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Abstract—In order to model natural polymeric pigments present in old red wines, new covalent adducts have been
synthesized upon condensation of synthetic flavylium ions (models of anthocyanins) with catechin {model of tannins)
in the presence and in the absence of acetaldehyde. These new pigments have been investigated by 1D and 2D NMR,
HPLC, FAB-mass and UV-visible spectroscopies and molecular modelling. The two flavylium salts used in this work
(3.4'-dimethoxy-7-hydroxyflavylium chloride and 5,7-dihydroxy-3,4’-dimethoxyflavylium chloride) display quite dif-
ferent reactivities toward catechin. The electronic donating effect of the catechin moiety and the formation of
noncovalent dimers in acidic aqueous or methanolic solution should be mainly responsible for the improved stability

of the flavylium chromophore in the new pigments.

INTRODUCTION

Anthocyanins are natural pigments from the polyphenol
family that are largely responsible for the red, blue and
purple colours displayed by flowers and fruits. Being
present in the skin of grapes, they give their colour to
young red wines. Paradoxically, most anthocyanins turn
into colourless compounds when extracted from their
natural medium and dissolved into an aqueous solution
of comparable acidity. Indeed, the flavylium ion, which is
the main coloured form of anthocyanins, undergoes the
nucleophilic attack of water and is reversibly converted
into a colourless hemiacetal according to a chemical
reaction called hydration of the flavylium ion. Fortuna-
tely, this colour loss is not definitive owing to complexa-
tion phenomena selectively involving the flavylium ion
and efficiently competing with the flavylium-hemiacetal
conversion. For instance, colourless polyphenols present
in the natural medium of anthocyanins (benzoic and
cinnamic acid derivatives, tannins, flavones and
flavonols) are able to interact with the planar n-electron-
rich flavylium nucleus through their phenolic moiety and
form noncovalent adducts upon hydrophobic stacking,
as demonstrated from in vitro investigations [1]. This
molecular complexation process, called copigmentation,
is instantaneous and is expected to occur in red wines
between anthocyanins (pigments) and condensed tannins
(copigments). However, the very slow changes in the
colour of red wines upon ageing suggest that coupling
reactions between anthocyanins and tannins could take
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place and lead to new pigments. In this respect, copig-
mentation would be the preliminary step toward the
formation of a true covalent link between pigment and
copigment [2, 3]. The colour of the new pigments seems
much less sensitive to changes in pH than that of the
initial anthocyanins [4, 5], a fact that could account for
the increase in colour stability in aged red wines [6~8].

So far, the anthocyanin-tannin covalent adducts have
been essentially characterized by their absorption
spectra. One of the main purposes of this work is to bring
more definitive evidence of their structure. Our strategy
consists of mixing a synthetic flavylium ion (model of
natural anthocyanin) with ( + )-catechin (model of con-
densed tannin) under appropriate conditions of pH and
temperature, monitoring the coupling reaction by re-
verse-phase HPLC, isolating the adducts by semi-prep-
arative HPLC and analysing them by mass and UV-
visible spectroscopies, 1D and 2D NMR and molecular
modelling. In addition, the new pigments will be charac-
terized by their thermal stability, their covalent reactivity
with water and their noncovalent dimerization.

RESULTS AND DISCUSSION

Owing to the partial positive charges born by the
flavylium nucleus at the 2- and 4-positions, a flavylium
ion is expected to react with nucleophiles. For instance,
in weakly acidic aqueous solutions, water itself can react
at the 2-position, thus converting the flavylium ion into
a colourless hemiacetal. On the other hand, a range of
organic nucleof)hilcs, especially electron-rich phenolics,
have been reported to react at the 4-position of synthetic
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flavylium ions [9] and natural anthocyanins [4, 10].
Interestingly, phloroglucinol (1,3,5-trihydroxybenzene)
and phloroglucinol derivatives such as catechin and
other flavan-3-ols have been suggested to further react
with anthocyanins and slowly form new pigments having
xanthylium chromophores. This hypothesis is essentially
supported by an increase in visible absorbance between
400 and 450 nm which closely parallels that observed in
old wines during ageing [2]. According to another hy-
pothesis, such pigments could also form directly from
proanthocyanidins [11, 12].

