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Abstract—The '3C NMR studies of catechin and epicatechin upon addition of base are reported. These flavan-3-ols show an
interesting deprotonation behavior, dramatically different from the other type of flavonoids: catechin and epicatechin exhibit
competitive deprotonation on B and A ring leading to a mixture of different monophenolates. © 2002 Published by Elsevier

Science Ltd.

Flavan-3-ols like catechin and epicatechin are sec-
ondary plant metabolites' known for their beneficial
action in human health. The flavan-3-ols’ protective
effects on diseases involving oxidative stress like can-
cers,>® cardiovascular*® and neurodegenerative® dis-
eases are often attributed to their antioxidative
properties.”!! The most important data enabling us to
predict these protective potentialities in physiological
conditions are physicochemical parameters: redox
potentials as thermodynamical parameters, scavenging
and decay constants as kinetics parameters and pK,.
Indeed, pK, are a prerequisite for calculating standard
redox potentials and for determining the precise form

phenol or phenolate present in biological medium.
However, in the case of catechin and epicatechin, even
if the four successive pK, values have been well deter-
mined by various techniques using potentiometric and/
or spectrophotometric measurements,'>!* the deproto-
nation sequence is still under discussion.'>!#

Therefore, we decided to follow stepwise the deproto-
nation of catechin and epicatechin by '*C NMR."
Inspection of Table 1, which presents the '*C NMR
shifts observed during the deprotonation of 5-
methoxyresorcinol and 4-methylcatechol, model com-
pounds, respectively, for A and B ring of the flavan-3-

Table 1. Deprotonation induced '*C NMR shifts (in ppm versus TMS) in 5-methoxyresorcinol and 4-methylcatechol (0.5 M
solutions in methanol-d, at 293 K) after subsequent addition of 1 equiv. of NaOD

Carbon atom 5-Methoxyresorcinol

4-Methylcatechol

Initial chemical shift?”

Displacement 1 equiv. NaOD

Initial chemical shift?® Displacement 1 equiv. NaOD

1 160.3 6.4
2 96.5 5.0
3 160.3 6.4
4 94.2 —-0.2
5 163.2 —0.6
6 94.2 —-0.2
7 55.6 —-04

143.9 5.6
146.1 6.8
116.3 —0.3
130.5 -3.0
121.3 —-3.7
117.2 0.4
20.9 0

Keywords: catechin; polyphenols; '*C NMR; deprotonation; dissociation constant.
* Corresponding author. Fax: 333 20 33 61 36; e-mail: christian.rolando@univ-lillel.fr
T Spectra were recorded either on a Bruker AC 600 or AC 400 spectrometer at a frequency of 150.92 or 100.62 MHz, respectively, using standard

pulse sequence parameters.
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ols, shows, in agreement with previous investigations,'>
deshielding for the ipso and ortho carbon atoms and
shielding for the para carbon atom. These experiments
show that the ipso *C NMR shift observed is linearly
proportional to the phenolate concentration with a
slope of 13.78 (R*=0.96) ppm per phenolate molar
fraction for 5-methoxyresorcinol (after statistical cor-
rection), and 13.77 (R*>=0.97) for 4-methylcatechol (by
summing the displacements of the two carbons bearing
the phenolic function).

Such selective behavior allows us, with the unambigu-
ous assignment of '*C NMR signals of flavan-3-ols,'®!7
to determine the precise deprotonation site of catechin
and epicatechin. Upon addition of a 1/4 equiv. of
NaOD (Table 2), the deshielding of 3'-C and 4'-C and
the shielding of the carbon atom in the para position
(respectively, 6'-C and 1'-C) indicate that the catechol
group deprotonates first, which confirms our results
obtained by flash photolysis experiments.!*

Upon the addition of 1/2 equiv. of NaOD (Table 2,
Fig. 1), the chemical shifts observed for the A ring
carbons (from 5-C to 10-C) clearly show that the
deprotonation of A-ring phenolic groups occurs in
competition with the catechol deprotonation. More pre-
cisely, the preferential site of deprotonation on the A
ring is determined by the comparison of the behavior of
S5-methoxyresorcinol. Indeed, in the case of a symmetric
molecule like S5-methoxyresorcinol where the para car-
bon atom of the first hydroxyl group is also the ortho
carbon atom of the second hydroxyl group, the two
opposite (shielding and deshielding) '*C NMR shifts
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nearly compensate (Table 1). But in a non-symmetric
molecule like catechin where preferential deprotonation
can exist, the two opposite effects do not compensate
and indicate the most deprotonated OH group: so the
most higher deshielding observed for 5-C and shielding
for 8-C lead to the conclusion that on the A ring, the
deprotonation occurs mostly on the 5-OH group.

