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ABSTRACT

Conformational stability of (+)-catechin species in water has been examined with density functional the-
ory, associated with the polarizable continuum model (PCM) of solvation. Factors such as electron delo-
calization, lone-pair electron donation and intramolecular hydrogen bonding substantially contribute to
the conformational stabilization. Upon deprotonation, the HOMO and LUMO energies for (+)-catechin are
both elevated; the energy gaps for the deprotonated species are narrower than the energy gap for the
neutral species. The preferential deprotonation occurs at the C3’-, C5-, C7- and C4’-OH groups
successively. The pK, value at 9.3 predicted for the most acidic OH group agrees well with previous exper-
imental data; however the values are overestimated for the less acidic OH groups due to limitations of the
PCM for charged solutes and/or complex nature of true deprotonation pathways. Formation of hydrogen
radicals should be promoted at high pH values following the bond dissociation enthalpies. Complexation
of (+)-catechin with either zinc(Il) or oxovanadium(IV) is favored at the 1:1 metal-to-ligand (M:L) mole
ratio, with the oxovanadium(IV) complex showing higher reaction preference. At M:L = 1:2, formation of
two isomeric complexes are plausible for each type of metal ion. Effects of stoichiometry and isomerism
on the computational spectral features of the possibly formed metal complexes have been described.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction

ily. Such the compound is found in various plants and foods de-
rived from plants (e.g., tea, cocoa, berries, and red wines), and is

(+)-Catechin is a naturally occurring polyphenolic compound
belonging to a subclass, known as flavan-3-ol, in the flavonoid fam-
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also well known for its satisfactory antioxidant activity, providing
the protection against diseases directly or partially involving accu-
mulation of free radicals in the body, e.g. cancers, aging, diabetes,
neurodegenerative and cardiovascular diseases [1-5]. The antioxi-
dant activity of (+)-catechin arises from its ability to scavenge
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Fig. 1. Schematic representation of (a) (+)-catechin and (b) the complex of (+)-
catechin with M™ =Zn?* or VO**, and y = 1 or 2. The labeling system is included for
the three-ring skeleton. Five protic sites are at the C5, C7, C3’ and C4’ hydroxyl (OH)
groups. Two donor oxygen atoms responsible for the metal ion chelation are
attached to C3’ and C4'.

reactive oxygen and nitrogen species produced during the cellular
oxidation processes. As shown in Fig. 1a, a molecule of neutral (+)-
catechin denoted as CatHs consists of three six-membered rings:
the resorcinol ring (A), the catechol ring (B) and the hydroxydihyd-
ropyran ring (C). The rings A and B are aromatic moieties while the
ring C is a non-aromatic heterocyclic moiety. With five hydroxyl
(OH) groups attached to the C3’, C4’, C5 and C7 carbon atoms,
(+)-catechin is regarded as a polyprotic compound, and the
antioxidant activity relies on either the hydrogen or electron dona-
tion from these OH groups to the reactive free radicals [6-8]. It is
noteworthy to mention that the OH group at C3 is technically
not acidic as it is a non-dissociable aliphatic alcohol functional
group. In aqueous solution at a specified pH, the protonation-
deprotonation equilibria of (+)-catechin could play a key role in
the redox phenomena and in vitro antioxidant activity as reported
in the previous studies [9-11]. This is important for the in vivo
antioxidant activity of (+)-catechin as the pH values in the human
body vary in quite a broad range, for example, the normal blood pH
and tissue fluids is 7.4 while the stomach pH value is close to 1 [7].
In principle, the most preferential deprotonation sequence of (+)-
catechin depends on the pK, values assigned to the individual
OH groups. Due to the phenolic nature of (+)-catechin, the pK,
value of around 9-10 is expected for the most acidic OH group. For-
merly, determination of the pKj, values for (+)-catechin were carried
out using electrochemical and spectroscopic methods [12-16], and
the value of about 9 was obtained quite precisely for the most
acidic OH group. On the other hand, uncertainties of the pK, values
for the less acidic OH groups seem to be large due to either difficul-
ties in detection or small differences between these values. Assign-
ing the pK, values to the four OH groups of (+)-catechin is even
more challenging as the molecular origins of the preferential
deprotonation sequence need to be well comprehended. Practi-
cally, comparisons between the experimental data obtained from
(+)-catechin and those from various catechol-based or resorcinol-
based model compounds were made in order that the acidity con-
tributions from the two rings in (+)-catechin could be identified
more accurately [13-15]. In some studies, the most acidic OH
group on (+)-catechin was assigned to the C3’-OH group on the ring
B [14,15]; however the OH group at C4’ was also claimed to be the
most acidic group [7,17]. In this case, the high-level quantum
mechanical methods based on density functional theory (DFT)
have been found necessary in the validation of the acidity assign-
ment to different OH groups. By such the theoretical methods,
the deprotonation sequence as well as the molecular stability of
various (+)-catechin species can be explicitly described, providing
profound insights into the dependence of the structural and elec-
tronic behaviors of the antioxidant molecule on the deprotonation
processes. Essentially, any single deprotonation step may cause
significant changes in the conformation of the deprotonated mole-
cule due to the reorganization of its electronic charges. Such the

structural change can possibly have much influence on the subse-
quent deprotonation steps and hence the overall deprotonation
pathway. Therefore, in the present study, the most stable confor-
mations for the neutral and deprotonated (+)-catechin species
need to be determined by means of the full molecular geometry
optimization. The molecular properties involving conformational
stability and reactivity such as charge density distributions, bond
orbital interactions and frontier molecular orbital energies, have
been well described for all (+)-catechin species. Interestingly, it
has been realized that particular transition metal ions such as
chromium(Ill) [18-21], zinc(Il) [22-28] or vanadium(IV)
[23,27,29-31] are active in reducing blood glucose levels both
in vitro and in vivo. A great deal of work has been carried out to
investigate the insulin-mimetic activity of such the transition
metal ions, particularly in the forms of ligand-metal complexes
as the carbohydrate and lipid metabolic activities are frequently
regulated by the biochemically active complexes formed by pro-
teins and metal ions [18,20,28,32,33]. Finding more appropriate
ligands for the production of antidiabetic complexes is also of gen-
eral significance in pharmacological context. (+)-Catechin could
serve as a potential candidate for the ligand to be used in the prep-
aration of therapeutic metal complexes similar to the other biolog-
ically friendly flavonoids [34,35]. This approach may allow the
development of compounds with combined antidiabetic and anti-
oxidant properties as well. Interestingly, a significant number of
metal complexes of flavonoids have been reported as exhibiting
greater antioxidant activity than their free ligand counterparts
[35]. In terms of drug release, the insulin-mimetic metal ions bound
to ligands are expected to be released in a controlled manner to
bloodstream; therefore in this case, the glucose-lowering effect
would vary with stability of the complexes. In the present study,
the effects of metal-ligand stoichiometry and the chelation configu-
ration on the stability of the complexes formed by (+)-catechin and
the insulin-mimetic transition metal ions such as zinc(Il) and oxova-
nadium(IV) have been investigated employing the DFT computa-
tional approach. The most favorable scheme of complexation for
each type of the metal ion can be predicted. The theoretically pre-
dicted spectroscopic data of various forms of complexes, which are
useful in the structural identification, have been described.

