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Abstract: The catechol functionality present in the catechins is responsible for the protective effects exerted
by green tea against a wide range of human diseases. High-level electronic structure calculations and
canonical variational transition-state theory including multidimensional tunneling corrections have allowed
us to understand the key factors of the antioxidant effectiveness of the catechol group. This catechol group
forms two hydrogen bonds with the two oxygen atoms of the lipid peroxyl radical, leading to a very compact
reactant complex. This fact produces an extremely narrow adiabatic potential-energy profile corresponding
to the hydrogen abstraction by the peroxyl radical, which makes it possible for a huge tunneling contribution
to take place. So, quantum-mechanical tunneling highly increases the corresponding rate constant value,
in such a way that catechins become able to trap the lipid peroxyl radicals in a dominant competition with
the very damaging free-radical chain-lipid peroxidation reaction.

1. Introduction Vitamin E is the most important lipophilic antioxidant in
living organisms£~7 a-Tocopherol (TocH), the most abundant
and active form of vitamin E, is the major endogenous lipid-
soluble chain-breaking antioxidant in human plasma and low-
density lipoprotein (LDLP ! a-TocH can break the free-radical
chain reaction, trapping the LOCradicals by a hydrogen
abstraction reaction:

Free-radical-mediated peroxidation of membrane lipids and
oxidative damage of DNA are associated with a variety of
chronic health problems, such as cancer, inflammation, athero-
sclerosis, neurodegenerative processes like Alzheimer's and
Parkinson’s diseases, and aging.The radical formation is
usually caused by light, heat, metal, or irradiation. Once a first
free radical R (often an alkyl radical) has been generated, it LOO: + a-TocH— LOOH + a-Toc 4)
reacts with oxygen to produce a peroxyl radical RQ@ich

in the presence of a lipid LH initiates a free-radical chain-lipid thus producing LOOH and-tocopheroxyl radicald-Toc). The
peroxidation: problem at this point is that:-TocH might become a pro-

oxidant? via ano-TocH-mediated peroxidation:

ROG +LH—~ROOH+L- (1) a-Toc + LH (or LOOH) — a-TocH+ L+ (or LOO)  (5)
L-+ O,— LOO: (2) To suppress the prooxidant actiawsTocH is regenerated by
the reactions ofo-Toc: with the endogenous antioxidants
LOO- + LH — LOOH + L- (3) ubiquinol and vitamin G314

On the other hand, flavonoids are the most common and

The lipid (L+) and lipid peroxyl (LOG) radicals act as chain active edible antioxidants. These naturally ocurring polyphenolic
propagators converting lipid molecules into lipid hydroperoxyde
LOOH. Reaction 2 is very fast, ca. 48! s 1, whereas the

_ ; f f (6) Valk, E. E. J.; Hornstra, Gnt. J. Vitam. Nutr. Res200Q 70, 31—42.
hydrogen-transfer reaction (3) is much slower, typically 10 (7) Pryor, W. A.Free Radical Biol. Med2000 28, 141164,
M-1g1l4 (8) Jiang, X. C,; Tall, A. R.; Qin, S.; Lin,M.; Schneider,M.; Lalanne, F.;
Deckert, V.; Desrumaux, C.; Athias, A.; Witztum, J. L.; LagrostJLBiol.
Chem.2002 277, 31850-31856.

(5) Hacquebard, M.; Carpentier, Y. 8urr. Opin. Clin. Nutr.2005 8, 133—
138.

T Departament de Qmica. ) o (9) Burton, G. W.; Traber, M. G.; Acuff, R. V.; Walters, D. N.; Kayden, H.;
*Institut de Biotecnologia i de Biomedicina. Hughes, L.; Ingold, K. UAm. J. Clin. Nutr.1998 67, 669-684.
(1) Commenges, D.; Scotet, V.; Renaud, S.; Jacgmin-Gadda, H.; Barberger- (10) Thomas, S. R.; Davies, M. J.; Stocker,Ghem. Res. Toxicol998 11,
Gateau, P.; Dartigues, J. Eur. J. Epidemiol200Q 16, 357—363. 484—494.
(2) Whitehead, T. P.; Robinson, D.; Allaway, S.; Syms, J.; HaleClk. Chem. (11) Thomas, S. R.; Witting, P. K.; Stocker, R.Biol. Chem1996 271, 32714~
1995 41, 32—-35. 32721.
(3) Hertog, M. G. L.; Feskens, E. J. M.; Hollman, P. C. H.; Katan, M. B.;  (12) Niki, E.; Noguchi, N.Acc. Chem. Re2004 37, 45-51.
Kromhout, D.Lancet1993 342 10071011. (13) Bowry, V. W.; Stocker, RJ. Am. Chem. Sod.993 115 6029-6044.
(4) Porter, N. A.Acc. Chem. Red.986 19, 262-268. (14) Mukai, K.; Itoh, S.; Morimoto, HJ. Biol. Chem1992 267, 2227722281.
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abstracted, finally forming a stable quinone structure. Further-
more, it has been experimentally shown that the overall oxidative
action of the green tea polyphenols involves trapping the
initiating radicals RO trapping the propagating lipid peroxy!
radicals LOQ, and regenerating-TocH by reducingx-Toc.2°
This may explain the improvement/maintenanceosTocH
levels after intake of green tea, showing the antioxidant

' _ S 4 synergism of green tea polyphenols withTocH 2123
Figure 1. Basic flavonoid structure. A large body of clinical and experimental evidence have been
OH accumulated in the last years about the antioxidative role of

o-TocH and catechins by scavenging free radicals and their
beneficial effects in protecting against an extensive number of
O diseases and agint§2*25Conversely, little theoretical work has
O °© Ry been devoted to this subject. Very recently, dual-level kinetics

OH

HO.