It is well known that aldehydes too are able to react
with the nucleophilic phloroglucinol ring of catechin in
aqueous acidic solutions, even at room temperature [13].
The fact that acetaldehyde may be generated in wines by
oxidation of ethanol has led to the suggestion that coup-
ling reactions between anthocyanins and colourless
phenolics in red wines upon ageing could be mediated by
acetaldehyde [14—16]. Indeed, addition of acetaldehyde
to mixtures of anthocyanins and phenolics was shown to
promote colour gains and blueing effects easily detected
after only a few days [10, 17-20]. It has been suggested
[10] that new flavylium pigments formed whose
flavylium moiety would be connected to the catechin
moiety through a CH;—CH bridge. Such pigments have
been detected by HPLC [21-23] and recent data of
FAB-mass spectrometry [18] are consistent with the
above-mentioned structure, which remains however to be
definitively established.

In our experiments, we took ( + )-catechin as the sim-
plest model of condensed tannin and synthetic 3-methoxy-
flavylium ions as models of anthocyanins. The latter
choice has several advantages: 3-methoxyflavylium ions
are readily available in gram-quantity and the 3-methoxy
group conveniently mimics the 3-glycosyloxy substituent
common to almost all natural anthocyanin [24]. Finally,
3-methoxyflavylium ions form covalent adducts with cat-
echin faster than the sterically more hindered natural
anthocyanins, Moreover, the pH was adjusted so as to
maximize the speed of formation of the new pigments. The
two flavylium salts used in this work (34'-dimethoxy-7-
hydroxyflavylium chloride (1) and 5,7-dihydroxy-3.4'-
dimethoxyflavylium chloride (2) only differ by the nature
of the substituent (H or OH) at the 5-position. However,
1 and 2 display quite different reactivities toward catechin
and will be treated separately. Molecular complex-
ation (copigmentation) taking place between flavylium
ions and catechin is expected to govern the coupling
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reaction, especially its regioselectivity. Therefore, copig-
mentation of 1 and 2 with catechin will be considered first.

Flavylium-catechin copigmentation

When UV-visible spectra of weakly acidic equilibrated
solutions of flavylium ions 1 and 2 are recorded with
increasing concentrations of catechin, hyperchromic and
bathochromic shifts characteristic of copigmentation are
observed. By contrast, when the experiments are conduc-
ted in strongly acidic conditions (0.2 M HCI) for which
the anthocyanin is in the pure flavylium form, copigmen-
tation is essentially manifested by its bathochromic effect.
The value of the flavylium-catechin binding constant
was estimated to be 135 (+ 10) and 149 (+7) M~ ! (25°%
0.5 M ionic strength) for 1 and 2, respectively i.e. in the
same range as that measured for malvin (185 M™1),
a naturally occurring anthocyanin [1].

Direct flavylium-catechin coupling

Coupling with the 3.4'-dimethoxy-7-hydroxyflavylium
ion (1). The reaction between (+ )-catechin and two
equivalents of 1 was monitored by HPLC at 280 nm. The
formation of a new pigment (3), whose A, in water
(476 nm) is 12 nm lower than that of 1, was observed. In
addition, several colourless products were detected,
among them, p-methoxybenzoic acid formed by photo-
chemical degradation of 1 [25]. Formation of 3 was very
slow and four months were necessary to get enough
material for isolation and purification by semi-prepara-
tive HPLC. UV-visible and FAB-mass spectroscopies
(molecular peak at 571.1) and 'H NMR analysis showed
that 3 was a flavylium 1-catechin adduct having
a flavylium chromophore, too. Following Jurd [26], we
assume that one equivalent of 1 reacts with catechin
according to a Friedel-Craft electrophilic substitution
and that the corresponding adduct is consecutively oxi-
dized by the second equivalent of 1 to yield 3. The
absence of the characteristic singlet of the H-4 flavylium
proton (around 9 ppm) in the "HNMR spectrum con-
firms that ( + )-catechin is linked to the flavylium nucleus
at C-4 [26]. However, the position of linkage on the
phloroglucinol moiety of catechin (C-6 or C-8) remains
unknown. In addition, the "HNMR spectrum of 3 in
CD;O0D at 27° shows duplicate signals for each proton
which turn to single signals when the spectrum is
recorded in DMSO at 60°. This points to restrictions

Table 1. "HNMR of rotamers 3; and 3, (400 MHz, CD,0OD/TFA, 27°)

Flavylium 5 6 8

3 7.86,d (9.0) 7.18, d* 7.27, st

3, 7.77,d (9.0) 7.29, d* 7.32, st

Catechin 2 3 4o

3 451,d(7.7) 404, m 3.05, dd (16.3, 5.7)
3, 455,d(1.7) 398, m 3.05,dd (16.3,5.7)