2. Computational details
2.1. Conformational study of (+)-catechin and its deprotonated species

The theoretical predictions provide more specific information
on the OH groups at which each step of deprotonation preferably
takes place based on the molecular thermodynamic quantities.
The preferential deprotonation pathway of the neutral (+)-catechin
conformer can be described as a series of four consecutive single-
proton withdrawal processes, in which all substances involved
are the most stable conformers of the respective species, i.e., the

neutral (CatHs), mono-anionic (CatHy), di-anionic (CatHg’), tri-

anionic (CatHg’) and tetra-anionic (CatH“’) species. In finding

the most stable conformation for each species, firstly, the
molecular models of the possible conformers of CatHs were built.
For each conformer built, the gas-phase molecular geometry opti-
mization was carried out using the Gaussian 03 program package
[36]. The density functional theory (DFT) with the hybrid density
functional B3LYP, i.e., Becke’s three-parameter exchange functional
[37] combined with the Lee-Yang-Parr correlation functional [38]
with the 6-311++G(d,p) basis set was applied to all computational
processes. For the basis set used herein, including a set of diffuse
functions (++) to the light atoms such as hydrogen is an
appropriate approach as far as the deprotonation reactions are
much concerned. The conformers with successfully optimized
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geometries were subsequently brought to the process of vibra-
tional frequency computations, where the zero-point corrections
for the electronic energies and the thermodynamic quantities were
determined. Among the optimized conformers obtained, the most
stable conformer was the one with the lowest electronic energy.
On a trial basis, the first deprotonation was assigned separately
to four OH groups (at C3’, C4’, C5 or C7) on the most stable CatHs
conformer, giving four forms of CatH, with different deprotonated
sites. The geometry optimization was then performed on each of
these forms and only the most stable one was taken as the reactant
for the further deprotonation. Similar to the preceding deprotona-
tion, in the second deprotonation, a single proton was removed
separately from the three remaining OH groups on the most stable
form of CatH,, hence producing three forms of CatHg’. The geom-
etries of these forms were fully optimized, and again only the most
stable one was taken to the further deprotonation. By continuing
the procedure of proton removal and geometry optimization, the

most stable forms of CatH3~ and CatH*" were finally obtained.
The solvation effects on the molecular structures and energetics
were examined by repeating the DFT geometry optimization under
the integral-equation-formalism polarizable continuum model
(IEFPCM) of solvation [39]. In the IEFPCM approach, the solute mol-
ecule was placed in a theoretical cavity surrounded by a polariz-
able dielectric continuum of water (the dielectric constant of
78.39). The cavity for solute molecule was created from a series
of interconnecting spheres, each of which was centered at the
atomic position of non-hydrogen element in the solute molecule;
the radii of these spheres were defined according to the UAKS
United Atom Topological Model [48] implemented in the Gaussian
03 program package. By the IEFPCM(UAKS)/DFT/B3LYP/6-
311++G(d,p) computations, the Gibbs energies of solvation could
be determined. The values of such the thermodynamic energies
were used in the theoretical determination of pK, values for each
(+)-catechin species, as described in the next section. In addition,
the so-called natural bond orbital (NBO) analysis, which allowed
the determination of primary interactions between particular bond
orbitals, was performed on the most stable species using the NBO
3.1 program integrated within Gaussian 03. Formerly, the NBO
analysis was applied to explain the degrees of charge delocaliza-
tion for the Cr(Ill) complex with quercetin, one of the most abun-
dant flavonoids [40]. Such the analysis is useful in describing a
number of electronic effects present in each stable species
including electron delocalization, lone-pair electron donation and
intramolecular hydrogen bonding, all of which have significant
influence on the charge distribution and conformational stability.

2.2. Theoretical prediction of acid dissociation constants

Presenting the gas-phase acidity in the forms of the relative en-
thalpy of deprotonation reactions allows direct comparisons with
the data obtained from the mass spectrometry and collision-in-
duced dissociation (CID) experiment [17]. For the solvated-phase
acidity, however, determination of the acid dissociation constants
would be the more appropriate approach as the experimental data
are available in the form of such the constants. The thermodynamic
cycle in Scheme 1 illustrates how the deprotonation of a species
CatH"" in aqueous solution is related to the same reaction in gas-

eous state. The deprotonation of CatH!™ in aqueous solution fol-
lows the reaction path (e), for which the standard Gibbs energy

(AGqdepro) 1s Telated to the acid dissociation constant (K.) of

CatH"™® through the relation:

_ _ ;q.depro
PKa = —log Ku = 5303k

AG.
CatHy () "% H' (g) + CatH)(g)
(a)

o) (b) ©
—AG,(CatH™™) AGL, (H") AG.;(CatH™®)

CatH""(aq) L H" (aq) + CatH]{(aq)

aq,depro

Scheme 1. Thermodynamic diagram used in the determination of the Gibbs free

energies of deprotonation in aqueous solution for the species CatH}* (AG}q epro)-

where the superscript (*) denotes the 1 M standard state of sub-
stances. Given the gas constant (R) and the temperature (T) are
1.986 x 10> kcal mol~' K~! and 298.15K, respectively, Eq. (1)
becomes:

AG,q depro /keal mol ' 2)
1.3644

%

aq,depro

pKa

According to Scheme 1, AG can be written as:

AGquepro = AG;as‘depro + [AG:OI(HJr) + AG:ol (Catng;)]

~ AG, <CatHﬁ’5> (3a)
= AG;as.depro + AAG;al (3b)
where AGy, gepro IS the Gibbs energy of deprotonation for CatH™® in

gas phase. AG,(H"), AG; (CatHﬁ:?) and AG!

sol sol sol

(CatHQ’S) are the

Gibbs energies of solvation for H', CatH""%, and CatH’ >, respec-
tively. AAG,, is the net change in the Gibbs free energies of
solvation upon deprotonation. The most recent theoretical-

experimental value of —265.9 kcal mol~! for AG;,(H") was taken

from the literature [41-44]. The Gibbs energy of deprotonation for
Cat]—[ﬁ’5 in gas phase (AG, ) can be calculated using following

gas,depro
equation:
AGisaepro = Gias (') + s (CatHy ) — Gy (CatHy ), (4)

gas gas

where Gy, (H"), Gy, (Cat]—[ﬁ:?) and G, (CatHﬁ’S) are the absolute

Gibbs energies for H'(g), CatH!$(g), and CatH">(g), respectively.
In the conventional gas-phase DFT calculations, the Gibbs energies
in gas phase are determined at the 1 atm standard state. Conversion
of the Gibbs energies at this standard state to the corresponding
values at the 1M standard state can be accomplished using
following equation:

Gyas = Ggs + RTIn(24.46). ()

gas

Given the values R=1.987 x 103 kcal mol~! and T=298.15K,
Eq. (5) becomes:

Gias = Gops +1.89 (kcal mol ™). (6)

gas

*

gas,depro

=[G (H") +1.89] + (G2, (Catng’) +1.89]

Consequently, AG

*
AGgas,depru

in Eq. (4) can be rewritten as:

~ [Gass(CatHy ) +1.89]

gas

= [Gaas(H") + Gy (Catng’) ~ Gy (CatHQ*5>]
+1.89
= AGgys gepro + 1.89. 7

The values of G2 (CatHz:f) and G° (CatHﬁ’5> in Eq. (7) can be

gas gas

readily obtained from the DFT calculations of the gaseous species
at 1atm. The acceptable value of G (H') at 298.15K is

gas
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—6.28 kcal mol~! [45], derived from the Sackur-Tetrode equation
for a monatomic ideal gas [46]. Such the value of Gg,((H") was
applied in the calculations of the pK, values for various substituted
phenols [45] and carboxylic acids [47]. The pK, values reported in
this work were calculated using following equation:

Gas(CatHy}) — G (CatHy *) + AGL, (CatHy ) — AG,, (CatH; *) ~27029
13644 ®

pK, =

2.3. Structures of (+)-catechin-metal complexes

In the present study, (+)-catechin is treated as a bidentate
ligand for the complexation with either zinc(Il) or oxovana-
dium(IV). As displayed in Fig. 1b, upon complexation, the ligand
uses two donor oxygen atoms at both C3’ and C4’ positions to che-
late the metal ion, allowing five-membered chelate rings to be
formed. Chelation by such the ortho catecholic oxygen atoms was
described in the previous study on the complexation of
(+)-catechin with copper and iron [48]. Using the other oxygen
atoms at C3, C5, and C7 for chelation would also be inappropriate
regarding long distances between them. To achieve satisfactory de-
grees of electron donation from donor atoms to metal ion, the (+)-
catechin species with its hydroxyl protons at C3’ and C4’ being
removed was chosen as the ligand in the complexation. The
gas-phase optimized molecular structures of (+)-catechin-metal
complexes were explored using the same DFT computational level

5H-9 5H-10

as that used for the pure ligand. The metal-to-ligand (M:L) mole ra-
tios at 1:1 and 1:2 were attempted in order to determine which ra-
tio could lead to the most favorable complexation for each type of
metal ion. The so-called time-dependent DFT (TD-DFT) single-
point computations at the I[EFPCM(UAKS)/TD-DFT/B3LYP/6-
311++G(d,p) level were performed on the gas-phase optimized
structures in the evaluation of the UV/visible absorption spectra
for the complexes under hydration. Structural changes upon solva-
tion of the gas-phase optimized geometries were assumed to have
negligible effects on the UV/visible absorption, avoiding too expen-
sive PCM computations for the large metal complexes. Previously,
the TD-DFT methodologies were reported as being effective in
describing the UV/visible electronic spectra of iron complexes of
various flavonoids as well [49,50]. The GaussSum 2.2.0 program
[51] was used to generate the computational IR and UV/visible
spectra.