calculations, using variational transition state theory including
semiclassical multidimensional tunneling corrections (when
needed), have been carried out to determine the mechanisms
OH Fl | and reaction rate constants of trapping the hydroxyl and
avano hydroperoxyl radicals byo-TocH (modeled by the 5,7,8-
OH trimethyl-croman-6-ol molecul&f:?” Given the nonpolar char-
acter of the natural lipid bilayer environment, those gas-phase
theoretical studies were considered to be quite representative
HOOC OH of the real problem.
From the theoretical point of view, the antioxidant activity
Gallic acid OH of fIavgans has been just estimated by computing the bond
dissociation enthalpy (BDE) for the-€H phenolic bonds. Then
Flavanols R1 R2 it is clear that a more complete theoretical study is required to
Epicatechin H H get a deeper insight in the antioxidant ability of flavanols,
EGC OH H specially taking into account that tunneling could play an
ECG H Gallate important role in the reaction. To this aim, in the present work
we have used variational transition state theory including
semiclassical multidimensional tunneling corrections to study
Figure 2. The four different catechins (flavanols) as the main components the hydrogen abstraction reaction from){epicatechin EC)
of green tea. (Figure 2) by a methylperoxyl radical (GBO-) as the

. . . i peroxolipidic radical model.
pigment compounds are present in substantial amounts in plants,

fruits, and vegetable’s. The flavonoid structure consists of a 2. Calculation Method

benzene condensed withygoyrone ring (flavonols and flavones L . i
its dihvdro derivati f | d i to which Geometry optimization, energies, and first and second energy
or its dihydro derivatives flavanols and flavanones) to which a derivatives of all stationary points were calculated using the hybrid

phenyl group in position 2 is attached (see Figure 1). Green teaetadensity functional theo-32 The hybrid functional used was the
and, to a lesser extent, black tea, contain a number of flavonoidspmpwB1k developed by Truhlar's grou.This functional has been
with significant antioxidant activity®1’It is proved that drinking  tested recently against kinetic databases, and it gives the best results
tea, specially green tea, is associated with a lower incidence offor a combination of thermochemistry, thermochemical kinetics,
human cancef hydrogen bonding, and weak interactions, especially for thermochemical
The main polyphenolic components in green tea are flavanols kinetics and noncovalent interactiots®® The 6-31G(d,p) basis sét
(also known as catechins)—{-epicatechinEC; (—)-epigallo-

OR;

EGCG OH Gallate

(20) Amorati, R.; Ferroni, F.; Lucarini, M.; Pedulli, G. F.; Valgimigli, L.

catechin_,EGC, (—)-epicatechip gallate=CG; ar_1d_(—)-epiga|- Org. Chem 2002, 67, 9295-9303. o
locatechin-3-gallateEGCG (Figure 2). Now it is generally  (21) ggoyé BS.ZWu, L. M;; Yang, L.; Liu, Z. LFree Radical Biol. Med2005
accepted that the “B” ring in the flavanols, containing the (22) Van Acker, F. A. A.; Schouten, O.; Haenen, G. R. M. M.; Van der Viigh,
catechol or the trihydroxy functionality, is responsible for most W. J. F.; Bast, AFEBS Lett200Q 473 145-148. )

.. 1619 (23) Jia, Z. S.; Zhou, B.; Yang, L.; Wu, L. M.; Liu, Z. LJ. Chem. Soc., Perkin
of the antioxidant activity® Trans. 21998 911-915.

i _OXi ir(24) Rietveld, A.; Wiseman, Sl. Nutr. 2003 133 3285-3292.
Catechins have very weak pro-oxidant effects because of thelr(zs) Nijveldt, R. J.; Van Nood, E.; Van Hoorn, D. E. C.; Boelens, P. G.; Van

catechol functionality. Thus, it has been suggested that both Norren, K.; Van Leeuwen, P. A. MAm. J. Clin. Nutr.2001, 74, 418

i 425.

hydrOXyl hydmgens of the catechol can be successwely (26) Navarrete, M.; Rangel, C.; Espinosa-Gayd.; Corchado, J. @. Chem.
Theory Comput2005 1, 337-344.

) Navarrete, M.; Rangel, C.; Corchado, J. C.; Espinosa‘&aici. Phys.

(15) Hollman, P. C. H.; Van Trijp, J. M. P.; Buysman, M. N. C. P.; Van der (27

Gaag, M. S.; Mengelers, M. J. B.; Devries, J. H. M.; Katan, MFBEBS Chem. A2005 109 4777-4784.

Lett. 1997 418 152-156. (28) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.
(16) Pietta, P. GJ. Nat. Prod.200Q 63, 1035-1042. (29) Gunnarsson, O.; Lundqvist, B.Phys. Re. B 1976 13, 4274-4298.
(17) Jovanovic, S. V.; Steenken, S.; Tosic, M.; Marjanovic, B.; Simic, M1.G. (30) Langreth, D. C.; Perdew, J. Phys. Re. B 1977, 15, 2884-2901.

Am. Chem. Sod994 116, 4846-4851. (31) Kohn, W.; Becke, A. D.; Parr, R. G. Phys. Chem1996 100, 12974~
(18) Bushman, J. LNutr. Cancer1998 31, 151-159. 12980.
(19) Silva, M. M.; Santos, M. R.; Caroco, G.; Rocha, R.; Justino, G.; Mira, L. (32) Perdew, J. PPhys. Re. Lett. 1985 55, 1665-11668.

Free Radical Res2002 36, 1219-1227. (33) zZhao, Y.; Truhlar, D. GJ. Phys. Chem. 2004 108 6908-6918.
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was used as a unique and enough-tested set of basis functions folThese generalized frequencies were also scaled using the factor
H-atom transfer reactions. The vibrational frequencies were obtained mentioned above. Energy, gradient, and Hessian matrix calculations,
from the diagonalization of the corresponding MPWB1K Hessian along with geometry optimizations and MEPs were carried out using
matrices and were scaled by a factor of 0.953Vhe nature of all the the Gaussian 03 package of prograhs.

stationary points was determined by analyzing the number of imaginary  As it will be explained in the next section, the overall flux of the
frequencies: 0 for minima and just 1 for the saddle-point. CH,;O0- + EC reaction is solely determined by the H-abstraction

At each stationary point we also carried out high-level single-point bottleneck; that is, neither the dynamical bottleneck corresponding to
energy calculations at the MPWB1K/6-31G(d,p) geometries with the the CHOO- + EC association that leads to RC, nor the dynamical
aim of improving the electronic description of the chemical system. bottleneck corresponding to the dissociation of PC are kinetically