26 35 #Me  3Me

845,d(8.7) 7.18,d(8.7) 394,s 355 s

834,d(87) 713,d(8.7) 391,s 349, s

48 6 Y 5 6
265, m 6.64, s 686,s  6.61,d(8.1) 665, d*
265, m 6.64, s 6.86,s  6.61,d(8.1) 655 d*

*No J value is given because of superimposition in the spectra.
t The order may be reversed.
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in the rotation about the C-4/C-6 or C-4/C-8 link empirical quantum mechanical calculations assuming
resulting in a mixture of rotamers. 'H-'HCOSY a C-4/C-8 linkage and performed with different input
permits the differentiation between rotamers and allows  values for the torsion angle about the C-4/C-8 bond
the assignment of most of the signals (Table 1). Semi- actually yielded two optimized conformations close in
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Fig. 1. Minimal-energy conformations of 3. The torsion angle about the C-4 flavylium/C-8 catechin bond is +56° in (A) and —53
degrees in (B). We cannot specify which conformation corresponds to 3, or 3;. ®, O-atom.

energy for which the flavylium C-3 to catechin C-9 tor-
sion angle was approximately +56° and —53°, respec-
tively (Fig. 1).

The thermodynamic constants of the proton transfer
(K.) and hydration (K,) equilibria were estimated for
1 and 3. The pKj,, value is the most relevant measure of
the stability of a given anthocyanin in water. Its value is
2.22 for 1 and 3.10 for 3 at 25° and 0.5 M ionic strength.
Moreover, 3 (pK, = 4.5) was found significantly more
acidic than 1 (pK, = 4.9). The large difference in pK,
values between 1 and 3 means that 3 is much more
resistant than 1 to hydration. This should be mainly
attributable to the electronic donating effect of the cat-
echin moiety which is expected to weaken the elec-
trophilic character of the flavylium nucleus but could
also point to some copigmentation effect taking place in
3 and acting either in an intramolecular way (conforma-
tional folding) or in an intermolecular way (self-associ-
ation).

Intramolecular copigmentation is usually considered
the main mechanism of colour stabilization in natural
anthocyanins having at least one of their glycosyl group
substituted by an hydroxylated benzoic or cinnamic acid
residue. This can be demonstrated by concentration-
independent NMR chemical shifts and long-range
flavylium-aromatic acid NOE correlations [27]. Al-
though self-association of common anthocyanins is usu-
ally weak (especially when the pigment is under the
flavylium form), recent investigations [28, 29] have
shown that petanin and alatanin C, two natural antho-
cyanins whose chromophore is substituted on its 3-posi-
tion by a disaccharide having one substituted cinnamyl
residue on its nonreducing end, are able to form non-
covalent dimers in which the flavylium nuclei are stacked
on one another, the cinnamyl residues being either
stacked on one another (petanin) or stacked on the
flavylium nuclei (alatanin C).

Although some kind of intramolecular copigmentation
effect in 3 cannot be ruled out (the catechin moiety could
be able to orient its catechol residue toward the flavylium

chromophore and thereby significantly oppose the nuc-
leophilic attack of water at C-2), the fact that the visible
absorption band of 3 is hypsochromically shifted with
respect to that of 1 is not consistent with this hypothesis.
In addition, any flavylium-catechin molecular contact in
3 should make the '"H NMR signals of the catechin and
flavylium moieties of 3 shift toward lower § values with
respect to the corresponding signals of 1 and catechin.
This is true for the flavylium peaks but not for the
catechin peaks which have roughly the same ¢ values in
3 and free catechin. Therefore, electronic effects should be
mainly responsible for the improved stability of 3 in
water with, in addition, the possible minor contribution
of self-association of the flavylium nuclei.

Coupling with the 5,7-dihydroxy-3,4'-dimethoxy-
Aavylium ion (2). This pigment is closer to the natural
anthocyanins, especially those present in wines (Vitis
vinifera) which all possess a OH group at the S-position.
2 was found to react very slowly with ( + )-catechin and,
after four months, small amounts of two yellow pigments
were detected in addition to several colourless products
(probably formed upon degradation of 2). One of the
yellow pigments displayed HPLC retention time
(23.5 min) and UV-visible spectrum (maximum around
440 nm in the HPLC conditions) that were identical to
those of the 1,3,6,8-tetrahydroxyxanthylium ion (syn-
thesized by condensation of phloroglucinol and phloro-
glucinaldehyde in strongly acidic conditions; see [30]).
The 1,3,6,8-tetrahydroxyxanthylium ion was previously
identified in stored grape juice [31] and is also liable to
form upon degradation of 2. The second yellow pigment
too displayed a UV-visible spectrum consistent with
a xanthylium chromophore (maximum around 404 nm in
the HPLC conditions) but had a HPLC retention time
much longer (39 min) than that of the 1,3,6,8-tetrahyd-
roxyxanthylium ion, probably because of a more heavily
substituted chromophore.