3. Results and discussion
3.1. Conformational stability of (+)-catechin

As shown in Fig. 2, a series denoted as “series A” represents a
group of the stable CatHs conformers, all of which are of
successfully optimized geometries. The differences between the
conformers in this series are mainly due to the variation of the
hydroxyl proton configuration. The most stable conformer labeled
as 5H-1 has the lowest electronic energy, whereas the electronic

5H-3 5H-4 5H-5 5H-6

%,
%,
,
%

5H-11 5H-12

5H-13 5H-14 5H-15 5H-16 5H-17 5H-18

Series A f iég ﬁ E ;55 :n§§§ §;§§ :iéf

5H-19 5H-20 5H-21 5H-22 5H-23 5H-24

B 5H-1* 5H-2* 5H-3* 5H-4* 5H-5% 5H-6*
Series B é é E E ; E

5H-7* 5H-8* 5H-9* 5H-10* 5H-11* 5H-12*

Fig. 2. Two series, denoted as series A and B, for the stable conformers of CatHs. The major difference between the two series is the orientation of the ring B. For each series,
the conformational stability decreases from left to right as well as from top to bottom. Atomic labeling as shown for the most stable conformer 5H-1 is applied to all (+)-

catechin species in the present study.
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energy for the least stable conformer (5H-24) is higher than that
for 5H-1 by 154.64 kcal mol~!. Clearly, for all stable conformers,
the rings A and B are of the planar structure, implying considerable
levels of electron delocalization on the two rings. This structural
feature is missing for the ring C. The observation made on the first
eight stable conformers of series A (5H-1 to 5H-8) suggests that the
intramolecular hydrogen bonding within the proximity of two OH
groups at C3' and C4' on the ring B is crucial in stabilizing the
conformation. The 02-H3 hydrogen bond distance in 5H-1 is 2.153 A.

The energy profile in Fig. 3a demonstrates how the single-point
electronic energy of the conformer 5H-1 varies with the orienta-
tion of hydroxyl proton H7 at C3. This demonstration is not trivial
as the real molecule in solution would possess certain degrees of
flexibility, resulting in the structural fluctuations about the most
stable form. The orientation of the ring B is left as it is in 5H-1
while the H7-04 bond on the ring C is allowed to be rotated about
the C3-04 axis. The electronic energy is globally minimal at the
H7-04-C3-C2 dihedral angles of —59.9° and -59.9° + 360.0°, con-
sistent with the unperturbed 5H-1 conformation. These two dihe-
dral angles coincide with a very small dihedral angle H7-04-C1'-
C4' (-2.9°), hence suggesting that the H7-04 bond on the ring C
and the C4’-03 axis on the ring B lie almost in the same plane in
order that the conformational energy can reach the minimum.
The energy rises to the maxima when the dihedral angle H7-04-
C3-C2 is increased successively by about 90°. Besides the hydrogen
bonding and the H7-04 orientation, the orientation of the ring B
plane has much influence on the conformational stability. In the
most stable 5H-1 the dihedral angle C2'-C1'-C2-C3 is 80.5°, indi-
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Fig. 3. Electronic energy profiles for CatHs plotted against (a) the dihedral angle
H7-04-C3-C2 and (b) the dihedral angle 01-C2-C1'-C2'. In both cases, the
leftmost and the rightmost data points in the plots correspond to the unperturbed
conformation for 5H-1.

cating that the rings B and C are almost perpendicular to each other
(although the ring C is non-planar).

Now consider the case when the configuration of proton at C3 is
stationary as is in the most stable conformation 5H-1 while the
ring B plane is allowed to be rotated about the C1’-C2 bond. Such
the rotation gives rise to the energy profile shown in Fig. 3b, where
the change in the rotation angle is equivalent to the change in the
dihedral angle 01-C2-C1'-C2’. Two global minima representing
the unperturbed 5H-1 conformation are noticed at the 01-C2-
C1’-C2’ dihedral angles of —40.6° and 319.4°. Interestingly, a local
minimum of energy is observed at an intermediate 01-C2-C1'-C2’
dihedral angle of 124.4°. At this point, the plane of the ring B is
rotated by 165° about the C1'-C2 bond from the initial orientation
in 5H-1, hence turning the OH group at C3’ (i.e.,, 02-H2) to the
opposite side. This finding suggests that, apart from those in series
A, another series of stable CatHs conformers may exist. Essentially,
as shown in Fig. 2, twelve stable conformers have been found
belonging to such the series, hereafter denoted as “series B”.
Similar to series A, the stabilization effect of hydrogen bonding
on the ring B is still obvious in series B, especially in the first eight
stable conformers (5H-1"-5H-8"). Table 1 summarizes the elec-
tronic energies, enthalpies, and Gibbs energies for all CatHs con-
formers depicted in Fig. 2. All energetic parameters are presented
as the quantities relative to those of the most stable conformer
5H-1. Excluding the most stable conformer 5H-1, the conformers
in series A show lower stability (i.e., higher electronic energies)
than those in series B. Therefore, the conformational stability of
the 5H-1 is uniquely high compared to the rest conformers in the
same series.

Table 1

Relative electronic energies (AE,.), relative enthalpy (AH,) and relative Gibbs free
energy (AGe) for the conformers of the neutral (+)-catechin (CatHs) displayed in
Fig. 2.

Conformer Conformation AE e AH,e AGe]
series (kcalmol™?)  (kcalmol™!)  (kcal mol~')
5H-1 A 0.0 0.0 0.0
5H-1" B 1.2 13 1.0
5H-2* B 13 14 1.2
5H-3" B 2.1 23 1.8
5H-4" B 2.4 2.5 2.0
5H-5" B 2.8 3.1 2.1
5H-6" B 31 33 2.0
5H-7* B 3.6 4.0 2.7
5H-8" B 53 5.4 5.2
5H-9" B 6.2 6.4 5.9
5H-10" B 6.9 7.2 6.6
5H-11" B 19.2 19.1 19.4
5H-12* B 232 231 23.6
5H-2 A 147.0 146.9 1471
5H-3 A 147.3 147.3 147.4
5H-4 A 147.5 147.4 147.6
5H-5 A 147.6 147.5 147.6
5H-6 A 147.7 147.7 147.8
5H-7 A 1479 1479 148.0
5H-8 A 1479 1479 148.1
5H-9 A 148.7 148.8 148.5
5H-10 A 148.9 149.0 148.8
5H-11 A 149.4 149.6 149.1
5H-12 A 149.7 149.8 149.5
5H-13 A 149.9 149.7 149.9
5H-14 A 150.3 150.5 149.9
5H-15 A 150.4 150.5 150.2
5H-16 A 150.8 150.7 150.9
5H-17 A 150.8 151.0 150.6
5H-18 A 151.5 151.5 151.5
5H-19 A 151.6 151.6 151.7
5H-20 A 151.7 151.7 151.8
5H-21 A 152.8 1529 152.6
5H-22 A 153.6 153.7 1533
5H-23 A 154.0 153.8 154.1
5H-24 A 154.6 154.7 154.5
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3.2. Donor-acceptor bond orbital interactions and charge density
distribution

The detailed electronic behaviors of the neutral (+)-catechin
and its deprotonated species are crucial in understanding the
molecular stability, charge density distribution and intramolecular
interactions. The important results as obtained from the NBO
analysis and the electrostatic potential mapping for the most stable
forms of various (+)-catechin species: CatHs [5H-1], CatH, [4H(3')],
CatH%™ [3H(3'5)], CatH2~ [2H(3'57)] and CatH*" [1H(3'574')] are
described as follows:

(a) 5H-1. The bonding (BD)-antibonding (BD*) orbital
interactions between the vicinal carbon-carbon bonds on
the rings A and B of 5H-1 are of high energies up to 25.7
and 20.1 kcal mol™!, respectively (see Table 2), indicating
large extent of electron delocalization over the individual

rings. The ring A shows greater extent of electron delocal-
ization than the ring B and this is also true in the cases
of 2H(3'57) and 1H(3'574'). The electrostatic potential
(ESP) maps for the most stable conformers: 5H-1, 3H(3'5),
2H(3'57) and 1H(3'574') are illustrated in Fig. 4. Based on
the molecular orientation of 5H-1 as shown in Fig. 4, high
densities of negative charges are observed over the upper
part of the two interconnected rings A and C, most particu-
larly in the region near C9. According to the BD—BD" inter-
action energies listed in Table 2, the displacement of pi-
electrons over the ring A essentially favors the following
directions: (C5-C6) —» (C7-C8) and (C7-C8) — (C9-C10).
The electrons therefore show tendency of moving to the
upper half of the ring A (in reference to Fig. 4). Also, dona-
tion of the lone-pair (LP) electrons from either O1 or O6 to
the ring A is important due to high energies for the interac-
tions LP(O1)-BD*(C9-C10) (25.8 kcal mol~!) and LP(06)-