To this purpose we chose several high-level methods: (a) MPWB1K/ relevant. Note, however, that the existence of a complex on the MEP
6-311+G(2df,2p); b) projected MgllerPlesset perturbation thedry that preceeds or follows the H-abstraction saddle point can be crucial
up to the fourth order with inclusion of single, double, and quadruple in the calculation of tunneling effects. It has been shown that the explicit
excitations: PMP4SDQ/6-31G(d,p); (c) coupled-cluster approach with introduction in our calculations of those compleXeseduces the
single and double excitations and quasiperturbative connected triples:thickness of the classically forbidden region for energies below the
CCSD(T)/6-31G(d,p§e*° and (d) as it is well-known that the CCSD-  adiabatic (classical potential energyZPE) barrier, and then tunneling
(T) correlation method converges slowly with the increase of the basis is promoted and the reaction is accelerated. In this reaction the MEP
set, we also used the CBS-QB3 approdth.In our CBS-QB3 on the product side reaches the adiabatic potential energy corresponding
calculations, we employed our MPWB1K geometries, instead of the to reactants a¢ = 0.39 bohr, while the complex PC appears as far as
B3LYP ones, as the basis for a series of single-point energy calculationss = 31.7 bohr. In these conditions, the explicit introduction in our
and empirical corrections, to extrapolate the CCSD(T) energy to the calculations of this complex has no influence on the shape of the MEP
complete basis set limit. We avoid employing the very used B3LYP at the region relevant for tunneling. Then just the presence of the RC
functional because it has been shown that this functional may fail for can be significant for tunneling.

H-transfer reaction&:*® The first high-level has been applied to both Direct dynamics calculations have been carried out to obtain the
the whole system, and just to a part of it within an ONIOM sch®me  rate constants at different temperatures at the MPWB1K/6-31G(d,p)
(see Supporting Information). The PMP4SDQ, CCSD(T), and CBS- |ow-level (LL) and at the two high-levels (HL): ONIOM(CCSD(T)/
QB3 high-levels have been just used for a part of the system (20 atoms)6-31G(d,p):MPWB1K/6-31G(d,p)) // MPWB1K/6-31G(d,p) and ONI-
within the same ONIOM scheme. OM(CBS-QB3:MPWB1K/6-31G(d,p)) // MPWB1K/6-31G(d,p), which
The MPWB1K/6-31G(d,p) H-abstraction mechanism was found to for the sake of brevity will be called from here on ONIGNCCSD(T)
proceed via a complex in the entrance channel (which will be called and ONIOM-CBS, respectively.
reactant complex, RC), followed by a saddle-point (nhamed SP), and a At the LL the classical potential energies, geometries, and generalized
product complex, PC, in the exit channel, finally leading to the products frequencies were interpolated using a mapping procedure, with the
methylhydroperoxide, C¥DOH, andEC radical. To ensure connectivity  exception of the five lowest generalized frequencies which have been
between these stationary points, and to carry out the dynamical interpolated with the IVTSTO-for-frequencies schethat the ONIOM—
calculations, the minimum energy path (MEPJin an isoinertial mass-  ccsD(T) level, the interpolated single-point energy correction (ISPE)
weighted Cartesian coordinate system was calculated starting from theprocedure has been used. In the ONIGEBS case, the HL classical
saddle-point geometry found by following the Gonzat&chlegel potential energies on the reactant side are obtained here by adding to
algorithn?® at the MPWB1K/6-31G(d,p) level of theory. A step size,  the LL-MEP classical potential energies a cutoff Gaussian furfétiop?
ds, of 0.02 bohr (wheres denotes the distance along the MEP in an  {hat interpolates the energy corrections from information of the reaction

isoinertial mass-scaled coordinate system with a scaling mass equal toyath (see the Supporting Information for more details about the
1 amu) was used. The second derivative matrix was calculated at everyinterpolation schemes).

two points along the MEP fojis| < 0.2 bohr, and at every five points

for |s| > 0.2 bohr. Note thas is 0 at the saddle point, negative on the
reactant side, and positive on the product side. The MEP of the perprotio
reaction was also used for the study of the monodeuterated reaCtion'coeﬁicientG“*W using the Polyrate 9.3 cotf{see Supporting Informa-
In both cases, the normal-mode analysis along the MEP was performed,[ion for m(;re details).

in mass-scaled Cartesian coordinates, and the reoriented dividing surface

(RODS) algorithm! was used to improve the generalized frequencies.

All rate constants have been calculated by means of canonical
variational transition state theory (C\PF)8% corrected with the
semiclassical multidimensional small-curvature tunneling (SCT)

(52) Frisch, M. J.; et alGaussian 03, reision C.02;Gaussian, Inc.: Wallingford,
CT, 2004.

(34) Zhao, Y.; Truhlar, D. GJ. Chem. Theory Compu2005 1, 415-432.

(35) Zhao, Y.; Truhlar, D. GJ. Phys. Chem. 2005 109, 5656-5667.

(36) Hehre, W. J.; Radom, L.; Schleyer, P. V. R.; Pople, AInitio Molecular
Orbital Theory; Wiley: New York, 1986.

(37) Chen, W.; Schlegel, H. Bl. Chem. Phys1994 101, 5957-5968.

(38) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-GordonChem.
Phys. Lett.1989 157, 479-483.

(39) Raghavachari, K.; Anderson, J.BPhys. Chenil996 100, 12960-12973.
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1998 108 604-615.
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Chem. Phys1999 110, 2822-2827.
(42) Lynch, B. J.; Truhlar, D. GJ. Phys. Chem. 2001 105 2936-2941.
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2004 6, 673-676.
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-15.8

Figure 3. Optimized stationary points geometries and their classical potential-energy values, relative to reactants, in kcal/mol, calculated at thé¢ MPWB1K
6-31G(d,p) level. Oxygen atoms appear in red.