The fact that 2 is less reactive than 1 toward catechin
is consistent with previous findings [32] and may be
attributable not only to steric hindrance in 2 due to the
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S-hydroxyl group but also to electronic effects. Indeed,
semi-empirical quantum mechanics calculations (AM1
program) have shown that the presence of a OH group at
C-5 markedly decreases the fraction of positive charge at
C-4 and thus the electrophilic character of the flavylium
ion.

Acetaldehyde-mediated flavylium-catechin coupling

Coupling with the 3,4'-dimethoxy-T-hydroxyflavylium
ion (1). The ability of acetaldehyde to bridge two
phloroglucinol-type aromatic rings has been reported.
Since 1 is devoid of such a structure, adding acetaldehyde
to a mixture of 1 and catechin is not expected to influence
the coupling reaction. This was confirmed experi-
mentally.

Coupling with the 5,7-dihydroxy-3,4'-dimethoxy-
favylium ion (2). Adding acetaldehyde to a mixture of (2}
and catechin resulted in a much faster formation of new
pigments than in the absence of acetaldehyde. Indeed,
after only one week of reaction, the concentrations of the
two pigments formed were high enough to carry out the
step of isolation upon semi-preparative HPLC. 20 mg of
a major pigment (4a) and 5 mg of a minor pigment (4b)
were thus obtained. 4a and 4b are probably the first
pigments formed in a complex process of polycondensa-
tion. Indeed, at longer reaction time, their concentrations
decreased and other pigments having greater HPLC re-
tention times appeared. Ultimately, precipitation was
observed in the reactional mixture. Similar observations
have been previously reported with natural anthocyanins
[18, 20-23].

The UV-visible spectra of 4a and 4b indicated that
a flavylium chromophore was still present in both pig-
ments. Moreover, the wavelengths of their absorption
maxima in aqueous solution (pH 1) are 434 and 518 nm
for 4a and 428 and 518 nm for 4b, i.e. significantly higher
than the ones of 2 (424 and 504 nm). Upon FAB-mass
spectrometric analysis of 4a and 4b, a molecular ion at
m/z = 615 was observed for both pigments. This is con-
sistent with one flavylium moiety linked to one catechin
moiety through a CH;—CH bridge. 'H NMR spectra of
4a and 4b allowed to assign most proton signals (Table 2)
with the exception of the H-6 and H-8 signals of the
catechin and flavylium moieties that could not be distin-
guished. Then, from DEPT and 'H-'3C correlation
(HMQC and HMBC) spectra, the carbon signals of 4a
were readily assigned with the exception of the C-6
and C-8 signals of the catechin and flavylium moieties
(Table 3).

Additional NMR experiments were undertaken to
unambigously determine the position of the CH;-CH
bridge. For 4a, a long-range NOE was observed between
the doublet of the H-2" and H-6' flavylium protons at
8.39 ppm and the quartet of the methine proton of the
bridge at 5.43 ppm. A similar correlation was observed
for 4b with, in addition, a long-range NOE between the
doublet of the H-2' and H-6' flavylium protons
at 8.37 ppm and the doublet of the methyl protons of
the bridge at 1.76 ppm. Molecular modelling experiments
showed that the above-mentioned correlations were

Table 2. 'HNMR of pigments 4a and 4b (400 MHz, CD;0D/DCI, 27°)

3Me

3.5 4'Me

26

6*

Flavylium

4a

4.20, s

397, s

7.13,d (9)
7.08, d (9.1)

a3

8.39, d (9)
8.37,d (9.1)

4o

6.64, s

8.68, s

414, s
Pl

393, s

6.71, s

8.62, s

4b

6

5

Catechin

4a

6.15, d (8.1) 591, dd (8.1, 1.9)

6.35, d (1.9)

5.77,d (1.9)
593, d (18)

6.10, s
593, s

2.90, dd (15.9, 5.4) 2.40, dd (15.9, 9.6)

354, m

422, 4 (8.5)
4.14%

CH

595, dd (8.0, 1.8)

241, dd (162, 8.9)

2.84, dd (16.2, 5.6)

3.64, m
CH,

4b

Bridge

175, d (1.8)
1.76, d (7.6)

5.43, g (15.1, 7.8)

525, q (15.1, 7.6)

4b

* Assigned by NOESY on partially methylated compounds.