Table 2
Selected donor-acceptor natural bond orbital interactions with the respective interaction energies.
Orbital interaction Interaction energy (kcal/mol)
Donor Acceptor 5H-1 4H(3) 3H(3'5) 2H(3'57) 1H(3'574')
BD(C5-C6) BD (C7-C8) 25.7 25.5 30.5 30.0
BD(C7-C8) D*(C5-C6) 12.5 12.2 - 8.4 8.3
BD(C7-C8) D*(C9-C10) 24.6 232 - 39.2 36.3
BD(C9-C10) D*(C7-C8) 135 14.0 - 8.3 8.6
BD(C9-C10) D*(C5-C6) 25.6 294 - 19.4 214
BD(C5-C6) D*(C9-C10) 13.0 12.0 - 9.2 8.9
BD(C1'-C6') D*(C2'-C3’) 19.1 12.2 - 13.0 12.0
BD(C2'-C3) D*(C1'-C6') 189 28.0 - 27.6 23.8
BD(C4/ C5') D*(C1'-C6') 20.1 171 15.6 14.8 22.7
BD(C1'-C6') D*(C4'-C5) 18.8 15.7 17.3 18.7 12.7
BD(C4'-C5") D*(C2'-C3") 20.0 139 - 139 10.8
BD(C2'-C3) D*(C4'-C5") 183 16.1 - 184 11.8
BD(C3'-C4") D*(C4'-C5) - - 41 43 1.4
BD(C2'-C3) D*(C1'-C2') - - 34 33 34
BD(C4'-C5") D*(C5'-C6') - - 3.2 3.1 3.1
BD(C8-C9) D*(C9-C10) - - 5.1 5.7 5.0
BD(C7-C8) D*(C6-C7) - - 49 1.9 21
BD(C5-C6) D*(C6-C7) - - 2.8 2.0 2.0
BD(C7-C8) D*(C8-C9) - - 3.0 2.7 2.7
LP(01) D*(C9-C10) 25.8 32.1 23.8 18.1 21.2
LP(01) D*(C2-C3) 3.1 2.6 34 4.1 33
LP(02) D*(C2'-C3") 239 72.6 13.6 60.4 69.6
LP(02) D*(C3'-C4") 0.8 13.2 12.2 11.5 16.4
LP(02) D*(03-H3) 0.8 109 12.0 134 -
LP(03) D*(C4'-C5") 27.5 29.9 27.6 25.9 11.4
LP(04) D*(C2-C3) 6.4 4.6 3.7 3.1 3.2
LP(04) D*(02-H2) 16.6 - - - -
LP(04) D*(05-H11) - 17.5 - - -
LP(05) D*(C5-C6) 279 26.6 14.8 69.8 65.2
LP(05) D*(C5-C10) - - 153 13.7 13.1
LP(06) D*(C7-C8) 28.1 25.9 4.6 69.5 12.8
LP(06) D*(C6-C7) - - 21.5 12.5 11.7
BD(03-H3) D*(C4'-C5") 4.6 6.2 6.2 6.3 -
BD(C4'-C5') D*(03-H3) 1.5 1.1 1.0 1.0 -
BD(03-H3) D*(C3'-C4") 0.6 0.9 0.9 0.9 -
BD(04-H7) D*(02-H2) 49 - - - -
BD(C3-04) D*(02-H2) 2.7 - - - -
BD(C7-06) D*(C6-C7) 0.6 0.6 0.5 1.8 1.6
BD(C7-06) D*(C7-C8) 0.9 0.8 - 14 14
BD(C5-05) D*(C5-C6) 0.9 0.8 1.7 1.9 1.7
BD(C5-05) D*(C9-C10) 1.7 1.7 4.0 1.5 14
BD(CS—OS) D*(C5-C10) 0.9 0.9 1.8 14 14
BD(C3'-02) D*(C2'-C3’) 1.1 2.7 2.5 24 1.8
BD(C3'-02) D*(C4'-C5) 1.6 1.6 4.7 1.8 0.8
BD(C3'-02) D*(C1'-C2") 1.2 1.1 1.1 1.1 1.6
BD(C3'-02) D*(C3'-C4") - 1.0 1.0 0.9 0.8
BD(C4'-03) D*(C2'-C3’) 14 1.3 1.3 1.4 0.8
BD(C4'-03) D*(C4'-C5") 1.0 1.2 1.1 1.0 1.8
BD(C4'-03) D*(C5'-C6") 13 14 14 1.4 1.6
BD(C3-04) D*(C2-01) 1.6 1.7 1.5 1.4 1.4
BD(C3-04) D*(C4-C10) 1.2 1.3 1.1 1.0 1.0
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Fig. 4. Electrostatic potential maps, generated with isosurface value of 0.010 e A3, for the most stable conformers of CatHs [5H-1], CatH, [4H(3')], CatH%’ [3H(3'5)], Catl—lg’

[2H(3'57)], and CatH*" [1H(3'574)].

BD*(C7-C8) (25.8 kcal mol™!). Both LP orbital interactions
induce high negative charge densities over the C7-C8-C9
segment, whereas the donation of LP(O1) electrons to
BD*(C2-C3) on the right hand side of the ring C is not as
attainable as the donation to BD*(C9-C10) on the left hand
side of the same ring (with reference to Fig. 4). The ESP
map of 5H-1 also reveals that the positive charges are local-
ized predominantly on either H3 (the ring B) or H11 (the
ring A), implying both H3 and H11 show high tendency of
being released as protons. For the ring B with the
ortho-oxygen atoms, the degree of electron displacement
is comparable in either clockwise or counterclockwise
directions (with reference to Fig. 4) along the intercon-
nected carbon-carbon bonds. However, the electron dona-
tion from both LP(02) and LP(03) to the BD* orbitals on
the ring B corresponds to the high interaction energies up
to 27.5 kcal mol ™!, leading to the accumulation of negative
charge densities over the C3'-C4’-C5’' segment. Basically,
the electron delocalization on both rings is further
enhanced by the donation of electrons from the LP orbitals
on oxygen atoms. For instance, the LP orbital on 06, with
an almost pure p character (s 0.00%, p 99.94%, d 0.06%)
and a occupancy of 1.88, interacts strongly with the
BD*(C7-C8) orbital [i.e., 0.7566 p(C7)-0.6539 p(C8)], yield-
ing high interaction energy at 28.1kcalmol~'. The
LP(05)-BD*(C5-C6) and LP(03)-BD*(C4’-C5’) interactions
are at similarly high levels. The LP(0O2) electron donation
to BD*(C2'-C3’) shows quite lower interaction energy at
23.9 kcal mol~'; however this value is still sufficiently high.
In contrast, the LP(O4) electrons interact weakly with the
BD* orbitals on the ring C, but much more strongly with
BD*(04-H7). This effect leads to the decrease in positive
charges on H7. In addition, the LP(04) orbital surprisingly
interacts with the BD*(02-H2) orbital on the remote ring
B, yielding significant interaction energy at 16.6 kcal mol~!.

Possibly, this interaction well stabilizes the configuration of
H2 as observed in 5H-1. The LP(02)-BD*(03-H3) orbital
interaction principally accounts for the hydrogen bonding
between 02 and H3; such the interaction corresponds to
the low interaction energy at 0.8 kcal mol~!, which is mod-
erately significant in terms of hydrogen bonding.