Moreover, since the ionization of OH groups on one
ring system does not affect the chemical shifts of the
carbon atoms of the other, as demonstrated by the
behavior of catechin in presence of a 1/4 equiv. of base
(Table 2), an estimation of the proportion of each
phenolate can be obtained assuming that the magnitude
of the deprotonation induced shifts on ipso position is
generally preserved from simple catechol and resorcinol
systems to more complex ones. Therefore analysis of
the spectrum of catechin after addition of 1/4 equiv. of
base showed 82% (precision +5%) of phenolate on the
B ring, the structure of which is depicted in Fig. 1, 11%
of phenolate on the 5 position and 7% of the 7-OH
deprotonated molecule appeared. After the addition of
1/2 equiv. of NaOD, the mixture was composed of 76%
on phenolate on B ring, 14% on phenolate on the 5
position and 10% for the 7-OH deprotonated molecule;
while with 1 equiv. of base, the proportion changed to
63, 21, 16%, respectively. Numerical simulation* shows
that these values are best fitted by a series of micro-
scopic constants in water for mono deprotonation
PKs.on=PKs.ont0.1, pKson=pKs.ont0.3, pKion=
pKs.on+0.15 by using the linear correlation between
pK in methanol and water.!® This shift is in

Table 2. Deprotonation induced *C NMR shifts (in ppm versus TMS) in catechin (0.1 M solutions in methanol-d, at 293

K) after subsequent addition of NaOD

Catechin
Equiv. NaOD 0 1/4 12 1 Sum
Carbon é: 3C NMR 13C NMR shift? 13C NMR shift® 13C NMR shift® 13C NMR shiftd
2 83.0 0.1 0.3 0.3 0.7
3 68.9 0.1 0.2 0.4 0.7
4 28.6 0.1 0.2 0.6 0.9
5 157.7 0.3 1.0 2.5 3.8
6 96.4 0.1 0.7 1.2 2.0
7 157.9 0.2 0.7 1.9 2.8
8 95.6 —0.1 —-0.3 —0.5 —-0.9
9 157.0 0.0 0.0 0.0 0.0
10 100.9 0.0 —0.1 —0.3 —-0.4
Iy 132.3 —0.6 —13 —13 —-3.2
2 115.4 —0.1 —-0.2 —0.1 —-0.4
3 146.4 1.1 24 2.3 5.8
4 146.3 1.1 2.1 1.9 5.1
5 116.2 —0.1 —0.1 —-0.2 —0.4
6 120.2 —-0.4 —-0.8 —0.6 —1.8

a
51,4 equiv._(SO equiv.
1/2 equiv.” Y1/4 equiv.
c
(51 equiv._(sl /2 equiv.

49

1 equiv.io() equiv.

+ HySS 2000, Hyperquad Simulation and Speciation, from Protonic Software; see: Gans, P.; Sabatini, A.; Vacca, A. Talanta 1996, 43, 1739-1753

for details of the algorithms used.
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Figure 1. '>*C NMR spectra of catechin (0.1 M solutions in
methanol-d, at 293 K) after subsequent addition of 0, 0.5 and
1 equiv. of NaOD.

agreement with the previous values for difference of the
global microscopic constants between A and B ring
(PKa=D((Ks.ontK7.0n)), pKs=Dp((K3.ont+Ks-on))s
pKA—pKp=0.3 given by Slabert.'> Moreover, since the
macroconstant, K, , is related to the microscopic
ones by the equation: K, - =Ks ontKy.ontKs.on
+K,. o1, the knowledge of the macroscopic pK, of
the first deprotonation of catechin allows the deter-
mination of the precise values of each microscopic dis-
sociation constant:  pK; ony=9.02; pK,on=9.12;
PKs.on=9.43; pK; on=9.58.

