect of self-aggregation on the determination of the

kinetic and thermodynamic constants of the network of chemical reactions in 3-glucoside anthocyanins”, pp. 125—135, Copyright (2012), with

permission from Elsevier).

Table 2. Rate Constants

ky (s7)° ko (M 57 ke (s7)” ko (57" k (s7) ko (s7)
Myr 0.09 32 0.02 (pH 1.4) 0.30 5.1 x 1075¢ 24 x 107%
Vg-Myr 0.065 25 0.76 (pH 0.7) 0.84 7.9 x 1075 2.7 x 107%
“Estimated error 5%. “Estimated error 20%. “The value is a rough estimate.
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Figure 5. (a) Representation of the hydration rate constant as a function of pH fitted by means of eq 9 (direct pH jumps (®), magnified in the inset)
and eq 11 (reverse pH jumps (O)). Both fittings are coincident due to the low value of K,. (b) Trace of absorbance at 545 nm (@) and at 334 nm
(O) of myrtillin 2 X 10~° M upon a pH jump from 1 to 5.6. (Reprinted from Phytochemistry, Vol. 83, Y. Leydet et al., "The effect of self-aggregation
on the determination of the kinetic and thermodynamic constants of the network of chemical reactions in 3-glucoside anthocyanins', pp. 125—135,

Copyright (2012), with permission from Elsevier).

corresponds to k_, (eq 12). The amplitudes of the two
exponentials give the ratio [C]/[B] = K, = 0.06 (eq 4). From
the values of K, and k_,, the direct kinetic constant k, of the

tautomerization process can be calculated (Table 2). Inspection

of Figure 4b corroborates that at pH 4.5 the hemiketal is the
predominant form, whereas the fractions of the quinoidal base

A and the (E)-chalcone Cj are very small.
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values, followed by stopped flow; (inset) determination of pK, using the absorbance at $39 nm (AH*) and at 632 nm (A). (b) Absorption spectra of
equilibrated solutions of Vg-Myr 2 X 10~° M (universal buffer 0.03 M) at different pH values; (inset) determination of pK’, using the absorbance at
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Figure 7. (a) Spectral variations of a solution of Vg-Myr 2 X 10~° M upon a direct pH jump from pH 1 to 4.9. (b) Trace of the absorbance at 556 nm
upon the same direct pH jump monitoring the disappearance of the quinoidal base. (c) Trace of the absorbance at 336 nm upon the same direct pH

jump monitoring the formation of (Z)-chalcone.

More information regarding the system can be achieved by
monitoring the kinetics of the direct pH jumps. In this case,
equilibrium is reached by two consecutive processes, each one
following a first-order reaction. Due to the fact that these two
kinetic processes are well separated in time, it is possible to
analyze them independently. In Figure 3c, only the first step
(hydration control) is observed. A series of direct pH jumps of
myrtillin solutions at pH 1.0 to higher pH values were carried
out. Representation of the rate constants of this step (k;y,) as a
function of pH (eq 9) is depicted in Figure Sa. In the same
figure, the kinetic constants determined for the fast process of
the reverse pH jumps, that is, k;,, (Figure 4b) have also been
added, because in both cases the rate-determining step of the
kinetics is the hydration (eq 11). Due to the low value of K,
fitting of the data using eqs 9 and 11 is identical within

11574

experimental error, leading to k, = 0.09 s and k_, = 32 M™"
s™!. From the ratio of these kinetic constants, Kj, = 2.8 X 1073
M was calculated.

Finally, Figure Sb represents the two processes following a
direct pH jump (to pH S5.6). The first one shows the
disappearance of A by two consecutive steps, both following
first-order kinetics laws. The second process reveals, through
the spectral variations at 334 nm, the formation of the (Z)-
chalcone.” As previously mentioned, the mole fraction of C at
equilibrium is very low, as confirmed by the small rise of the
absorbance at this wavelength. From all of the thermodynamic
data determined (K',, K,, K}, and K,) it was possible to give a
rough value for K; = 0.2 by using eq 1. Finally, by means of eq
10 and using the rate of the slowest kinetic process of the pH
jump shown in Figure Sb (ko = 0.00024 s7'), it was also

dx.doi.org/10.1021/jf403319u | J. Agric. Food Chem. 2013, 61, 11569—11578
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possible to estimate the isomerization rate constants k; = 5.1 X
107° s7' and k; = 2.4 x 107* s7'. All of the data of the
equilibrium and rate constants determined for the myrtillin
network are collected in Tables 1 and 2.