(b) 4H(3'). In the ESP map for 4H(3') shown in Fig. 4, the bottom
parts of the rings A and C exhibit high positive charge
densities while the negative charges are located mostly on
the upper part similar to 5H-1. The negative charges on
the upper part, however, appear more uniformly distributed
in this case, possibly due to the changes in two types of orbi-
tal interactions. Firstly, the marked increase in the BD(C9-
C10)-BD*(C5-C6) interaction energy assists the transfer of
negative charges to the lower part of the ring A. Secondly,
the slight decrease in the energies of two LP orbital
interactions: LP(06)-BD*(C7-C8) and LP(O5)-BD*(C5-C6)
leads to the lowering of negative charge densities over the
upper half of the ring A. The negative charges are located
most intensely over the C3’'-02 segment followed by the
neighboring 03. The donation of LP(02) and LP(03) electrons
to the BD* orbitals on the ring B is more feasible as evident
from the increase in the interaction energies: LP(0O2)-BD*
(C2'-C3'), LP(02)-BD*(C3'-C4'), and LP(03)-BD*(C4'-C5');
however the BD-BD* orbital interactions on the ring B are
weakened compared to 5H-1, with the exception only for
BD(C2'-C3’)-BD*(C1'-C6'). These effects not only lower the
extent of electron delocalization over the ring B but also pro-
duce the high densities of negative charges near C3’ and C4/,
in agreement with the ESP observations on the ring B in
4H(3'). The hydrogen bonding between the highly negatively
charged O2 and the vicinal H3 is immensely strengthened as
the LP(02)-BD*(03-H3) interaction energy is increased dra-
matically to 10.9 kcal mol~?, hence disfavoring the removal
of H3 as a proton.
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(c) 3H(3'5). The most notable behavior for the orbital

interactions in 3H(3'5) is the vanishing of vicinal BD-BD*
orbital interactions on the ring A, induced by the loss of
H11 from O5. Although the adjacent BD-BD* orbital interac-
tions on the ring A, for example, BD(C8-C9)-BD*(C9-C10),
BD(C7-C8)-BD*(C6-C7) or BD(C5-C6)-BD*(C6-C7) are pres-
ent, they are rather weak, exhibiting low interaction ener-
gies ranging from 3.0 to 5.1kcalmol !. This result
indicates the decrease in the level of electron delocalization
over the ring A. The negative charge densities are intensely
localized in the region near C9 as seen in Fig. 4, most likely
due to the donation of LP(O1) to BD*(C9-C10) (the
interaction energy = 23.8 kcal mol~'). Overall, the LP(02)
orbital interactions (12.0-13.6 kcal mol~!) are weaker than
the LP(O5) orbital interactions (14.8-15.3 kcal mol~!). This
implies the negative charge densities are more localized
around the donor O2 than 05, in accordance with the ESP
observations. The behavior of the LP(0O3) orbital interaction
in 3H(3'5) is not much different from that in 5H-1. The
increase in the LP(02)-BD*(03-H3) interaction energy is
observed, indicating the hydrogen bonding between 02
and H3 is further reinforced.

(d) 2H(3'57). The BD-BD* orbital interactions between the

vicinal carbon-carbon bonds on the ring A are restored as
a consequence of the H13 removal from O6. The greater
BD(C5-C6)-BD*(C7-C8) and  BD(C7-C8)-BD*(C9-C10)
interactions suggest that the negative charges are localized
more intensely along the C7-C8-C9 segment, in agreement
with the ESP map. The remarkably high densities of negative
charges observed near C7 are attributed to the combination

02

4H(3")

[-161.9] . 2)

of two types of strong interactions: BD(C5-C6)-BD*(C7-C8)
(30.5 kcal mol ') and LP(06)-BD*(C7-C8) (69.5 kcal mol™1).
The LP(05) and LP(02) orbitals show strong preference of
electron donation to BD*(C5-C6) orbital (69.8 kcal mol~1)
and BD*(C2'-C3') orbital (60.4 kcal mol™!), respectively,
reflecting the necessity of the lone-pair electron donation
to the rings in the stabilization of negative charges produced
upon deprotonation. The energy of the LP(02)-BD*(03-H3)
interaction in 2H(3'57) rises by 12% from the value in
3H(3'5), indicating the more enhanced hydrogen bonding
in 2H(3'57).

(e) 1H(3'574'). The ESP map in Fig. 4 reveals high negative

charge densities expanding almost the entire molecule of
1H(3'574'). The lowest densities of negative charges are
observed on the ring C where the electron delocalization is
not favorable. Similar to 2H(3'57), no positively charged
regions are noticed. Furthermore, the region near C10
exhibits the charge densities close to zero as the donation
of LP(05) electrons to BD*(C5-C10) is not much feasible
compared to the same electron donation to BD*(C5-C6).
The behavior of BD-BD* orbital interactions on the ring A
for 1H(3'574’) is similar to that for 2H(3'57) regarding the
relevant interaction energies listed in Table 2. The overall
LP(02) electron donation to the ring B is much more
enhanced regarding the strengthened interactions LP(02)-
BD*(C2'-C3’) (69.6 kcalmol™') and LP(02)-BD*(C3'-C4')
(16.4 kcal mol~!). The enhancement of the LP(O2)-BD*
(C3'-C4') interaction is however attained at the cost of the
weakening of the neighboring LP(03)-BD*(C4'-C5)
interaction.

@
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Fig. 5. Schematic representation of the proton transfer between two ortho-oxygen atoms, i.e., 02 and 03 [paths (1) and (4)] and the relevant reorientation of the hydroxyl
protons [paths (2) and (3)] in (a) CatH,, (b) CatHg’ and (c) CatHg’. The values in square brackets are the reaction Gibbs energies in kcal mol .
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3.3. Extent of proton transfer between ortho-catecholic oxygen atoms

Given the average 02-03 and O3-H3 distances in the three
deprotonated species: CatH, [4H(3')], CatH2~ [3H(3'5)], CatH3"
[2H(3/57)] at 2.6 A and 1.0 A, respectively, the proton transfer be-
tween 03 and O2 in these three species in solution could possibly
take place. In Fig. 5, various proton transfer reactions for CatH,,
CatH3™, and CatH3™ are displayed along with the Gibbs energies
involved. All structures depicted are of the optimized geometries
and all reaction paths are spontaneous with the negative values
of the Gibbs energies. The paths (1a), (1b) and (1c) shown in
Fig. 5 are the direct proton exchange reactions. The paths (2a)-
(2c) and (3a)—(3c) represent the rotation of the O-H bond about
the C-O axis, whereas (4a)-(4c) can be regarded as the proton
transfer reactions concerted with the hydroxyl proton reorienta-
tion. Obviously, any paths that lead to the most stable conformers
[4H(3'), 3H(3'5) or 2H(3'57)] correspond to the large absolute val-
ues of the reaction Gibbs energies at 144-146 or 160-
162 kcal mol™!, suggesting high preference of the transformation
to the most stable conformation. For the reaction paths (1), (2)
and (3), the absolute value of the Gibbs energy decreases slightly
with decreasing number of the hydroxyl protons in the molecule;
therefore these reactions become less favorable upon deprotona-
tion. In contrast, the proton transfer reactions (4a), (4b) and (4c)
follow different trend as the reaction is increasingly favorable with
more hydroxyl protons being withdrawn from the molecule;
however, the absolute values of the Gibbs energies are small
(3-5 kcal mol™!) due to the absence of intramolecular hydrogen
bonding.

3.4. Frontier molecular orbitals for (+)-catechin species

The energy levels of two frontier molecular orbitals (FMOs),
namely, the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) derived at the
B3LYP/6-311++G(d,p) level are displayed in Table 3 for all (+)-
catechin species. The HOMO-LUMO gaps are in the decreasing or-
der: 5H-1 > 3H(3'5) > 4H(3') > 1H(3'574') > 2H(3'57). Based on the
Koopman theorem, the chemical hardness (#) is proportional to
the HOMO-LUMO gap: n = fwmo-Euowo [52 53] The deprotonated
species 1H(3'574') and 2H(3'57) can be regarded as highly
polarizable or “soft” anionic species due to their small HOMO-
LUMO gaps. These two soft anionic species are predicted to be
more chemically reactive than the others for unimolecular reac-
tions such as isomerization or decomposition. On the other hand,
the neutral species 5H-1 shows the widest HOMO-LUMO gap at
5.36 eV. The electronic transition from its HOMO to LUMO requires

Table 3
Electronic and energetic parameters determined for various (+)-catechin species.
(+)-Catechin Enomo  Ewmo  AEiumo- n*  BDE
species/conformer (eV) (eV) Homo (eV) (kcal mol~1)
CatHs/5H-1 -6.10 -0.74 5.36 2.68 752
CatH41/4H(3’) —1.08 1.33 241 1.21 735
CatH§2/3H(3’5) 1.33 4.09 2.76 138 702
CatHg3/2H(3’57) 541 575 034 0.17 654
CatH*/1H(3'574') 7.86 836  0.50 025 -
Free radical species
.CatH4 —6.23 -1.05 5.18 2.59
.CatH;" —247 172 419 2.10
CatH;? 0.92 392 3.00 1.50
CatH3 4.40 626 1.86 0.93
2 Chemical hardness: 17 (Erumo — Eromo)/2-
> Homolytic O-H bond dissociation enthalpy (BDE): BDE