T Superimposed with the 3Me signal.
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Table 3. '>3C NMR of pigment 4a (100 MHz, CD,0D-DC], 27°)

Flavylium 2 3 4 4a 5 6 7
1625 1485 130 1145 1565 104* 167
Catechin 2 3 4 4a 5.8a 6 7
84 69 29 1025 1565 96.5* 156
155.5
Bridge i 2
27 19.5

8 8a 1 26 35 4 4Me 3Me
113* 1535 123 135 116 1675 565 575
8 1 2 ¥ 4 5 6

108.5* 132 1135 146 147 116 121

* Assigned by NOESY on partially methylated 4a.

consistent with a bridging of the flavylium moiety at C-8
and allowed to rule out bridging at C-6. Thus, the H-6
signal of the flavylium nucleus was assigned at 6.64
and 6.71 ppm for 4a and d4b, respectively. From
the HMQC spectrum of 4a, the flavylium C-6 and
C-8 signals were then assigned at 104 and 113 ppm,
respectively.

Experiments in which 5,7,3',4'-tetramethylcatechin re-
placed catechin were carried out in order to take advant-
age of additional NOE correlations involving the methyl
groups at C-5 and C-7 and thereby determine the posi-
tion of substitution of catechin. In this case, the larger
steric hindrance strongly slowed down the coupling reac-
tion and one month was required to obtain sufficient
amounts of adducts.

If catechin is linked at C-6, one NOE is expected
between H-8 and the methoxy protons at C-7, but if
catechin is linked at C-8, two NOEs must occur between
H-6 and the methoxy protons at C-5 and C-7. The latter
situation was observed with both adducts, thus pointing
to a catechin moiety substituted at C-8. Therefore, both
adducts display a catechin and a flavylium moieties sub-
stituted at their C-8 positions and only differ by the
configuration of the asymmetric carbon of the CH;-CH
bridge.

The catechin H-6 signal was assigned at 6.10 and
5.93 ppm for 4a and d4b, respectively. From the HMQC
spectrum of 4a, the catechin C-6 and C-8 signals were
then assigned at 96.5 and 108.5 ppm, respectively.

Flavylium-catechin interactions are expected to gov-
ern the geometry of the flavylium-catechin copigmenta-
tion complexes and thereby the C-8/C-8 regioselectivity
of the coupling reaction. From semi-empirical quantum
mechanics calculations in vacuum, a possible face-to-face
geometry for the flavylium 2-catechin copigmentation
complex can be proposed (Fig. 2) in which both partners
interact with each other through their whole tricyclic
nuclei. Such arrangements should favour coupling reac-
tions with closely packed transition states, thus leading
to C-6/C-6 or C-8/C-8 linkages. On the contrary, C-6/
C-8 linkages would probably involve less thermodyn-
amically favoured transition states displaying larger of-
fsets between the flavylium and catechin moieties.

The thermal stability of the new pigments was investi-
gated upon gradually raising the temperature of an aque-
ous solution of 4b at pH 1 from 20° to 80° with simulta-

Fig. 2. Possible geometry of the flavylium 2/catechin copigmen-
tation complex obtained from semi-empirical quantum mechan-
ics calculations (AM1) in vacuum. @, O-atom.

neous UV-visible absorption monitoring. Above 60°,
slow irreversible spectral changes were observed which
were consistent with the conversion of 4b’into 2. This was
confirmed by HPLC analysis: when monitoring in the
visible range, the chromatogram of a sample of 4b kept at
70° for 5 hr showed only one peak corresponding to 2.
When monitoring in the UV range, additive peaks were
observed, the main one corresponding to catechin. A kin-
etic study of the thermal degradation of 4b was carried
out at 70°. From the apparent first-order increase in
the visible absorbance at the wavelength of absorption
maximum of 2, the value of the corresponding rate
constant was estimated to be 9(+1)x 10~ 3 min ™! (half-
life: 77 min).