3. Results and Discussion

3.1. Stationary Points: Geometries and Relative Energies.
EC contains five OH groups. The OH group on ring “C” is an
alcoholic group to which no antioxidant ability can be ascribed.
Among the four phenolic OH groups, thé-GH and 4-OH
groups of catechol in the “B” ring are the main groups
responsible for the antioxidant activity. This results from the
fact that the radical derived from the H-abstraction of any of

radical. Indeed, this fact is a consequence of the change of the
spin distribution in theEC fragment, which is also increasing
over the oxygen atom fas the H-abstraction proceeds. The
interaction between the two oxygen atomg, &d G, of the
methylperoxyl fragment with the catechol functionality T

is also remarkable. Two hydrogen bonds are formed between
the hydrogen hydroxyls of the catechol and these oxygen atoms,
leading to a very compact reactant complex and transition-state

them can be stabilized by the electron-donating power of the structure. At the reactant complex, the distance between the

ortho hydroxyl and the intramolecular hydrogen bond formed.

hydrogen atom of the'30H group and @is 2.57 A. Evolving

Because the ease to be abstracted has to be similar for thes& the transition-state structure, thg-HOg distance lengthens
two OH groups, in this paper we have focused just on the 0 3.29 A, at the same time opening the angle4®,—0Og from

abstraction of the '40H group by the methylperoxyl radical,
as a representative example of the antioxidant capaciBQof

95 to 107 degrees. The perox@-©0g distance becomes longer
(from 1.29 to 1.41 A) as the reaction evolves and the unpaired

The optimized geometries of the stationary points located for €leéctron moves to the catechol moiety. At the same time the

the H-abstraction from the'4©OH group at the MPWB1K/6-

31G(d,p) level, along with the corresponding classical potential-

energy profile, are shown in Figure 3. As explained in the
Calculation Method section, the product complex will not be
taken into account from here on in this paper.

It is worth noting that an ortho-hydroxy effect is observed:
the phenolic hydrogen at positioni8 hydrogen bonded to the
oxygen at position 4 This interaction becomes stronger as the

C—0O bond at position '4is getting shorter because of the
increasing electron delocalization in the catechol ring: 1.37 A
at the reactant complex, 1.31 A at the transition-state structure,
and 1.24 A at the isolateIC radical, where it has an important
double bond character. In turn, the-O bond at position '3
just shortens from 1.34 A at the reactant complex to 1.32 A at
the final product, so indicating a weaker participation in the
electron delocalization than the neighboring phenolic group at

reaction goes further, the corresponding distance going from the 4 position. The more important geometric feature is that

2.08 A at the reactant complex to 1.97 A at the isolafi

(67) Truong, T. N.; Lu, D. H.; Lynch, G. C,; Liu, Y. P.; Melissas, V.; Stewart,
J. J. P.; Steckler, R.; Garrett, B. C.; Isaacson, A. D.; Glmzzhafont, A;
Rai, S. N.; Hancock, G. C.; Joseph, T.; Truhlar, D. Gomput. Phys.
Commun.1993 75, 143-159.

(68) Corchado, J. C.; et @olyRate 9.3University of Minnesota: Minneapolis,
MN, 2004; http://comp.chem.umn.edu/polyrate.

the transition-state structure turns out to be very compact: the
O4—Hy distance of the breaking bond is 1.14 A, only 20%
longer than in the isolateiC, whereas the 04 distance of

the forming bond is 1.20 A, only 25% longer than in the isolated
methylhydroperoxide. In this way, just a short displacement,
backward or forward, of the shifting hydrogen atom is required
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Table 1. Low-Level and High-Level Classical (V) and Adiabatic
(\/S) Potential Energies of the Stationary Points, Relative to
Reactants, in kcal/mol

and theoreticdl (81.5 kcal/mol at a basis-set extrapolated CCSD

level), the estimated values for teC + CH3OO- reaction

would be—4.4 £ 2.2 kcal/mol® and —5.4 4+ 1.0 kcal/mol’?

respectively (see Supporting Information for more details).
v v The second high-level calculation shown in Table 1 corre-

MPWB1K/6-31G(d,p) —6.62 —5.27 9.05 7.01-3.78 —3.78 sponds to an ONIOM scheme where the low-level electronic

gsgi‘ﬂmﬁé%;%(}dfyzp) —g-gg _52411 ig-gg iggg—ggé —g-g energy for the model and the real system were calculated at
: : ) : : : the MPW1BK/6-31G(d,p) level, and the high-level electronic

RC TS products

ONIOM—PMP#4 —6.92 —5.57 23.61 21.57 1.47 147 g
ONIOM—CCSD(T) —7.77 —6.42 12.26 10.22—4.64 —4.64 energy for the model system was obtained at the MPWB1K/
ONIOM—-CBS —5.94 —459 8.04 6.00-6.74 —6.74 6-311+G(2df,2p) level. The comparison between the figures
in the second and third rows of Table 1 indicates that the selected
aONIOM  (MPWB1K/6-31HG(2df,2p):MPWB1K/6-31G(d,p)) //

MPWB1K/6-31G(d,p) ® ONIOM (PMP4(SDQ)/6-31G(d,p):MPWB1K/6-
31G(d,p)) // MPWB1K/6-31G(d,p)

to reach its final position with respect to the acceptor oxygen

atom in EC (reactant) or in methylhydroperoxide (product),
respectively. In contrast, the reporte#i-abstraction transition-
state structure for thex-TocH + HOO- reaction, at the

ONIOM partition is very adequate to properly describe the
energetic properties of tHeC + CH3;OO- reaction. However,

as the MPWB1K functional was neither developed nor calibrated
for any of these flavonoid systems, higher-level ab initio single-
point energy calculations within the ONIOM scheme were
imperative before carrying out any dynamical study of the
reaction process. At this point, it must be remarked thaEGe