HC(.H) 4+ H(.CatH!"3) — H°(CatH! %), for the CatH"~> species.

high excitation energy, implying that the deprotonation could
introduce the red-shift to the UV/visible spectral bands of
(+)-catechin. In several cases, besides the HOMO-LUMO transition,
the other MO transitions could have greater contributions to the
observed spectral bands. The FMO energy levels have been found
to fit well with the linear relations: Epyomo (eV)=3.44x — 5.40
(R?=0.985) and E ymo (eV) =2.26x — 0.77 (R? = 0.996), where x is
the number of proton being withdrawn from the neutral
(+)-catechin (x =0, 1, 2, 3 and 4). Upon deprotonation, Eyonmo thus
increases at higher rate than Ejyyo. This implies that the chemical
instability is laid upon the deprotonated species. With the lowest
lying LUMO energy, 5H-1 is predicted to be the best Lewis acid
(electron-pair acceptor) compared to the other species whereas
the deprotonated species with the elevated HOMO energy levels
have higher tendency to act as the Lewis base (electron donor).
The homolytic O-H bond dissociation in any CatHg’5 species
produces the phenoxyl radical and the hydrogen radical, following
as CatH!(g) — .CatH"3(g) + .H(g). The bond dissociation enthal-
py (BDE) involved in such the reaction can be determined with the
relation: BDE =H°(.H) + H°(.CatH""3) — H°(CatH! °).As shown in
Table 3, the BDE values for various (+)-catechin species in gas
phase lie in a range of 65-75 kcal mol™!, which is not so broad as
all enthalpy values similarly correspond to the dissociation of the
same type of bond. Nevertheless, deprotonation causes the
decrease in the BDE value, indicating that the deprotonated species
tends to break into free radicals more easily than the protonated
species; the same tendency could be expected for the species in
solution. Therefore, at high pH values, formation of phenoxyl and
hydrogen radicals should be facilitated. As shown in Table 3, the
decrease in the HOMO-LUMO gap is noticed for the phenoxyl
radicals .CatH" 2, similar to the observations on the phenoxylate
species. Both HOMO and LUMO energies for the phenoxyl radicals
lie lower than those for their respective phenoxylates. For example,
Exomo and Epymo for the phenoxylate Catl—L}1 are —1.08 eV and
1.33 eV, respectively, whereas Eyomo and Ejymo for the phenoxyl
radical .CatH, are -6.23eV and -1.05eV, respectively. The
lowering in the LUMO level suggests that the phenoxyl radicals
are more electrophilic than their respective phenoxylate species.

3.5. Theoretically preferential deprotonation pathway of (+)-catechin

The preferential deprotonation pathway of (+)-catechin in
aqueous solution is schematically displayed in Fig. 6. In terms of
molecular structure, the most stable forms of CatHs [5H-1],
CatH; [4H(3)], CatH2™ [3H(3'5)], CatH3~ [2H(3'57)] and CatH*~
[1H(3'574')] exhibit somewhat similar geometries regardless of
the number of the hydroxyl protons attached. As depicted in
Fig. 6, the most stable form of CatH,, 4H(3'), is the one with the
hydroxyl proton at C3’ being removed. The OH group at C3’ is
therefore the most acidic site on the molecule, corresponding to
pKa1y=9.3, lying in a typical pK, range for phenols. As shown by
the structure of 4H(3') in Fig. 6, after the first deprotonation, the
hydroxyl proton at C4’ remains pointed to the oxide group at C3/,
indicative of significant electrostatic interaction between this
proton and the negatively charged oxygen. This in turn prevents
the hydroxyl proton at C4’ from being withdrawn, causing the fur-
ther deprotonation to take place on the ring A instead. Consis-
tently, the second most acidic site of (+)-catechin is the OH
group at C5 on the ring A, with pK;)=10.6, being larger than
the preceding pK,1) by 12%. The OH group at C7 is the third most
acidic site, with pKy3)=13.4. The OH group at C4' is responsible for
the fourth deprotonation, corresponding to the highest pK,) value
at 16.0. The difference in the pK, values between the least and the
most acidic OH groups is as large as 7. The extent of acid dissocia-
tion for the least acidic OH group at C4' is very low, being ~10’
times lower than that for the most acidic OH group at C3'. Based
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Fig. 6. Various stable isomers possibly formed upon deprotonation of the most stable conformer of CatHs (5H-1). For the deprotonated species shown in each row, the
thermodynamic stability increases from right to left (as indicated by the horizontal arrows). The serial numbers in parentheses for the isomer labels represent the sites where
the deprotonation takes place in sequence. The most favorable deprotonation pathway is depicted vertically, with the predicted pK, values given in the square brackets.

Table 4

The pKj, values for the hydroxyl groups on (+)-catechin predicted in the present work shown together with the values from the previous works.

pK; Present work Previous work
Slabbert [12] Kennedy et al. [13] Herrero-Martinez et al. [14] Cren-Olivé et al. [15,16] Muzolf et al. [7]
PKy1) 9.3 (C3'/B) 8.97 (B) 8.64 +0.01 (B) 9.11 * (C3'/B) 8.85°(C3) 9.02 (C3'/B) 8.58 ¢
PKy2) 10.6 (C5/A) 9.26 (A) 9.41 £0.02 (A) 10.39 * (C5/A) 10.23 ® (C5,C7) 9.12 (C4'/B)
PKa3) 13.4 (C7/A) 11.18 (A) 11.26 £ 0.06 (B) 11.94 % (C7/A) 12.16 ® (€7, C4) 9.43 (C5/A)
PKaa) 16.0 (C4'/B) 13.25 (B) 13.26 £0.05 (A) 9.58 (C7/A)

2 Based on the structure-reactivity simulation using the SPARC program.
" Derived from the capillary electrophoretic data.
¢ Predicted with the QSAR approach.

on the local charges determined from the atomic polar tensor
charge distribution, ionization of the secondary alcohol functional
group at C3 into the oxide has been predicted to localize the charge
of the amount —0.8 on the 04 oxygen atom. Since the ring C shows
no degrees of electron delocalization, localization of negative
charge on the oxygen atom at C3 is therefore less favorable than
the case where the same oxygen atom is bound to the positively
charged hydrogen. This renders the oxygen atom at C3 into the
non-ionizable one compared to those at the other positions.
In summary, the computed pK, values for all OH groups in
(+)-catechin follow as: pKyiy (9.3)<pKyz) (10.6)<pKys)
(13.4) < pKy4y (16.0). Therefore, acidity of the OH groups on
(+)-catechin decreases in the order: C3'-OH (ring B) > C5-OH (ring