Thermodynamic and Kinetic Parameters of 1-Deoxy-
vescalagin-(18—8)-myrtillin. In the case of 1-deoxyvescala-
gin-(15—8)-myrtillin (Vg-Myr), the pK, was directly deter-
mined by stopped flow, from the absorption spectra of
solutions of Vg-Myr 2 X 107> M corresponding to 6 ms after
several direct pH jumps from pH 1 to higher pH values (Figure
6a). The equilibrium was studied using the variations in the
absorbance at 539 nm, corresponding to the flavylium form,
and in the absorbance at 632 nm, corresponding to the
quinoidal base. The absorbance at these wavelengths was
plotted versus pH (Figure 6a, inset). The fitted data are
compatible with the single acid—base equilibrium AH*/A (eq
2), with pK, = 2.9. This value shows that the hybrid pigment
has higher acidity than the native myrtillin (Table 1). The lower
pK, value in the case of Vg-Myr might be a consequence of a
reduction of the flavylium electronic density due to the
vescalagin substitution at carbon C-8' of the flavanic skeleton.

The spectral variations of Vg-Myr 2 X 107> M solutions at
different pH values upon equilibration (overnight) are
presented in Figure 6b. It can be noted that the final
equilibrium of Vg-Myr is qualitatively similar to the one of
myrtillin shown in Figure 3a. The calculation of pK’, was done
by fitting the absorbance values at the maximum absorbance
wavelength of the flavylium cation (539 nm) for a single acid—
base equilibrium according to eq 1. The pK’, calculated for Vg-
Mpyr is smaller than that determined for myrtillin (Table 1), an
indication that the flavylium cation is slightly destabilized in Vg-
Myr.

Figure 7a shows the spectral variations upon a pH jump from
an equilibrated solution of Vg-Myr 2 X 107> M at pH 1—4.9. As
in the case of myrtillin, the disappearance of A takes place in
two steps that can be studied separately: the first one leads to
the pseudoequilibrium involving all of the species of the
network except Cz and the second one corresponds to the
formation of a small amount of C;. The first process (Figure
7b) can be studied using the absorbance at $56 nm to follow
the disappearance of the quinoidal base A. Taking into account
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the initial and final absorbances at 556 nm, it is also possible to
calculate the value of K, by means of the equation Ag, /A a1 =
K,/K',, giving K, = 107>% very close to the value obtained by
stopped flow (Table 1; see also Figure 6a). The direct pH jump
also allowed the study of the second process, in which the
formation of (Z)-chalcone can be observed, by tracing the
absorbance at 336 nm as a function of time (Figure 7c).

Important information is obtained by means of reverse pH
jumps from equilibrated solutions. Figure 8a shows the spectral
variations of a solution of Vg-Myr 2 X 107> M upon a reverse
pH jump from pH 4.6 to 0.7. As in the case of myrtillin, the
existence of three different processes could be noted (Figure
8b). The initial absorbance immediately after the pH jump
corresponds to the fraction of A present at the initial pH,
because at pH 4.6 the mole fraction of AH" can be neglected by
taking into account the low value of pK’, (Table 1). The
variation of the absorbance at 539 nm follows a biexponential
curve. Using the same approach reported above for myrtillin,
kiops = 4.9 5! should be fitted with eq 11, and k,,, = 0.84 s7*
gives k_, (eq 12). Moreover, from the ratio of the amplitudes of
the two exponentials, [Cg]/[B] = K, = 0.9 was calculated.
Using the values of K, and k_,, the direct kinetic constant of the
tautomerization process k, can be calculated by the following
expression: K, = k,/k_, (Table 2). The value of K, obtained is
significantly higher than the one obtained for muyrtillin. This
fact reveals that the ring opening is more favorable in Vg-Myr
compared with myrtillin. It seems that the anthocyanidin
greatly influences the thermodynamic and kinetic properties of
the anthocyanin—ellagitannin hybrid pigment, because for
myrtillin—vescalagin pigment, the constants of acidity and
tautomerization are very different from those of muyrtillin,
whereas there are no differences between the values of these
constants of oenin—vescalagin hybrid pigment in relation to
those of oenin.**