Besides, the spectra of 5-methoxyresorcinol and cate-
chin (Fig. 1) phenolates in methanol-d, upon addition
of NaOD show base-catalyzed deuteration of 5-
methoxyresorcinol at 2-C, 4-C, 6-C and catechin A ring
at 6-C and 8-C, as previously described on resorcinol

by Furlong et al.,'” Arya et al.?° and on catechin by
Kiehlmann et al.?! Indeed, in protic medium (methanol-
d, and NaOD), the 6-C and 8-C signals changed pro-
gressively to become triplet (Fig. 1), while the same
experiments in aprotic medium (DMSO and butyl
lithium), where exchange is not possible, led to
unchanged 6-C and 8-C signals during deprotonation
(Fig. 2, Table 3). Moreover, catechin behavior upon
addition of base in DMSO is very close to the one
observed in methanol demonstrating that the relative
acidities of polyphenols are generally not affected by
solvent effects as previously observed for less complex
phenols.?>>* However, the difference between the vari-
ous pK, of catechin increases from water to methanol,'®
and to aprotic solvent like DMF or DMSO?2¢ due to
the lower solvatation of phenolate anion, leading to a
higher deprotonation of catechin B ring at one base
equivalent in DMSO than in MeOD. Similarly the shift
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Figure 2. '3C NMR spectra of catechin (0.1 M solutions in
DMSO-d; at 293 K) after subsequent addition of 0, 0.5 and 1
equiv. of butyl lithium.
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Table 3. Deprotonation induced '*C NMR shifts (in ppm versus TMS) in catechin and epicatechin (0.1 M solutions in
DMSO-d; at 293 K) after subsequent addition of butyl lithium

Butyl lithium (equiv.) Epicatechin Catechin
0 12 | 0 12 1

Carbon J: 3C NMR 13C NMR shift*  '3C NMR shift®  §: '*C NMR 13C NMR shift*  '3C NMR shift?
2 79.1 —0.2 0.9 81.1 0.5 0.3
3 65.7 —-0.2 0.8 66.4 0.1 0.2
4 29.1 —0.3 0.6 28.0 0.2 0.2
5 157.4 0.2 1.8 156.3 1.2 1.0
6 96.0 0.0 0.8 95.2 0.4 0.3
7 157.1 —-0.2 1.1 156.6 0.3 0.5
8 95.0 —0.6 —0.2 94.0 —0.7 —0.5
9 156.7 —-04 0.6 155.5 0.1 0.0
10 99.4 —0.5 0.3 99.2 —0.1 —0.2
1 131.5 —22 —1.7 130.7 —2.8 —1.3
2 115.9 —1.2 —0.2 114.6 —0.9 —04
3 145.4 2.0 3.8 145.0 3.9 2.1
4 145.4 1.7 3.5 145.0 34 2.1
5 115.7 —-1.0 —-0.3 115.2 —1.0 —0.7
6 118.8 —1.6 —1.1 118.6 —-2.0 —1.2
# (5‘1/2 equiv.jo‘o equiv.

bl cquiv,_ol 2 equiv.
between the 5 and 7 hydroxyl on the A ring also Acknowledgements

appears higher in DMSO leading to a lower ionization
of the 7 position.

Finally, the stereochemistry at C3 of flavan-3-ols
appears to have no influence on the deprotonation of
flavan-3-ols since the behavior of epicatechin upon
addition of base appears similar to the one of catechin
in the same medium (Table 3): catechol B-ring deproto-
nated first upon the addition of 0.5 equiv. of base while
upon the addition of 1 equiv. of butyl lithium, a
mixture of three monophenolates (phenolate on B ring,
on 5-OH and 7-OH) appeared.

In conclusion, the flavan-3-ols show an interesting
deprotonation behavior which is dramatically different
from the other type of flavonoids. Indeed, while upon
addition of successive equivalents of base, flavanones
such as naringenin present successive dissociations
which occur in the following sequence: 7-OH, 4’-OH,
5-OH,'’ flavan-3-ols such as catechin and epicatechin
exhibit competitive deprotonation on B and A ring
leading to a mixture of different monophenolates. So
the dissociation constant for the individual phenolic
groups, which are not easily determined due to the
polyphenolic nature of these compounds, can be
approximate: the individual pK, of the four phenolic
OH group of flavan-3-ols are very close and the differ-
ent hydroxyl groups can be ordered in regard to acidity
in the sequence: 3'-OH, 4-OH, 5-OH, 7-OH. Besides,
we can assume from these results that catechin protona-
tion sequence, corresponding to the successive pK,, will
start with the B ring, as suggested by Slabbert!? in
water. Finally we must point out that the most acidic
sites correspond both for naringenin® and catechin® to
their major site of metabolization.
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(FEDER), the Région Nord-Pas de Calais (France), the
CNRS, and the Institut Pasteur de Lille. This work was
supported by the European Community (European
Contract QLK 1-CT-199-00505 POLYBIND).
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