A) > C7-0OH (ring A) > C4'-OH (ring B). The following linear relation-
ship has been found for the computed pK, values of all (+)-catechin
species: pK, = 2.29x + 6.60 (R? = 0.978), where x is the total number
of hydroxyl protons being removed from the neutral species. As
shown in Table 4, compared to the experimental values from
several previous works, the theoretical predictions made in the
present study seem to overestimate the pKj, values for (+)-catechin.
The smallest pK, value at 9.3 obtained for the C3’-OH group in this
work is in excellent agreement with the experimental values,
within 0.7 pK; units of error. The larger discrepancies observed
for the higher pK, values might be due to the fact that the PCM
continuum solvation approach could not well predict the Gibbs
energies of solvation for the charged species [44]. Barrone and
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Cossi suggested that more solute charge could escape from the cav-
ity for ionic solutes than for neutral solutes due to the exponential
decay of electronic tails [54]. In addition, the most appropriate the-
oretical-experimental value of the Gibbs energy of solvation of
H*(g) is currently on argument [44]. To match the experimental
values better, a multiplying factor of ~0.9 was required for scaling
our predicted pKj, values, hence yielding the approximate relation-
ship: pK, (experiment) ~ 0.9 pK, (prediction), with the exception
of the data presented by Cren-Olivé et al. [15]. By this scaling
approximation, the predicted pK; values, except the smallest one,
would in general be improved. Allowing for the fact that the acid
dissociation constants determined from the real chemical systems
depend on various factors (e.g., ionic strength, solvents, tempera-
ture, or impurity), the predicted pK, values in this work are fairly
reasonable. Also, it is worth pointing that the actual microscopic
deprotonation phenomena at a given pH value could occur at the
individual OH groups simultaneously in a competitive manner as
suggested in the previous works [14,15]. Reproducing the compos-
ite pK, values detected experimentally from such the weakly acidic
compound as (+)-catechin would not be easily accomplished with
the idealized, successive deprotonation treatment attempted in
this work. Theoretical study on the parallel deprotonation path-
ways could be necessary in establishing more realistic models,
but this would be complicated for such the tetraprotic compound.
Otherwise, the DFT-based molecular dynamic simulation [55,56]
might be used as an alternative method to accurately determine
the pK, values. However, in the present study, the explicit DFT
computational approach associated with the IEFPCM solvation
model was expected to afford a precise molecular picture of the
primary deprotonation pathway in aqueous solution. The ring
sequence of the preferential deprotonation: B-A-A-B agrees well
with the original work by Slabbert [12] and the more recent work
by Herrero-Martinez et al. [14]. The former DFT computations,
combined with the external approximation such as qualitative
structure-activity relationship (QSAR) obtained from a series of
catechin-related compounds, was applied to estimate the pKy,
value for (+)-catechin [7]. The bond dissociation energies used
therein resulted from the single-point energy calculations rather
than the proper geometry optimizations in order to save the com-
puting time. Neither zero-point energy corrections, nor thermal
contributions, nor solvation effects were taken into account as
well. On the other hand, the previous study by Martins et al. [17]
reported the importance of including the zero-point energy correc-
tions in the gas-phase acidity calculations for several flavonoids
including (+)-catechin with the Hartree-Fock (HF) method. The
acidity for the C4’-OH group was reported as being slightly greater

M:L Zn*t

than that for the C3’-OH group. However, regarding a small differ-
ence in the deprotonation enthalpies (0.4-0.5 kcal mol~') reported
for these two OH groups, reversion of the acidity order would be
possible when using the more quantum mechanically accurate
DFT method. As shown in Fig. 5, the highly negative value for the
Gibbs energy of the proton transfer from 02 to O3 essentially indi-
cates higher proton affinity of the oxygen atom at C4’ than the
other at C3'. Hence, this supports the conclusion that the C4’-OH
group is less acidic than the C3’-OH group.

3.6. Complexation of (+)-catechin with metal ions

Fig. 7 displays the optimized geometries for the complexes of
(+)-catechin with Zn** and VO; in gas phase. In all cases, the ligand
responsible for chelation is the tetra-anionic species CatH*", ensur-
ing sufficiently high electron donation ability for the binding sites.
For both types of metal ion, only one stable form of the complex
has been found for M:L=1:1, whereas there are two stable iso-
meric forms for M:L=1:2. The Gibbs energies of complexation
(AGeomp) are given in Table 5. Compared to the cases when
M:L = 1:2, the complexation with M:L=1:1 leads to the decrease
in the AGeomp values by ~200 kcal mol~! for either Zn** or VO;.
This indicates the most favorable complexation stoichiometry is
M:L=1:1 for both Zn?*' and VO,. Previously, the stripping
voltammetry experiment indicated that the complexation of Zn?*
with (+)-catechin in a pH 4.0 acetate aqueous—ethanol buffer pre-
ferred the 1:1 stoichiometry; however, the structure of the com-
plex predicted therein with the semi-empirical method (ZINDO/
1) could be inaccurate [57]. In contrast, the previous cyclic voltam-
metric study also suggested the formation of zinc(Il) complex in di-
methyl sulfoxide with mono-anionic (+)-catechin at the M:L ratio
of 1:2 [58]. The spontaneous isomerization reactions Zn2b — Zn2a
and V2b — V2a correspond to the Gibbs energy changes of
—0.3 kcal mol~! and —2.9 kcal mol~!, respectively. Therefore, the
isomers Zn2b/Zn2a are of comparable extent of formation while
the degree of isomerization is much more important in the case
of V2b/V2a. The magnitude of dipole moment in water is much
greater for Zn1 (57.4 Debye) than for Zn2a (0.22 Debye) or Zn2b
(20.8 Debye), suggesting that the most favorable complex Zn1 is
highly compatible to polar solvents. The magnitude of dipole
moment in water for the most favorable V1 is quite similar to that
for V2a, being close to 2/3 of the value for V2b.

The vibrational frequency calculations based on the DFT-
optimized geometries of the complexes allow for the prediction
of the infrared (IR) spectra, as displayed in Fig. 8a and b. Clearly,
two isomers of the complex, i.e. Zn2a/Zn2b or V2a/V2b, give

V02+

Fig. 7. Optimized geometries of the complexes formed by either Zn?* or VO?*, and the ligand CatH*~ at different stoichiometric ratios. The Gibbs energies of isomerization (in

kcal mol~!): Zn2b — Zn2a and V2b — V2a are given in square brackets.
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Table 5

Thermodynamic quantities for the possible complexation reactions of CatH*~ with either Zn?* or VO?*, along with some molecular properties of the resulting complexes.

Complexation? AEcomp”  AHeomp®  AGeomp®  Properties of complex
Absorption wavelength (nm)¢ ¢ Major electronic transitions Dipole moment®
Gas phase Aqueous phase
Zn** +L - Zn1 -8714 -871.6 —863.7 369.0 0.0067 H - L+1 (77%) 10.7 574
H - L+3 (21%)
320.2 0.0063 H — L+5 (86%)
Zn** +2L - Zn2a —676.6 -677.1 —654.6 286.2 0.1987 H-3 > L (34%) 0.35 0.22
H-2 — L+1 (43%)
Zn?* +2L - Zn2b -676.4 -676.8 —654.3 285.9 0.1728 H-3 - L+1 (42%) 16.7 20.8
H-2 - L (27%)
H-2 - L+2 (17%)
VO** +L - Vla -910.2 -910.4 —899.9 547.4 0.0237 H-6 — L (34%) 8.87 11.6
H-5 - L (36%)
H-3 > L (28%)
VO* +2L - V2a -719.6 -720.4 —693.5 569.8 0.0033 H-10 — L+1 (27%) 5.81 9.56
H-8 — L+1 (64%)
368.6 0.0016 H-7 - L+2 (11%)
H-4 - L (11%)
H-4 - L+1 (27%)
H-4 - L+2 (11%)
VO?* + 2L - V2b -716.8 -717.7 —690.6 581.2 0.0042 H-10 - L+1 (19%) 154 17.6
H-8 — L+1 (73%)
366.9 0.0008 H-8 — L+2 (16%

H-8 - L+7 (31%

3 L=the ligand CatH*".
b The values are given in kcal mol~".

¢ The values are obtained for the complex in water based on the IEFPCM(UAKS)/TD-DFT/B3LYP/6-311++G(d,p) calculations; the absorption maximum for CatH*" is found at

305 nm.
4 The oscillator strength.
€ The values are given in Debye.

almost identical IR spectral bands. However, for either Zn?* or
VO0?*, the complex with M:L=1:1 shows distinguishing features
compared to the corresponding complex with M:L = 1:2. In the IR
spectrum of Zn1 [Fig. 8a], three bands lying in between 2900 and
3060 cm ! arise from different modes of C-H stretching on the ring
C.The band at 3190 cm ™' is assigned to the C-H stretching at C8 on
the ring A. The symmetric C-H stretching at C5'/C6’ on the ring B
produces the strong band at 3160 cm™!, with the shoulder near
3170 cm~! caused by the C-H stretching at C6 on the ring A. The
anti-symmetric C-H stretching at C5’/C6’ on the ring B also causes
the band at 3134 cm™~'. For Zn2a and Z2b [Fig. 8a], the band at
3136 cm™! is attributed to a combination of two C-H stretching
modes at C2’ and C8. The bands due to the symmetric and anti-
symmetric C-H stretching at C5’'/C6’ on the ring B are both shifted
to lower frequencies at 3115 and 3087 cm™!, respectively. The
band caused by the C-H stretching at C6 on the ring A is sharper
and shifted to 3062 cm~'. All bands due to the C-H stretching on
the ring C are also shifted to the lower frequencies, lying in
between 2880 and 3000 cm~!. The markedly intense band at
2894 cm™~!, which is not found in the spectrum of Zn1, is due to
the C-H stretching at C4 on the ring C. It is worth pointing that
the C-H stretching bands at the frequencies higher than
2800 cm™~!, unfortunately, may be of little value in terms of
characterization as they normally overlap with the strong and
broad O-H stretching bands due to either the hydroxyl group or
the presence of water in samples. In the lower-frequency range
of 1200-1640 cm™!, the bands for Zn2a/Zn2b are intense but
broad, whereas for Zn1 a greater number of narrow bands are ob-
served. For Zn1, the aromatic C-C stretching on the ring B produces
a band at 1600 cm™! with quite low intensity. At the same fre-
quency, the band for Zn2a/Zn2b shows higher intensity; however
this band originates from the aromatic C-C stretching on the ring A
rather than the ring B. The C-C stretching on the ring B for Zn2a/
Zn2b only causes the shoulder near 1580 cm~'. The intense band
at 1568 cm~! for Zn1 is mainly due to the C-C stretching on both