The fact that the wavelength of the visible absorption
maximum of 4a and 4b is 12 nm higher than that of 2 can
be considered the first evidence of some inter- or intra-
molecular copigmentation effect. Moreover, 'HNMR
analysis in CD;0D (Fig. 3) show that the signals of the
catechin and flavylium ring B protons of 4a and 4b
are strongly diamagnetically shifted (up to roughly
0.9-1.0 ppm and 0.8 ppm for the H-2’ and H-6' catechin
signals, respectively) with respect to the corresponding
signals of 2 and catechin. This is the more impressive
since the spectra were recorded in CD3;OD where the
n-stacking interactions are expected to be much weaker
than in water. At 27°, NOESY spectra of 4a and 4b in
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Fig. 3. '"HNMR spectra of catechin (A), 4a (B), 4b (C) and
flavylium ion 2 (D) (400 MHz, CD,OD/DCl, 27°). The signals of
the catechin and flavylium ring B protons of 4a and 4b are
strongly diamagnetically shifted with respect to the correspond-
ing signals of 2 and catechin. @, Formic acid (from HPLC
eluents).

CD;0D and D,O failed to show long-range flavylium-
catechin NOEs. However, when the methanolic solution
of 4a was cooled down to —20°, several NOEs between
the catechin and flavylium ring B protons clearly ap-
peared. In fact, both (H-2', H-6') and (H-3, H-5)
flavylium signals showed connectivities with the H-2',

catechin-acetaldehyde adduct.
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e ]
A B

Fig. 4. Possible schematic structure of the dimeric flavylium-
C = Catechin moiety, F =
flavylium moiety.

Fig. 5. Minimal-energy conformation of 4. The configuration of
the bridging CH group is arbitrary. @, O-atom.

H-5" and H-6" catechin signals. More surprisingly, weak
long-range NOEs were observed within the flavylium
signals, especially between H-6 and H-4 (separated by 4.9
angstroms) on the one hand, and H-6 and the methyl
protons at the 4’ position (separated by more than 12
angstroms) on the other hand. In our opinion, such
connectivities must reflect a noncovalent contact
between two flavylium nuclei according to an arrange-
ment which is head-to-tail with respect to the long axis of
the chromophore and head-to-head with respect to its
short axis (Fig. 4). Those results point to the noncovalent
dimerization of 4a according to one (or both) of the
arrangements that are schematically depicted on Fig. 4:
two flavylium nuclei are stacked on one another in an
anti-parallel way and each catechin moiety interacts
either with the flavylium nucleus to which it is connected
(A) or with the flavylium nucleus of the other pigment
molecule (B). Similar arrangements have already been
suggested with the monoacylated anthocyanin alatanin C
[28].

Semi-empirical quantum mechanical calculations on
a flavylium 2-catechin-acetaldehyde adduct do not yield
tight intramolecular stacks but rather open conforma-
tions (Fig. 5) in which the flavylium and catechin nuclei
form a groove that could accommodate part of a second
molecule of adduct. This seems to make arrangement
B more favourable than arrangement A.
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Temperature-variation experiments in *HNMR and
UV-visible spectroscopy were consistent with an exother-
mic dimerization process. For instance, raising the tem-
perature of an aqueous solution of 4b at pH 1 from 15° to
50° resulted in a small but significant (3 nm) hypsoch-
romic displacement in the visible band featuring partial
dissociation of the dimer. More convincingly, a temper-
ature variation from 20° to 45° caused most NMR signals
(500 MHz, D,0-DCl as solvent, CD;OD as internal
reference) of the flavylium and catechin aromatic protons
of 4a to shift to higher values (paramagnetic shifts). The
larger shifts were 56 Hz for the flavylium H-2' and H-6¢'
signals, and 42 Hz for the catechin H-5' signal.

Visible absorbance vs pigment concentration plots
(Beer’s plots) were constructed for pigments 2 and 4a.
However, in the relatively narrow concentration range
which could be investigated (8 x 107 to 1.2 x 10™* M),
no significant deviation from linearity could be evid-
enced.