BH&HLYP/6-31G electronic structure level, was clearly reactant- + CH;OO- system presents severe spin contamination problems
like and much less compact, that is, the bond being broken wasalong the reaction path. In particular, the expected value?of S
about 11% larger than in the reactants while the bond being for the UHF wave function ranges from 0.75 at RC to 1.25 at
formed was 41% larger than in the products. the saddle point. To solve the spin contamination problem, the
In Table 1 the energetics for the three regions (reactantsthird high-level method tried out to correct the DFT energies
association, H-transfer, and dissociation to final products) takenwas the PMP4 formulism. Although the spin projected fourth-
into account in our study of thEC + CH3OO- reaction, are order Mgller-Plesset perturbation theory properly eliminates
given at the different levels of theory used in our calculations. the contamination of higher-spin states, the PMP4 H-abstraction
As already indicated, the abstraction of the phenolic hydrogen barrier obtained is clearly too high and the reaction energy is
at the 4 position takes place via the formation of a complex in not well described either. For this reason the PMP4 method
the entrance channel (RC, depicted in Figure 3). Its relatively was not adopted for the rate constant calculations oEt@et
high stabilization is mainly due to the two hydrogen-bonded CHsOO- reaction carried out in this paper. The fourth high-
interactions, described before, between the two oxygen atoms level method used in this study has been the CCSD(T) approach
Oa and G, of the methylperoxyl fragment and the catechol which is expected to be more reliable than the PMP4 method.
functionality in EC. The LL-RC stabilization decreases by 3 In addition, the CCSD method is rather orbital insensitive, and
kcal/mol when the basis set is extended, perhaps indicating aone may expect that performing CCSD calculations with an
basis set superposition error at the LL (MVPW1BK/6-31G (d,p)). unrestricted reference would reduce spin contamination con-
The LL-H-abstraction classical potential-energy barrier is rather siderably. As indicated by Stantdfspin contamination in the
high (9.05 kcal/mol) and it rises up to 12.6 kcal/mol when the CCSD method for doublet radicals is indeed very small in both
basis set is extended. This high-energy barrier causes the globaROHF and UHF CCSD calculations, even when the UHF spin-
flux of the EC + CHOO- reaction to be, in practice, solely contamination is very large. The values in Table 1 for the
determined by the H-abstraction bottleneck, as already explainedONIOM—CCSD(T) method, reflect a bigger stabilization of RC
in the previous section. The increase in H-abstraction barrier and a slightly more negative reaction energy than the DFT
heights in going from a doublé-to a triple£ basis set had  values, in agreement with the most recent experiméhaald
already been reported for tleTocH + HOO- reaction at the theoretical® estimations commented above. In contrast, the
BH and HLYP levelk® However, in that same study it was also  H-abstraction barrier height turns out to be nearly the same than
verified that further changes within tripebasis sets did only ~ the MPWB1K/6-31#G(2df,2p) one. The '4OH EC BDE,
modify the computed magnitudes by about 1 kcal/mol. As for calculated here using an isodesmic appréaairns out to be
the reaction energy for the H-abstraction process, the two 77.6 and 78.9 kcal/mol at the MPWB1K/6-3t6G(2df,2p) and
MPW1BK calculations give nearly the same value (aroti3b the ONIOM—CCSD(T) levels, respectively. These calculated
kcal/mol in adiabatic potential energy). Unfortunately, there is values may be somewhat underestimated owing to the error of
no experimental reported value for the reaction energy of the the DFT method and the basis set used at the CCSD(T) level.
H-abstraction reaction betwe®&C and CHOOC-, although an It is well-known that the CCSD(T) approach converges smoothly
estimated value can be obtained from the difference betweenbut very slowly as the basis set used is increased. However,
bond dissociation energiesABDE(O—H). CCSD(T) calculations with a more extended basis set on the
Taking into account the value of 86491.0 kcal/mol reported ~ model system (11 heavy atoms and 9 hydrogens) would be rather
for the O—H BDE of CH;OOH®® and two of the most recent  Costly. Practical considerations preclude such a brute-force attack

results for catechol, both experimer82.5+ 1.2 kcal/mol) ~ ©on the problem, and composite methods become then a very
useful alternative. The last high-level method tested has been

(69) Blanksby, S. J.; Ramond, T. M.; Davico, G. E.; Nimlos, M. R.; Kato, S.;
Bierbaum, V. M.; Lineberger, W. C.; Ellison, G. B.; Okumura, 31.Am. (71) Cabral, B. J. C.; Canuto, €hem. Phys. Let005 406, 300-305.
Chem. Soc2001, 123 9585-9596. (72) Stanton, J. FJ. Chem. Phys1994 101, 371-374.

(70) Correia, C. F.; Guedes, R. C.; Dossantos, R. M. B.; Cabral, B. J. C.; Simoes, (73) Lucarini, M.; Pedulli, G. F.; Guerra, MCchem—Eur. J. 2004 10, 933—
J. A. M. Phys. Chem. Chem. Phy&004 6, 2109-2118. 939.
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Table 2. Rate Constants (in M~1 s~1) and SCT Transmission Table 4. Rate Constants (in M~1 s~1) and SCT Transmission

Coefficients Computed at the MPWB1K/6-31G(d,p) (Low-Level) Coefficients Computed at the ONIOM—CBS (High-Level)

Electronic-Structure Level of Theory as a Function of Temperature Electronic-structure Level of Theory as a Function of Temperature.
T (K) kTST k()VT KSCT k(?\/T/SCT T (K) kTST kC\/T KSCT kCVT/SCT
150 2.21x 1075 2.20x 10°° 2.87x 10° 6.26 x 10° 150 7.40x 104 7.30x 104 1.66x 107 1.21x 10¢
200 1.02x 1072 1.02x 1072 8.59x 10° 8.61x 10° 200 1.43x 1071 1.42x 107t 1.20x 10° 1.67x 10
300 5.85 5.76 2.8% 10° 1.62x 10¢ 300 3.39x 10t 3.34x 10 9.74x 17 3.15x 10
400 1.68x 1(? 1.63x 107 1.91x 107 2.98x 10 400 6.26x 1% 6.08x 107 9.86x 10t 5.71x 10
500 1.43x 10° 1.37x 10° 4.15x 10 5.43x 10 500 4.09x 10° 3.94x 10° 2.70x 10 1.01x 10°
600 6.56x 10° 6.26x 10° 1.60x 10 9.57 x 10 600 1.58x 104 1.51x 10 1.20x 10 1.72x 10°

Table 3. Rate Constants (in M~t s7) and SCT Transmission

Coefficients Computed at the ONIOM—CCSD(T) (High-Level) smaller than the LL and ONIOMCBS ones, but this difference
Electronic-structure Level of Theory as a Function of Temperature. reduces to +2 orders of magnitude when temperature is
T(K) ST e SCT KevTiscT increased up to 600 K and entropic effects become more
150 2.06x 100  287x 100  110x 10%  313x 10° significant. (Note that the ONIOMCCSD(T)K'ST (T) are, in
200  2.36x 10°® 2.29x 1076 1.91x 10° 4.35x 108 fact, calculated at the classical potential-energy maximum on
300 232x102%  226x102%  372x10°  8.25x 1C° the high-level MEP following the ISPE method. However, in
ggg g:;gx 100 52_'3617X 10 5?43% ig %?gi 181 this case the ISPE_ resulVmay) = 0.025 bohr\Vmax = 12.5
600  4.47x 102 4.28% 102 1.19% 102 4.90x 10 kcal/mol, do not differ much from the ones calculated at the

LL H-abstraction saddle point).

