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Probing the Antioxidant Activity of Polyphenols by CIDNP:
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Abstract: Polyphenols occur naturally
in a vast variety of plants. One of their
predominant properties is their antioxi-

Stephen N. Batchelor*!™™

chin gallate (EGCG). The experiments
involve photoinduced hydrogen-atom
transfer to a hydrogen abstractor (e.g.,

tion 500 ns-1 ms). It is found that hy-
drogen abstraction is an essentially sto-
chastic process with a slight preference

dant activity. To provide a deeper un-  excited
derstanding of the antioxidant mecha-
nism, 'H CIDNP spectroscopy
(CIDNP =chemically induced dynamic
nuclear polarization) is used to study
model hydrogen abstraction reactions
with four catechin-based polyphenols:
catechin (CA), gallocatechin (GC), epi-

gallocatechin (EGC), and epigallocate-

CIDNP

Introduction

Polyphenols occur in most plants!'! in which they serve many
functions from colorants to the building blocks of certain
wood tissues. In particular, tea, the most consumed beverage
after water? and red wine, are high in polyphenols typically
containing a few mm of gallic acid equivalents.”) This rich
polyphenol count is mainly due to the extraction methods
used in their production that maximizes the polyphenols
stemming from the tea leaves and grape skins.™!

Much interest has been attached to the antioxidant prop-
erties of these polyphenolic molecules, in the hope that they
may prevent or delay various diseases.’) Many studies have
concentrated on antioxidant assays!® and there has been
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isopropylthioxanthone) fol-
lowed under steady-state conditions
and in a time-resolved fashion (resolu-

Keywords: antioxidants - catechins -
(chemically
dynamic nuclear
gallates - oxidation - polyphenols

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

for the B rings in the catechin-based
polyphenols. Remarkably, analogous
reactivity patterns could be followed in
the “real systems”, green tea and red
wine. We also show that CIDNP can be
used as a semiquantitative tool to
assess chemical reactivity.

induced
polarization)

some detailed biological” and epidimelogical investiga-
tions.”™ Important work has been done to unravel the funda-
mental mechanism of how polyphenols act as antioxidants,”)
concentrating on how the molecules react with chemically
damaging oxidant species capable of hydrogen abstraction
(e.g., free radicals, photoexcited molecules) or electron
transfer as shown in Scheme 1.

S* A
R ArOH -
A
ArOH*
.
RH ArO-/H
SH

Scheme 1. Antioxidant reactions of phenols. S=sensitizer, A =acceptor,
and R'=radical (to be quenched).

For electron transfer, the catechol and pyrogallol moieties
of the polyphenols are by far the most active, simply due to
their low oxidation potentials in the dissociated form (phe-
nolate anion).”*? For hydrogen abstraction, a key reaction
in many oxidative cycles, work has concentrated on catechin
(CA) and shows that hydrogen abstraction occurs from the
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phenols on both the A and B
rings.’! Tt is unclear if other
polyphenols, particularly those
with gallate groups would show
the same pattern. Further
debate exists on whether semi-
quinone radicals formed on the
A-ring rapidly transform to B-
ring semiquinones” and addi-
tionally the effect of the medium on the initial abstraction
should be considered. Last but not least, in “real systems”,
such as tea and red wine, the polyphenols are not pure, but
are part of a gloriously rich mixture of sugars, proteins, and
various acids. Does this vast palette of components alter the
polyphenols antioxidant behavior?

The aim of this work is to shed some light on these as-
pects by investigating the reactions of catechin, three other
common polyphenols, green tea, and red wine by using an
efficient hydrogen photoabstractor. To this end, we have
chosen polyphenols catechin (CA), gallocatechin (GC), epi-

CA (catechin)

GC (gallocatechin) EGC (epigallocatechin)

gallocatechin (EGC), and epigallocatechin gallate (EGCG)
as ideally suited models displaying typical features like spe-
cifically located hydroxy groups and two and three polyphe-
nolic moieties. Moreover, GC, EGC, and EGCG are all
major components of green tea and wine,'”) which are
thought to be responsible for their beneficial actions in
humans. Isopropylthioxanthone (ITX) in combination with a
UV light flash serves as a model hydrogen abstractor.