Taking into account that the mole fraction of C, is very
small, the approximation [CB] = [CB" (eq 6) can be done and
the mole fraction of the hemiketal gives the ratio [B]/[CB"] =
K,/K', = 0.39, and therefore the value of K, = 2.5 X 107> M™*
is estimated. Inspection of Figure 8b also shows the proportion
of the different forms of Vg-Myr. In this case, the hemiketal
(colorless) represents a lower percentage than in the case of
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myrtillin (Figure 4b), whereas the quinoidal base (blue) and
the (E)-chalcone (yellowish) represent higher percentages in
Vg-Myr than in the native anthocyanin.

As shown above, additional information is obtained by
representing the pH dependence of the observed rate constants
of hydration control (ki) in both direct and reverse pH
jumps (Figure 9). In the case of Vg-Myr, as a consequence of
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Figure 9. Representation of the hydration rate constant as a function
of pH: (®) direct pH jumps from equilibrated solutions at pH 1 to
higher pH values; (O) reverse pH jumps from equilibrated solutions at
pH 4.6 to lower pH values. Fitting was achieved with eqs 9 and 11,
respectively.

the higher value of K, compared with that for myrtillin, data
should be fitted using two different equations. Equation 9
should be used to fit the rates of direct pH jumps, because the
tautomerization process is faster than hydration when the final
pH is >2. The rates obtained in reverse pH jumps should be in
turn fitted using eq 11, because the hydration process is now
the fastest one. The simultaneous fitting of the rates using these
equations allowed the calculation of k;, = 0.065 s™' and k_, = 27
M s7! leading to K, = 2.4 X 107> M, in good agreement
with the value calculated from the reverse pH jumps (K, = 2.5
x 107 M™") using the data shown in Figure 8b.

Knowing the values K’',, K,, Ky, and K, and taking into
account eq 1, it is possible to give a value for K; = 0.3. Finally,
by means of the slowest rate of the kinetic process upon the pH
jump shown in Figure 7b,c (kyobs = 0.0003 s7'), eq 10, and the
value of K;, a system of two equations with two unknowns
permits one to calculate k; = 7.9 X 107 s  and k_; = 2.7 X 107*
s~ !. The value obtained for the thermodynamic constant of the
isomerization process is similar to the one obtained for
myrtillin. This fact can also be observed for the rate constants
of the isomerization process. The data of the equilibrium and
rate constants of Vg-Myr are collected in Tables 1 and 2.

Figure 10 shows the energy level diagram of myrtillin (a) and
Vg-Myr (b) in order to illustrate the thermodynamic situation
of both networks.* Inspection of the diagram clearly shows
that the quinoidal base (A) and the (E)-chalcone (Cg) in Vg-
Myr are noticeably stabilized in comparison with myrtillin,
whereas B is slightly destabilized. Dangles, Quideau, and co-
workers have demonstrated for the oenin—vescalagin hybrid
pigment, by means of NMR experiments,”* a spatial proximity
between the B-ring proton (6”-H) of the anthocyanin and the
1-H and 2-H protons of the vescalagin moiety (Figure 2). Thus,
a possible explanation of the stabilization of A is the existence
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Figure 10. (Upper) Energy level diagrams of myrtillin (a) and Vg-Myr (b). (Bottom) Mole fraction distribution depending on the pH of myrtillin

(c) and Vg-Myr (d).
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of a less polar environment involving the myrtillin moiety of
Vg-Myr. Moreover, in the case of Vg-Myr, if the pH is raised
from acidic pH to 2.6, the AH" will equilibrate with B, which in
turn will equilibrate with Cg given that at pH values up to 2.6,
(E)-chalcone is almost as stabilized as the hemiketal B. Because
the vescalagin substitution at carbon C-8’ of the myrtillin might
affect the electronic density of the anthocyanin, (E)-chalcone
might be stabilized as a consequence of the electron
delocalization in its structure.