) Variational effects are small at the three levels of theory. For
then the CBS-QB3 composite method of Petersson and co-jnstance, they slow the ONIOMCBS rate constants by only a
workerg®4!that uses a series of single-point energy calculations ¢actor of 0.99 and 0.96 at 150 and 600 K respectively.
to extrapolate the CCSD(T) energy to the complete basis-set

limit. Recen ies indi h BS-QB n provi . .
t. Recent studies .d cate t.at CBS-Q 3 ofte bro des corresponds to the huge values obtained for the SCT transmis-
excellent agreement with experimental reaction energies and . o S .
sion coefficients. The transmission coefficient values at the

barriers, in some cases with greater accuracy than single-point _ .
energy CCSD(T) calculations with polarized trigfebasis ONIOM—CCSD(T) level are the biggest among the three levels

sets’4 78 On the other hand, it has been reported that CBS- of calculation and range from 1.1 10 at 600 K, up to 1.10

QB3 systematically underestimates intermolecular hydrogen- * 10at lSO,K’ Whgreas the lowest values, although still very
transfer barriers in monoradicals By0.5 kcal/mol, as compared big, are obtained with the O'\yOMCBS methodology: 1.20
to the very high level W1 method of Martin et &%.perhaps x 10" at 600 K, and 1.66< 107 at 150 K.
because CBS-QB3 overcompensates for the effects of spin The reason for those enormous SCT transmission coefficients
contamination in open-shell systefifsThe figures in Table 1~ must be found on the shape of the adiabatic potential-energy
show that the ONIOM-CBS method gives the lowest H- profiles along the reaction path (Figure 4). It can be observed
abstraction classical energy barrier and the most negativethat the adiabatic potential-energy barriers are extremely narrow
reaction energy for thEC + CH3;00- reaction, this last result  at the three levels of theory but specially at the ONIO®ICSD-
being close to the lowest experimeriaind theoreticdt values (T) level, which presents the highest adiabatic barné(=
given earlier. In any case, flavonoid reactivity has never been 10.43 kcal/mol;s(VA®) = 0.025 bohr) (see refs 80 and 81 for
systematically analyzed by high-level ab initio structure calcula- recent examples of other systems with large tunneling contribu-
tions, and for this reason we decided to carry out dynamical tions due to narrow potential-energy barriers). The LL and
calculations on both the ONIOMCCSD(T) and the ONIOM ONIOM—CBS widths of the adiabatic potential-energy profiles
CBS potential-energy surfaces in spite of the 4 kcal/mol are more alike because the ONIGMBS MEP was obtained
difference in the corresponding H-abstraction barrier heights. by interpolation using the HL information calculated only at
3.2. Reaction Path and Rate Constant Analysisn Tables the stationary points. Nevertheless, the adiabatic barrier is
2, 3, and 4, respectively, the LL, ONIOMCCSD(T), and the  slightly higher at the LL level\{A® = 7.04 kcal/mol;s(VAC®) =
ONIOM—CBS one-way flux rate constants for the H-abstraction 0.0025 bohr) than at the ONIOMCBS level {¥A¢ = 6.00 kcal/
are presented along with the tunneling transmission coefficients mol; s(\VA®) = 0.0021 bohr). The shape of those adiabatic energy
as a function of temperature. The conventional transition-state profiles clearly reflects the very short path length of the shifting
rate constants value!ST (T), at the three levels of theory, are  hydrogen between its initial position at the RC complex and its
mainly due (besides entropic contributions) to the high classical final position at the methylhydroperoxide structure, a short
potential-energy barriers given in Table 1. At 150 K, the distance that has already been remarked here from the com-
ONIOM—CCSD(T) rate constant is 5 orders of magnitude parison of the corresponding stationary-point geometries. On
the ONIOM—CCSD(T) profile the adiabatic potential energy

The most striking result of our dynamical calculations

(74) Gomez-Balderas, R.; Coote, M. L.; Henry, D. J.; Radond, Phys. Chem.

A 2004 108, 2874-2883. drops around 10 kcal/mol from the transitior_1-state structure at

(75) ygezn;y.?g%l; Parkinson, C. J.; Radom, L.Phys. Chem. 2002 106, s= 0 bohr tos= —1.0 bohr and t& = 0.5 bohr in the backward

(76) Guner, V.; Khuong, K. S.; Leach, A. G.; Lee, P. S.: Bartberger,M. D.; and forward directions, respectively. At those geometries on
Houk, K. N.J. Phys. Chem. 2003 107, 11445-11459. - i

(77) Kuwata, K. T.; Hasson, A. S.; Dickinson, R. V.; Petersen, E. B.; Valin, L. the MEP, the H-transfer can be considered to be Complet?d’
C. J. Phys. Chem. 8005 109, 2514-2524. and further away the system undertakes a long path characterized

(78) Hasson, A. S.; Chung, M. Y.; Kuwata, K. T.; Converse, A. D.; Krohn, D.; i ;
Paulson. S. EJ. Phys. Chem. 003 107, 61766182, by the heavy atom reorganization and a slow decrease of the

(79) Martin, J. M. L.; Oliveira, G. DJ. Chem. Phys1999 111, 1843-1856. adiabatic potential energy to finally attain the geometry and
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s (bohrs) Figure 5. a-tocopherol andEC MEPs. (a) Energies are relative to the
corresponding reactants. (b) Tagocopherol MEP has been moved up to
ONIOM-CBS make easier the comparison of the respective widths.
15 T T T T T
10 ] coefficient for thea-TocH + CH3;0O- reaction is expected to
E‘ 5| - be notoriously smaller than for tHeC + CH3;OO- reaction.
3 ol i In fact, without tunneling corrections, the variational H-
£ abstraction rate constants at 300K&YT (T = 300 K), at the
S ] LL (5.76 M~1 s71) and the ONIOM-CCSD(T) (2.26x 102
10 | i M~ s71) level of theory would be smaller than the H-transfer

reaction rate constant of reaction 3 (typically* M~ s™1) and

the ONIOM-CBS KVT (T) would be only somewhat greater
(33.4 M1 s71). In any case, our results show that tunneling
effects are responsible for making tB€ + CH3;OO- reaction

(as a model for th&C + LOO- process) clearly much faster
than reaction 3, so theBC would become able to break the
energy values corresponding to RC and the final products. This free-radical chain-lipid peroxidation reaction by trapping the
compact doubly hydrogen-bonded complex betwE€hand LOO- radical. At this point it has to be remarked that this
CH3OO0- that forces such a short H-transfer path length, is not decisive role of tunneling cannot be recognized when just BDE
present in other radical scavenging reactions because thedata are handled.

antioxidant molecule does not contain a catechol functionality |t should be remarked that the act@&T + CH;OO- reaction

-3 -2 -1 0 1 2
s (bohrs)
Figure 4. Classical potential-energy profile (MEP, red solid line) and

adiabatic energy profile\lﬁ, green dashed line) at three different levels of
calculation. Energies are relative to reactants.