It is known that ketones tend to abstract phenolic hydro-
gen atoms rather than undergo electron transfer upon UV
excitation.!''! ITX produces a triplet that rapidly abstracts a
phenolic hydrogen to give radicals.”? On a microsecond®™!
timescale the photogenerated radical pairs partly react back
to give the parent molecules or
follow-up products, both of
which may be monitored by
NMR spectroscopy. Due to the
radical-pair nature of these re-
actions (Scheme 2), the NMR
spectroscopic  signals of the X
products are strongly polar-
ized™ on a microsecond to mil-
lisecond timescale and allow
the position of the hydrogen
abstraction to be derived, vide
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S

Chem. Eur. J. 2010, 16, 7008 -7016

EGCG (epigallocatechingallate)

hv
CLIJ —— 1

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

infra. This polarization effect greatly increases the sensitivity
of the experiment and is given the acronym CIDNP (chemi-
cally induced dynamic nuclear polarization). CIDNP effects
arise from the differences in g-factors of reacting radicals,
their hyperfine coupling constants, and relaxation times
(both diamagnetic and paramagnetic) of nuclei attached as
well as from the relative diffusion rates, providing insights
into the structure of the radical pair and the photochemical
reaction pathway."! When performed in a time-resolved
fashion, CIDNP allows one to estimate radical reaction rate
constants and diffusion properties.!"”!

Here CIDNP is used to investigate the difference in the
hydrogen abstraction of the four model polyphenols, the sol-
vent dependence of such reactions, and whether similar
chemistry is observed in the real beverage.

Results and Discussion

General procedure of spectral anmalysis: The polyphenols
GC, EGC, and EGCG are related to parent CA. According-
ly, we will first provide a detailed view of CA in acetonitrile
as the solvent (CD;CN). The major products of the photoin-
duced reaction between CA and ITX are analyzed by time-
resolved CIDNP and the assignments of the resonances to-
gether with the interpretations of the CIDNP polarizations
will be given. These results will then be utilized for the inter-
pretations of the steady-state '"H CIDNP spectra of CA, GC,
EGC, and EGCG. Then, the effect of water on the photo-
chemical conversions of CA observed by CIDNP will be fol-
lowed, and finally CIDNP spectra obtained upon the reac-
tion of tea and red wine with an alternative hydrogen ab-
stractor benzophenone (BP) will be presented.

Importantly, all experiments under aqueous conditions
were performed at a pH of 7.2, well below the pK, values of
the phenolic groups in CA, GC, EGC, and EGCG;"*! ac-
cordingly, the starting stages of all polyphenols are the fully
protonated polyphenolic molecules.

NMR and time-resolved CIDNP spectra of catechin (CA):
Figure 1a presents the '"HNMR spectrum of CA/TX in
CD;CN. The multiplets at § =2.6, 3.97, and 4.57 ppm are as-
signed to H4, H3, and H2 of the B ring. Two J-coupled dou-
blets at =5.86 and 5.94 ppm belong to H8 and H6 of the
catechin A ring, whereas the broad multiplet (6=6.70-

T
[e] T o’H
diffusion
Ar-O-H A - -
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S S "escape”
products

spin correlated radical pair

|

geminate recombination
"cage products”

Scheme 2. Oxidation of phenols by ITX.
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b) CIDNP, 500 ns

c¢) CIDNP, 1 ms
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Figure 1. a) 'HNMR spectra of CA with ITX in CD;CN at 293 K.
b) Time-resolved "H CIDNP spectra at 500 ns and c) 1 ms after the laser
flash (time delay to the center of the observing RF pulse).

6.87 ppm) is attributed to the
three different B-ring aromatic
hydrogen atoms. The rest of the
NMR spectroscopic lines
(below 6=1.5 and above

6.9 ppm and the multiplet at OH
0=3.11 ppm) stem from ITX. OH

These assignments are the basis
for the interpretation of the OH
CIDNP spectra shown in Fig-

ure 1b,c.

'"H CIDNP spectra of cate- 0 o
chin recorded 500 ns and 1 ms
after laser flash photolysis of s

ITX have the following ITX
common features to be inter-
preted: strongly negatively po-
larized (enhanced emission)
lines that belong to both A (H6
and HS8) and B rings (H2', H5,
and H6'), weakly polarized H2
signal (enhanced absorption),
and almost invisible H5 and H6
lines. Apart from that, on both spectra, the residual HDO
(0=2.1 ppm) signal appears in a strong enhanced emission.
Finally after 1 ms, a peak in enhanced absorption is ob-
served at 0 =4.7 ppm.