The mole fraction distributions depending on the pH of the
myrtillin (Figure 10c) and the Vg-Myr (Figure 10d) were
calculated by means of eq 7, and the data are reported in Table
1. As can be seen, when the pH rises, the mole fraction of AH*
decreases concomitantly with an increase of the remaining
species of the network. The apparent acidity of AH" is slightly
higher in Vg-Myr, as indicated by the lower value of pK’, (Table
1). Moreover, the increase of mole fractions of A, Cg, and Cy at
the expense of B is significant in Vg-Myr.

The differences in the mole fraction distributions between
Vg-Myr and myrtillin can affect the color of the slightly acidic
solutions of theses pigments. In the case of myrtillin, at pH
>3.5, the major species is the hemiketal and the solutions
become almost colorless. The solutions of the hybrid pigment
at these pH values are colored, because the mole fraction
corresponding to the yellowish chalcones (mainly Cg) and to
the blue quinoidal base are higher.

It is worthy of note that the high mole fraction of Cg in
mildly acidic media may explain why in this media Vg-Myr (1-
deoxyvescalagin-(1—8)-myrtillin) is involved in a regioisome-
rization process also implicating 1-deoxyvescalagin-(15—6)-
myrtillin.*" This regioisomerization process takes place by the
ring reclosure and dehydration after the rotation around the C-
4'—C-4'a bond of (E)-chalcone. Therefore, the higher mole
fraction of Cg of Vg-Myr in mildly acidic media may be a key for
the establishment of this equilibrium, which is slightly shifted
toward a preferred formation of 18—8 pigment."' Such an
effect was previously reported by Jurd and Geissman*® for a
5,7,8,4'-tetrahydroxyflavylium salt, because the existence of a
hydroxyl in position S (taking as reference the notation of the
flavylium cation) introduces an alternative for the ring closure.

These results suggest that the vescalagin substitution at the
carbon C-8' of the flavanic skeleton of myrtillin induces
important changes in the aqueous equilibria of the anthocyanin.
However, Nave and co-workers** have reported that there are
no significant modifications regarding the kinetic and
thermodynamic behaviors of the oenin and the catechin—
oenin pigment, indicating that the network of chemical
reactions involving catechin-(4,8)-malvidin-3-glucoside is con-
trolled by its oenin moiety. Moreover, Dangles, Quideau, and
co-workers** have reported only significant differences in the
hydration process between the network of oenin and the
oenin—vescalagin hybrid pigment, Thus, it seems that the
changes observed in the physicochemical properties of the
pigment mainly depend on the anthocyanin.

In conclusion, the thermodynamic and kinetic constants of
the network of Vg-Myr (1-deoxyvescalagin-(15—8)-myrtillin)
have been fully determined and compared to those determined
for myrtillin. The vescalagin substitution at carbon C-8" of
myrtillin leads to lower values of pK’, and pK, in the hybrid
pigment Vg-Myr relative to those for muyrtillin. Thus, the
flavylium cation form of Vg-Myr is less stabilized at pH >2 and
shows higher acidity than that of myrtillin. Moreover, Vg-Myr
has much higher values of K; and a higher rate of ring-opening

(k) than myrtillin. The (E)-chalcone form of Vg-Myr is
therefore almost as stable as the hemiketal form at moderately
acidic pH values, whereas in the case of myrtillin, the hemiketal
is by far the most stabilized form at these pH values. As a
consequence, in the case of myrtillin the major structural
format at moderately acidic pH values (4 < pH < 6) is clearly
the hemiketal B, whereas A and Cg are minority species.
Conversely, in the case of Vg-Myr, the percentages of Cy and A
are noticeably high. As a consequence of the differences in the
mole fraction distributions between Vg-Myr and myrtillin, the
former can provide significantly more color with a different hue
in slightly acidic or neutral solutions than the native
anthocyanin.
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