(for instance, ubiquinai-TocH plus HOG reaction3®®). To does not take place in gas phase. The scavenging of the lipid
shed light in this point, we have compared the MEPS corre- peroxyl radicals LO® by EC or a-TocH occurs in the lipid
sponding to theEC + CH;OO- and a-TocH + CH3OO- bilayers of cell membranes, where the dielectric constant is much

reactions, calculated at the MPWBI1K/6-31G(d,p) low-level |ess than for bulk water. So, dielectric constants around 30 for
(LL). We have modeled thex-tocopherol molecule by the  the lipid head group-water interface and around 10 for the ester
2,2,5,7,8-pentamethylcroman-6-ol molecule (that is, we have group region have been suggestéBecause of that and taking
replaced the trimethyltridecyl chain attached to carbon 2 in the jnto account thaEC + CH;00- is not an ionic but a free-
a-tocopherol molecule by a methyl group). Figure 5 clearly radical reaction, the environmental effects should not alter
shows that the MEP corresponding to thdocH case is wider.  sjgnificantly the main conclusions of the present paper which
Confirming this fact, the unscaled imaginary frequenCieS at the have been obtained by gas_phase calculations. To test this
saddle point are 1827i and 2501i chifor a-TocH andEC hypothesis we have incorporated the environmental effects by
reactions, respectively. Because thdocH MEP turns outto  means of the separable equilibrium solvation (SES) approxima-
be lower and wider than thEC MEP, the SCT transmission  tjon 84 In the SES approximation one first calculates the MEP

in the gas phase and then solvates the system at geometries

(80) Tautermann, C. S.; Loferer, M. J.; Voegele, A. F.; Liedl, K.JRPhys.
Chem. B2003 107, 12013-12020.

(81) Tejero, I.; Garcia-Viloca, M.; Gonkez-Lafont, A; Lluch, J. M.; York, D. (83) Zhou, F.; Schulten, KJ. Phys. Chem1995 99, 2194-2207.
M. J. Phys. Chem. B006 110, 24708-24719. (84) Chuang, Y.-Y.; Cramer, C. J.; Truhlar, Dnt. J. Quantum Cheni998
(82) Espinosa-Garaj J.J. Am. Chem. So@004 126, 920-927. 70, 887—-896.
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15 F T T T N T 7] Table 6. Kinetic Isotope Effects (KIEs) as a Function of
i Temperature, at the Three Different Levels of Theory.
10 | § T(K) MPWB1K/6-31G(d,p) ONIOM:CCSD(T) ONIOM:CBS
g 5| | 150 12.92 26.64 11.30
£ 200 12.07 12.63 10.24
T 300 10.17 11.41 8.18
< O0r T 400 8.04 9.68 6.64
500 6.42 7.94 5.38
-5t « 600 5.19 6.49 4.46
_10 1 1 1 1 1
4 % 2 A 0 1 2 function of temperature at the three levels of calculation used

‘ _ s (bohrs) _ in this dynamical treatment. This KIE arises from the substitu-
Figure 6. Effeqtlve pptenuals_ for tunneling corresp_ondmg to the gas-phase tjgn of the hydrogen at the gosition by a deuterium. The three
reaction, and including environmental effects with= 4 ande = 30. methodologies aive large normal KIEs that decrease as tem-
Energies are relative to the corresponding reactants. 'g g g ;
perature increases, the ONIOGNCCSD(T) KIEs being the
;Z-Ztggti%n ISrS:ITu;La”%’gﬁfé%%ggfaﬁf'gggéstsf% it‘;‘e Eai'apggse_ 20 largest ones at each temperature. The relative weight of the
at Different Tempg,atures ‘T €T different factors that contribute to the total KIE was analyzed
by the factorization given in eq 6:

T(K) gas-phase e=4 e=30
150.00 2.87 108 5.81x 101 2.35x 10'3 CVT/SCT, SCTr 1 CVT,
200.00 8.5 10° 7.93x 107 1.89 10° KIE(T) = kit (D _kn Mki" M _ e e ©)
263.00 1.40x 10* 1.99x 10° 3.44x 10° KVTSETmy  «S°T(m KSVT(T) un VT
208.15 3.10< 103 2.42x 10¢ 3.54x 10°
300.00 2.89¢ 108 2.20x 10¢ 3.19x 10 : o
400.00 1.91x 10 5.87§ 1 5.51§ 10° wherg_KIEun corresponds_ to the ratio of SCT transmission
500.00 4.15¢ 10 8.39x 10t 5.56x 107 coefficients of the perprotio and the deutera&+ CH;00-
600.00 1.60< 10t 2.61x 10 131x 107 reactions. While Kl accounts for the tunneling contribution

to the global KIE, Kl is the ratio of the CVT rate constants

| h h MEP by adding the standard-stat | for the perprotio and the deuterated reactions evaluated at the
along the gas-phase y adding the standarc-state mo al?:orresponding generalized transition states and accounts for the
free energy of solvation to the gas-phase potential energy.

n th h dard lar f ranslational, vibrational, rotational, electronic, and the Boltz-
n the present case the standard-state molar free energy ot 5 ¢actor (associated with the classical potential energy)