The CIDNP spectra may be interpreted as follows. Upon
UV excitation, ITX rapidly intersystem crosses to its triplet
state, which leads to hydrogen abstraction from the OH
groups of the A or B ring of CA giving a geminate radical
pair containing an ITX and a phenoxy radical (see
Scheme 2). Due to spin conservation, the geminate pairs are
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initially in a triplet spin state, as they were formed from an
excited triplet electronic state of ITX. Geminate (“in cage”)
recombination may then occur to regenerate the starting
chemicals (Scheme 3). This recombination can only occur in
the singlet state. Therefore spin mixing has to take place to
convert triplet to singlet spin states. It is determined by the
size of the hyperfine coupling constants of the individual
protons in the intermediate radical pair and g-factor differ-
ence of the radicals. Therefore, the CIDNP intensities due
to singlet recombination are substantially influenced by the
spin distributions in the initially formed radicals. If the poly-
phenol radical is formed on the A ring, the resonances at-
tributed to H6 and H8 of CA should give well-distinguisha-
ble intensity patterns since they are the only ones with ap-
preciable hyperfine coupling constants, vide infra. For the
same reason, if reaction occurs through the B ring, only the
H2, H2', H3', and H6' protons have considerable hyperfine
coupling constants, thus leading to significant polarizations
for their NMR spectroscopic signals. Consequently, the ob-
served polarizations show where hydrogen abstraction has
occurred, which, according to the 500 ns spectrum (Fig-
ure 1b), is from both the A and B rings. Evidently, polariza-
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CA-AT

OH OH
L N CA-A2*
— L0 +
S o
HO

ITX-H*

or/and OH

OH
0] o.. o
OH

OH
CA-B2-

Scheme 3. Primary reactions of CA with ITX.

tion is also created in the reformed ITX as observed in the
spectrum, no new product peaks are seen showing that the
simple back reaction is the predominating process, that is,
an ITX-CA adduct is not observed. As will be presented
below, this observation is important for the analysis. The
peak at d=2.1 ppm arises from polarized HDO, because of
the fast proton exchange between the phenol groups and re-
siduals of D,O in the sample. Presumably the D,O hydrogen
binds to the phenol groups and so is always in close vicini-
ty." Tt should be noted that no 'H CIDNP is observable

Chem. Eur. J. 2010, 16, 7008 -7016
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when CA is irradiated in the absence of a hydrogen abstrac-
tor.

The geminate reaction is outlined in Scheme 3: Hydrogen
abstraction by the triplet of ITX leads to radicals CA-AT",
CA-A2, CA-B1°, and CA-B2". All these four radicals possess
distinct spin distributions (Scheme 4) leading to specific po-
larizations in the CIDNP spectra. Density functional theory
(UB3LYP and M05-2X!") calculations (Table 1) have also
revealed that the O—H bond dissociation energies are com-
patible for OH groups at C(7), C(5), and C(3") of CA, but
are lower for C(4)-OH at the B ring. Moreover, there is
hardly any spin delocalization to the B ring when the A ring
O—H hydrogen atoms are abstracted and vice versa. Hence,
polarizations of the resonances attributable to protons in
both the A and B ring points to the abstraction of protons
from both molecular moieties.
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Scheme 4. Experimental hyperfine coupling constants (in Gauss) of
model radicals M1-M4 and calculated (in Gauss) values for CA-derived
radicals (CA-A1", CA-A2', CA-B1’, CA-B2’) (UB3LYP/6-31G(d)).
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Scheme 5. Bulk reactions of A and B-ring centered radicals of CA.
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Table 1. BDE of the phenolic functions of CA, calculated with two dif-
ferent DFT methods for B3LYP/6-31G(d) optimized geometries.