Additional evidence for self-association was gained
when the visible absorbance of equilibrated aqueous
solutions of 4a and 4b (at the wavelength of flavylium
absorption maximum) was plotted as a function of the
pH in order to estimate the overall thermodynamic con-
stant of the flavylium-quinonoidal base and flavylium-
hemiacetal equilibria (K, + K,). Clearly, no satisfactory
fitting of the experimental curves could be obtained with
a theoretical law assuming single proton transfers. On
the contrary, perfect fittings were obtained when two
successive proton transfers were assumed. The corres-
ponding apparent pK values were estimated to be 2.6 and
3.9 for 4a, and 3.0 and 4.6 for 4b at 25° and 0.5 M ionic
strength. In comparison, the pK, value of 2 is 2.80 in the
same conditions. In the pH range investigated (from 2 to
5), deprotonation of the neutral quinonoidal bases to give
the anionic quinonoidal bases (pK, higher than 6) and
deprotonation of ( + )-catechin (first pK, equal to 8.64 at
25° and 0.1 M ionic strength [33]) are not to be con-
sidered. Therefore, the only reasonable explanation for
this abnormal behaviour seems to assume that both 4a
and 4b are present as noncovalent dimers (AH), in acidic
aqueous solution (pigment concentration ca 104 M)
and that raising the pH leads to two successive proton
transfers, the first one giving the (AH, A) and (AH, B)
dimers and the second one giving a mixture of twice
deprotonated dimers that may include (A),, (A, B) and
(B),. Note that some dimers, especially the ones involv-
ing the nonplanar hemiacetal (B), may further dissociate
according to a pH-independent process.

The above-given pK values show that minor pigment
4b is significantly more resistant than 4a to fading
(hydration). Note that the stability of the flavylium chro-
mophores in pigments 4 cannot be quantitatively com-
pared to that of pigments 1 to 3 since the latter are
monomeric whereas the former are essentially dimeric.
However, a comparison of the visible absorption spectra
of 3 and 4 at different pH values (Fig. 6) points to
a colour-stabilizing mechanism particularly efficient in
pigments 4. For instance, whereas an equilibrated solu-
tion of 3 at pH ca 4 is almost colourless (the same is true
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Fig. 6. Changes in the visible spectrum of 3 (A) and 4a (B) as
a function of pH. (A): the spectra have been recorded at pH
1.5(1),2.5(2), 2.8(3),3.0(4), 3.2(5), 3.5 (6), 4.0 (7). (B): the spectra
have been recorded at pH 2.2 (1), 2.8 (2), 3.3(3), 3.8 (4),4.2(5),4.6
©).

for 1 and 2 which are even more sensitive than 3 to
hydration), a large percentage of pigments 4 remains
under coloured forms between pH 4 and 5.

In conclusion, noncovalent dimerization of flavylium-
catechin-acetaldehyde adducts itself may be followed by
covalent coupling (C-6/C-6 linkage) between the two
monomers in the same way as flavylium-catechin copig-
mentation is followed by C-8/C-8 covalent coupling. The
so-formed oligomeric structures would have two
flavylium and two catechin residues connected through
C-6/C-6 and C-8/C-8 linkages and could be the early
products formed in a complex polymerization process
ultimately leading to precipitation as observed in our
reactional mixtures and in old red wines.

EXPERIMENTAL

Analytical HPLC. A 5 ym LiChrospher 60 RP-select
B column (125x4 mm) protected by a LiChrospher
60 RP guard column was used. The solvents were 5%
aqueous formic acid (A) and 5% formic acid in acetonit-
rile—water (1:1) (B). For elution, a linear gradient from
5% to 40% B over 50 min and 40 to 100% B over 20 min,
was established with a flow rate of 1.5 mlmin~'. Detec-
tion was monitored at 280 and 510 nm with a diode array
detector coupled to a data treatment station.
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Semi-preparative HPLC. 3 was isolated on a 10y Nuc-
leosil C18 column (25 x 1 cm) connected to the diode
array detector . For elution, a linear gradient was estab-
lished from 15% to 50% A over 90 min with a flow rate
of 25 mlmin~".

Semi-preparative liquid chromatography. Isolation of
the condensation products 4a and 4b was performed on
a glass column (15 x 3 cm) filled with LiChrospher RP-18
(40—63 um). Elution was carried out with 5% to 40%
ethanol in 5% aqueous formic acid. Compressed air was
applied at the top of the column to maintain a flow rate
of ca 2.5 mlmin~!.

NMR spectra. NMR spectra were recorded at 27°,
chemical shifts é in ppm with respect to SiMe, as external
standard (internal reference: MeOH, é = 3.30); coupling
constants J in Hz.

UV -visible spectra. UV-visible spectra were recorded
with a diode-array spectrophotometer fitted with
a quartz cell (optical pathlength: 1 cm) equipped with
a stirring magnet. The cell was thermostated at
25(£0.1° by use of a water-thermostated bath. Ionic
strength was fixed at 0.5 M by NaCl.

Data analysis. The curve fittings were carried out on
using the Kaleida Graph program.