the rings B and A, coupled with the C-O stretching on the ring A.
On the other hand, the intensity of such the band for Zn2a/Zn2b
decreases dramatically due to the disappearance of vibrational
contributions from the ring A. The other distinctive feature for
Zn2a/Zn2b is, for example, the presence of a broad and strong
band near 1500 cm™~' caused by several vibrational contributions:
the strong CH, scissoring on the ring C, the moderate C-O
stretching and the aromatic C-C stretching on the ring B, and the
weak aromatic C-C stretching on the ring A. In the case of the
Zn1a spectrum, this broad band is replaced by three closely lying
narrow bands at 1520, 1496 and 1480 cm~!, all with comparable
intensity; they are assigned to the C-O stretching on the ring A,
the C-0O stretching coupled with the aromatic C-C stretching on
the ring A, and the CH, scissoring on the ring C coupled with the
C-0 stretching on the ring A, respectively.

For the IR spectra of V1 and the V2a/V2b isomers shown in
Fig. 8b, a sharp and very strong band at 3064 cm~! due to the
C-H stretching at C4 on the ring C is invariant with the M:L ratio
regarding its position. For V1, the relatively broad band at
3160 cm™~! arises from a combination of the C-H stretching at C6
on the ring A and the symmetric C-H stretching at C5'/C6’ on the
ring B. The spectrum of V1 in the region 1400-1640 cm™! consists
of several narrow bands whereas there are quite a few broad bands
in the spectrum of V2a/V2b in the same frequency region. In the
V2a/V2b spectra, the presence of the major broad band at
1500 cm~! is ascribed to the CH, scissoring on the ring C coupled
with the C-H bending on both the rings A and B. Upon changing
the M:L ratio from 1:1 to 1:2, the intensity of the band near
1600 cm~! increases immensely. This is due to the fact that for
V1 the band at such the position results from the C-C stretching
on the ring B, but for V2a/V2b it is caused by the C-C stretching
on the ring A instead. In the latter case, the band is also broadened
due to the overlap with the weaker band emerging from the C-C
stretching on the ring B. A wide separation between the strong
bands at 1600 and 1504 cm™! is clearly one of the most notable
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Fig. 8. Computed infrared spectra for the complexes of CatH*~ with (a) Zn?* and (b) VO**.
(d) VO**; the spectra of CatH*~ are also included.

features for the V2a/V2b spectrum, similar to the observation on
the Zn2a/Zn2b spectra. In the V1 spectrum, the asymmetric band
at 976 cm™! is very intense and broad, resulting from the strong
V-0 stretching band at 967 cm™' combined with the weak
in-plane C-H bending on the rings A and B. The shoulder found
at 960 cm~! is mainly caused by the moderate in-plane C-H bend-
ing on the ring A. For V2a/V2b, the V-0 stretching band is shifted
to higher frequency at 1008 cm™! so that it overlaps with the other
C-H bending band to give the stronger band at 1024 cm .
Consequently, without the interference from the V-0 stretching
band, the C-H bending band at 976 cm™! in the V2a spectrum
becomes sharp and the resolution between this band and the
adjacent band at 960 cm™! is improved. Nonetheless, for V2b, the
separation between these two bands is not much noticeable due
to the decrease in the intensity of the band at 976 cm™ .

The UV/visible absorption spectra in water of the complexes
determined by the time-dependent DFT method, i.e., IEFPC-
M(UAKS)/TD-DFT/B3LYP/6-311++G(d,p), are shown in Fig. 8c and
d. The wavelengths for the absorption maxima of these spectra
along with the major electronic transitions for the complexes are
reported in Table 5. Compared to the strong bands lying at
~286 nm for either Zn2a or Zn2b, the absorption band of Zn1 is
much weaker and located at the longer wavelength (369 nm). For
the complexes of VO?*, increasing molar proportion of the ligand
in the molecule of the complex leads to the obvious reduction in
the absorption intensity as well as the red-shift of the major
absorption band. It is worth pointing that in the presence of free

Computed UV/visible spectra in water for the complexes of CatH*~ with (c) Zn?* and

ligand, the absorption bands of the Zn?" complexes would merge
with the more intense band of the ligand in the same region. The
visible-absorption bands of the VO complexes are, in contrast,
well separated from the band of the ligand, allowing more precise
interpretation of the spectral data compared to the case of the Zn?*
complexes.

4. Conclusions

The most stable forms for the neutral and four deprotonated
species of (+)-catechin determined with the IEFPCM(UAKS)/DFT/
B3LYP/6-311++G(d,p) computational method exhibit fairly similar
geometries. However, the changes in orbital interactions
essentially lead to marked differences in the distribution of charge
densities over the molecule. Electron delocalization over the rings
A and B of (+)-catechin has been found to play a key role in stabi-
lizing the conformations of the protonated species, most obviously
for the neutral (+)-catechin and the mono-anionic species.
Nevertheless, at the further steps of deprotonation, the conforma-
tional stabilization due to the other electronic effects such as the
lone-pair electron donation from oxygen atoms to the rings and
the intramolecular hydrogen bonding become increasingly impor-
tant. The successive deprotonation also brings about the elevation
of HOMO and LUMO levels for the (+)-catechin molecule and the
resulting HOMO-LUMO gaps for the anionic species are smaller
than the gap for the neutral species. Chemical instability is there-
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fore predicted to increase upon deprotonation. Formation of both
hydrogen and phenoxyl radicals is favored at high pH values
regarding the decrease in the homolytic O-H bond dissociation en-
thalpy upon deprotonation. Also this may imply more effective
radical scavenging activity for the deprotonated (+)-catechin
species. Acidity of the OH groups on (+)-catechin decreases in the
order: C3’-OH (ring B) > C5-OH (ring A) > C7-OH (ring A) > C4’-OH
(ring B). The B-A-A-B ring sequence for the deprotonation is in
good agreement with the previous experimental work by Slabbert
[12]. The pK;, value at 9.3 determined for the most acidic OH group
is also in satisfactory agreement with previous experimental data.
However, the present theoretical predictions yield somewhat over-
estimated pK, values for the less acidic OH groups, probably due to
limited accuracy of the polarizable continuum model for charged
species and/or the complex mechanism of the actual deprotonation
events. The complexation of (+)-catechin with either zinc(Il) or
oxovanadium(IV) prefers the M:L ratio of 1:1. At such the mole
ratio, one stable form of the complex is obtained for each type of
metal ion. Due to the highly negative Gibbs energies of complexa-
tion, the complexation of (+)-catechin with oxovanadium(IV) is
theoretically predicted to be more favorable than that with zinc(II);
therefore, the chelation with the (+)-catechin ligand is more stable
for oxovanadium(IV) than zinc(II) at the same stoichiometric ratio.
Allowing for the M:L ratio of 1:2, the formation of two stable
isomeric complexes is theoretically possible as well. These findings
are not trivial as the pharmacological properties of a metal com-
plex would vary with both isomeric structure and stoichiometry.
In the study of complexation, since proton abstraction at the bind-
ing sites of the (+)-catechin ligand is assumed; therefore different
results for the complexation might be obtained under acidic condi-
tions, where the protonated species predominate. Nonetheless, it is
reasonable to mention that protonation at the donor oxygen atoms
could reduce the ability of electron donation to metal ion, to the
extent that the metal chelation would be destabilized. As
suggested by the computational data, the IR and UV/visible spec-
tral information permits the stoichiometry identification of the
(+)-catechin complexes for both types of metal ion; however, the
presence of multiple forms of the complex in the real sample
would complicate the spectra to some extent.
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