Bond B3LYP/6-311+G(2d.2p) MO5-X2/6311+ G(2d.2p)
[kJ mol™] [kJ mol™]
C(5)0-H 3% 402
C(7)0-H 381 399
C(3)0-H 384 397
C(4)0-H 343 359

Compared to the 500 ns delay, the polarizations are more
intense at 1 ms in line with a prolonged reaction period and
thus more product formation. Furthermore, at the longer
delay, additional products become observable, which are
formed by random diffusion-controlled encounters between
radicals in solution, so-called F-pairs, rather than from the
initial geminate pairs. These F-pairs are formed at random
and consist of ITX-H/CA-A1'(-A2", -B1', -B2"), ITX-H/ITX-
H', and CA-AT" (-A2', -B1', -B2")/CA-AT" (-A2', -B1', -B2’).
The new resonance at  =4.7 ppm (Figure 1c) is assigned to
H, of 1,2-quinone Q (Scheme 5) formed by disproportion of
CA-Al" (A2, -BT', -B2")/CA-AT (-A2', -B1', -B2’).

The polarizations are amenable to a semiquantitative
analysis. There are two types of CIDNP polarizations denot-
ed net and multiplet effects. If all resonances of a multiplet
or singlet show enhanced absorption (EA) or enhanced
emission (EE) they are denoted as net effects. On the other
hand, multiplet effects are characterized by a differential po-
larization within a multiplet. Importantly, exclusively net po-
larizations are observed in our experiments significantly sim-
plifying the analysis of the experimental results. The type of
the net polarization (EA or EE) depends on the sign of the
hyperfine coupling constant of the respective proton in the
intermediate radical, the difference of the g-factors of CA
and ITX, and the multiplicity of the initial electronic state
(singlet or triplet).[14¢18]

For simple diffusion theory, in cases when the condition
AgugBy/ii>"/a is satisfied, that is, in the presence of a
strong magnetic field and in the absence of very large hyper-
fine coupling constants, the intensity of the polarized
CIDNP signal of a particular nucleus (/) in recombination
or disproportionation geminate products at the fixed mag-
netic field is proportional to a/Ag and the radical pair con-

L.,
CA-B1,-B2" HO Oy OH
CA-A1" oH

CA-B1,-B2 OH

CA-B1 +
CA-A1-A2-B1-B2* Hq 0

CA-B2 HO (oA o
escape reactions OH
(F-pairs) OH 4
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centration, being independent of all other coupling con-

stants in the radical of interest:['*1’]
! 1
2 h N 4
a ~c| |—— —
> (‘Ag/‘BBo ) 2

1)
in which ¢ is the radical pair concentration, Ag the differ-
ence between the g factor of the radical revealing the ob-
served NMR spectroscopic resonance and its partner radi-
cal. ug is the Bohr magneton, a is the isotropic hyperfine
coupling constant of the radical precursor for the hydrogen
atom giving rise to the NMR spectroscopic signal, and B, is
the magnetic field strength.?”! Equation (1) allows one to es-
timate the ratio of abstraction from the A and B ring by
comparison of the CIDNP signal intensities of the protons
on the rings, when their hyperfine coupling constants are
known. As stated above, this is valid only for polarizations
from geminate radical pairs which are observed on short
time scales. Also, different geminate recombination rates in
ITX/(CA, GC, EGC, and EGCG) radical pairs are not
taken into account.

Unfortunately, the experimental hyperfine coupling con-
stants of the A and B-ring-centered radicals are not estab-
lished; however, they are known for comparable compounds
that we have used as models (M1-M4, Scheme 4).*!1 1t is
clear from the data presented in Scheme 4 that substitution
on a meta-hydroxy phenoxyl radical changes the spin distri-
bution (M1 vs. M2) only to a very low extent. Moreover the
experimental data of the molecular fragments M1 and M2
are in very good agreement with the calculated data for
CA-B1" and -B2'". Accordingly, the calculated a values of the
2’-, 5'- and 6’- protons of the B-ring radical of CA with
values of 2.3, —4.9, and 0.7 Gauss, respectively, were utilized
for the estimations performed below.

In the case of radicals CA-Al" and CA-A2’, again a very
reasonable agreement exists between the experimental
values of paradigms M3 and M4 and the calculated counter-
parts (Scheme 4). Thus, as for the former case, the calculat-
ed values can be taken as representative values for their use
in Equation (1). For A-ring radical CA-AT1", the a values of
H6 and H8 are —7.8 and —10.5 Gauss (Scheme 4), and for
CA-A2" —5.8 and —8.1 Gauss, respectively. The g-factors of
the A and B-ring radicals can be regarded as virtually iden-
tical with g=2.0043%'! and the g-value of the ITX-H' radical
is taken to be smaller. For these parameters, /, the intensity
of CIDNP polarization, varies linearly with a according to
Equation (1).