Semi-empirical quantum mechanical calculations. Semi-
empirical quantum mechanical calcns were performed in
vacuum using the Hypercube program (Inc., Waterloo,
CA) in the AM1 parametrization.

Materials. (+ )-Catechin was purchased from Aldrich.
2,4-Dihydroxybenzaldehyde and 2,4,6-trihydroxybenzal-
dehyde were from Janssen (Belgium). 2,4'-Dimethoxy-
acetophenone was synthesized following a procedure
recently described [34] but using 4-methoxyaceto-
phenone instead of 4-hydroxyacetophenone.

3,4'-Dimethoxy-7-hydroxyflavylium chloride (1) [24].
1 was synthesized upon condensation of 2,4'-dimethoxy-
acetophenone with 2,4-dihydroxybenzaldehyde in ethyl-
acetate under bubbling of hydrogen chloride (yield:
35%). The deep-red ppt. was collected and thoroughly
washed with ethylacetate; its purity was checked by re-
verse-phase HPLC analysis, FAB-MS (m/z = 282.9) and
'HNMR (200 MHz, CD;0D-TFA (98:2)): 8.96 (s, H-4),
8.66(d,J =9.2,H-2", H-6'),8.09 (d, J = 8.9, H-5), 7.47 (d,
J=21,H-8),742(dd, J = 89,21, H-6),7.22(d, J = 9.2,
H-3',H-5),4.24 (s, CH;-3), 3.98 (s, CH3-4). /ma(H,0) =
488 nm.

5,7-Dihydroxy-3,4'-dimethoxyflavylium chloride (2).
2 was synthesized upon condensation at room temper-
ature of 24'-dimethoxyacetophenone with 2,4,6-tri-
hydroxybenzaldehyde in formic acid under HCI bubbi-
ing (yield: 73%). The soln was concd to dryness and
the residue washed with acetone; its purity was checked
by reverse-phase HPLC, FAB-MS (m/z = 299.2) and
'HNMR (200 MHz, CD;OD-TFA (98:2)): 8.84 (broad
s, H-4), 853 (d, J =9.3, H-2, H-6), 7.16 (d, J =9.2,
H-3', H-5"),6,90 (dd, J = 2,0.9, H-8), 6.68 (d, J = 2 ,H-6),
4.18 (s, CHj-3), 394 (s, CHy4). /o (H,0) =424
and 504 nm.

Methylation of catechin. Methylation of catechin was
performed with trimethylsilyldiazomethane according to
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[35]. Its purity was checked by reverse-phase HPLC and
'H NMR (200 MHz, CDCl,):. 692 (dd, J = 1.8, 8.1, H-6');
698 (d, J = 1.8, H-2); 690 (d, J = 8.0, H-5), 6.15(d, J =
22, H-8), 611 (d, J =22, H-6); 47 (d, J =84, H-2);
407 (m, H-3); 390 (s, Me-3'4");, 3.81 (s, Me-5); 3.76
(s, Me-7); 3.08 (dd, J = 16.3, 5.6, H-4a); 2.59 (dd, J = 16.3,
9.1, H4p).

Estimation of the thermodynamic constants of hydration
(Ky) and proton transfer (K,). The value for the overall
thermodynamic constant K; + K, (usually approxim-
ated to K,) was deduced from a plot of the visible
absorbance of equilibrated pigment solutions at the
wavelength of flavylium absorption maximum as a func-
tion of pH. The K, value was obtained from pH-jump
experiments with consecutive curve fitting of the plot of
the apparent rate constant of hydration (first order) vs
final pH (for details, see ref. [36]).

Copigmentation experiments. UV-visible spectra of
aqueous solutions of flavylium ions 1 and 2 were recorded
for increasing concns of catechin at strongly acidic and/or
weakly acidic pH values. From the visible absorbance (at
a fixed wavelength in the visible range) vs catechin concen-
tration plots, the copigmentation binding constants could
be estimated (for details, see ref. [34]).

Coupling reactions. Model solutions were prepared as
follows: the flavylium ion and (+ )-catechin were dis-
solved in 4 ml of 20% aqueous acetic acid (pH = 2). In
the presence of acetaldehyde (1.8 mM), the initial concen-
tration of both polyphenols was 1 mM. In the absence of
acetaldehyde, two equivalents of flavylium ion were used.
The same procedure was followed with 57,3’ 4'-tetra-
methylcatechin replacing catechin. The samples were
stored in darkness at room temp. Samples were taken
periodically and analysed by HPLC.
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