S(f)|\r/1&ti0n| hqs t()jeen c_alculated gsilng the cor&ductlor-liléebformalism contributions to the global KIE. At the ONIOMCBS level,
of the polarized continuum model (CPCM) developed by Barone the global KIE at 300 K is 8.18, and its factorization gives KlE

et al.?5' at the MPWBIK/MGSS level. For these C,PCM, =1.11 and Klkyr = 7.37. So the differences between the two
calculations, a\{alue of 4 and 30 was em_plo_yed for the dlelgc_tnc generalized transition-state partition functions and the two
constant, to simulate the hydrophob|c_ interior o_f_a lipid reactant partition functions (being those differences mainly due
membrgne and the outer part of the mterface_ lipid/water, to the vibrational degrees of freedom) account by themselves
respectively’ The ISPE methdt has been used to interpolate ¢ o< much as the 90% of the global KIE. That small
the solvation correction along the MEP. ) contribution of tunneling to the KIE might seem to be in
We have employed the zero-order canonical mean shapegjisagreement with the huge SCT transmission coefficients
(CMS-0) approximatiof? to calculate the tunneling effects. So, onqrted above. The point here is that both the perprotio and
the SCT calculations have been carried out with an effective the deuteratedEC + CH,00- reactions present very large
potential for tu_nnellng V_Vh'Ch is obtained by adding the gas- tunneling effects in this reaction, but because of the narrowness
phase ad|abat|c.poten.t|al energy and the sta.ndard-state fre%f the adiabatic potential-energy profile, those SCT transmission
energy of solvatioff (Figure 6). When comparing the three ., oticients are very similar for both hydrogen and deuterium
curves shown in Figure 6, we must note that the profiles with »nq hearly cancel out in the calculation of their KIE contribution
¢ = 4 ande = 30 also include solvent-free energy contributions, (see ref 81 for a discussion of this point in the H-abstraction
whereas the gas-phase curve is just an adiabatic potentlal-energxatawzed by soybean lipoxygenase-1, a reaction which also has

profile. o N _ very large tunneling contributions.)
The SCT transmission coefficients for gas-phase, and includ- Finally, we have calculated the representative tunneling

ing environmental effectse(= 4 ande = 30), at different  gpgrgies (RTES) for both the perprotio and the deuterated
temperatures are given in Table 5. Because of the environment, oo ~tions at the ONIOMCBS level. At a given temperature,
the effective potentials for tunneling become higher, this way e RTE is the energy which mostly contributes to the SCT
leading to bigger SCT transmission coefficients than in gas yansmission coefficient. It is a consequence of the opposite
phase. So, our estimation of the environmental effects confirms e qs of the quantal transmission probability and the Boltzmann
the key role of tunneling effects in thisC + CH;00- reaction.  ¢act0r as a function of the energy. At 300 K, it turns out to be
In Table_6the primary kinetic isotope effects (KI_Es) for the only 0.01 and 0.69 kcal/mol above the adiabatic energy of
H-abstraction reaction betwe&€ and CHOO- are givenas @ reactants for the H and D transfers, respectively (0.07 and 2.80
kcal/mol at 600 K, respectively). These so small RTE values

(85) Barone, V.; Cossi, MJ. Phys. Chem. A998 102 1995-2001.

(86) Truhlar, D. G.; Liu, Y.-P.; Schenter, G. K.; Garrett, B.ZPhys. Chem. indicate that tunneling is already very easy at the adiabatic
1994 98, 8396-8405. ;

(87) Chuang, Y.-Y.; Radhakrishnan, M. L.; Fast, P. L.; Cramer, C. J.; Truhlar, en_ergle_s of reac_tams’ a Conse_quence of the narrowness of the
D. G.J. Phys. Chem. A999 103 4893-4909. adiabatic potential-energy profile.
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4. Conclusions involving an extremely short path length. The resulting adiabatic

Itis well-known that the polyphenolic compounds abundantly potentlal-energy profile turns out to be extraordinarily narrow

contained in green tea, specially catechins, exert protective'” the range of energies that makes tunneling possible_(that is,
effects against cancer, inflammatory and cardiovasculardiseases"f‘t the energy corresponding Fo reactants and above 'F)' As a
and aging. These protective effects have been mainly attributedcOnSeauence, the H-abstraction process from catechin takes
to their antioxidant activity by scavenging free radicals: cat- Place with a huge tunneling effect. This reaction becomes then
echins effectively suppress the lipid peroxidation in biological fast enough to trap the lipid peroxyl radicals in a dominant
issues and subcellular fractions. It seems that the catechol moiety0mpetition with the very damaging free-radical chain-lipid
of catechins with its dihydroxy functionality is most responsible Peroxidation reaction. Quantum-mechanical tunneling is then
for that antioxidant capacity. the clue of the high antioxidant activity of molecules containing

In this paper we have combined high-level electronic structure the catechol group, so explaining the important benefits of
calculations and canonical variational transition state theory drinking green tea known in eastern Asia for thousands of years.
including semiclassical multidimensional small-curvature tun-
neling corrections to study the mechanism and to calculate the
reaction rate constants of the hydrogen abstraction reaction from
(—)-epicatechin by methylperoxyl radical, taken as a peroxo-
lipidic radical model.

Our results have allowed us to understand one of the key
factors of the antioxidant effectiveness of the catechol group.
Because of the existence of the two hydroxyl groups in an ortho
disposition at the “B” ring, two hydrogen bonds are formed
between the hydrogen hydroxyls and the two oxygen atoms of

the attacking methylperoxyl radical, therefore leading to very formulation of the CVT/SCT rate constant; results corresponding

compact structurgs corresponding to a reac.t.ant complex PTOT  the O-H bond dissociation energies. This material is available
to the H-abstraction process and the transition-state structure

of the reaction. This way the H-abstraction occurs as though it free of charge via the Internet at htp://pubs.acs.org.
was an intramolecular H-transfer within the reactant complex, JA063766T

Acknowledgment. We are grateful for financial support from
the Spanish “Ministerio de Educéaady Ciencia” and the “Fondo
Europeo de Desarrollo Regional” through project CTQ2005-
07115/BQU andthe Generalitat de Catalunya (Grant2005SGR00400).
We also thank CESCA for the computational facilities.

Supporting Information Available: Complete refs 52 and 68;
details for the ONIOM calculations, together with Figure S1,
which shows the spin distribution diagram; computational details
for the different interpolation schemes used; the specific

5854 J. AM. CHEM. SOC. = VOL. 129, NO. 18, 2007