Similarly, from a comparison of the measured CIDNP in-
tensities of CA, the known g-factors, and hyperfine cou-
plings, the relative abstraction from the A and B ring may
be estimated. The sum of the relative CIDNP polarizations
of H6 and H8 (I,) and the sum of the intensities of H2',
H3', and H6' (Ig) for the pseudo steady-state CIDNP spec-
trum is 5.7 and 3, respectively. The ratio between hydrogen

a ’ AgupBy _ 1
h 2

AgugB, 1
INC(’ 7 +§

—
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abstraction from the A and B rings can then be approxi-
mately determined by using Equation (2):

Aring  I/(as+ as)
Bring Iy/(ay + ay +ag)

)

in which qa, is the hyperfine constant of the H, proton. The
average value for (ay+ay+ay) for abstraction from the two
B-ring OH positions is used in the calculations since the
NMR spectroscopic resonances of these aromatic protons
are not resolved in our spectra. With these assumptions, for
CA a 45% abstraction from the A and 55% abstraction
from the B ring can be derived. Similar values were extract-
ed from the 500 ns spectrum. These ratios seem to slightly
disagree with the 70:30 values obtained from pulse radiolysis
experiments.” However, a higher extent of abstraction
from the B ring as shown by CIDNP, relative to pulse pho-
tolysis studies, is in a better agreement with bond dissocia-
tion energies.*

In a previous investigation by pulse radiolysis®¥ it was
suggested that catechin A-ring radicals are transformed to
another species in approximately 20 ps, possibly by a re-
arrangement to B-ring radicals. The indication for this trans-
formation was a complete loss of the transient optical spec-
trum of the catechin A-ring radicals in 20 ps. This radical
transformation would have explained the discrepancy with
the pulse radiolysis experiment results if geminate ITX-H/
(CA-AT, CA-A2) radical pairs rearrange into ITX-H7/(CA-
B1', CA-B2) fast enough that the latter can recombine to
give parent compounds in a “cage”. Then, additional polari-
zation of the B ring can be gained through this transforma-
tion. When the 70:30 ratio is taken as the reference then ap-
proximately one third of A-ring radicals transform into B-
ring radicals on the time scale of our experiment.

Steady-state CIDNP: For steady-state CIDNP an Hg-Xe
high-pressure lamp was employed (see the Experimental
Section); this leads to a higher conversion rate than in the
experiments with the laser and to the possibility of observ-
ing further follow-up reactions. First the steady-state and
time-resolved CIDNP will be compared then the results will
be expanded to the other three model polyphenols and fi-
nally to green tea and red wine.

Steady-state CIDNP of CA: The steady-state CIDNP spec-
trum in CD;CN (Figure 2a) closely matches the time-re-
solved 500 ns and 1 ms spectra (cf. Figure 1b), and the inte-
grals of polarized signals are also similar (Table 2), which in-
dicates that the steady-state experiments provide informa-
tion compatible with those of the time-resolved spectra. The
principal difference between the two kinds of experiment is
the initial concentration of radicals created, which markedly
alters the lifetime of the radical pair, because termination
reactions occur with a higher probability in the case of a
steady-state experiment (Schemes 3 and 5). The small differ-
ence in size (10%) of the 1,2-quinone product of CA be-
tween Figures 1c (1 ms TR-CIDNP) and 2a (pseudo steady-

Chem. Eur. J. 2010, 16, 7008 -7016
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Figure 2. NMR and steady-state CIDNP spectra of a) CA, b) GC,
¢) EGCG, and d) EGC with ITX as the hydrogen abstractor in CD;CN.
The NMR spectrum is at the top and the CIDNP at the bottom for each
compound.

Table 2. Integrated normalized intensities of the polarized "H NMR spectroscopic transition of the model cate-
chins. Note H6+HS is the integral over these two lines, not the addition of the H6 and HS integrals.

FULL PAPER

A notable feature of the spectra is the large change in
magnitude of the enhanced absorption for H2, relative to
parent CA. Quantitative understanding requires the experi-
mental hyperfine coupling constants for this proton, which
are unknown. Values are available for the radicals produced
from the polyphenols by auto-oxidation in highly alkaline
solution:®® however, it is known that deprotonation of the
phenol groups leads to significant changes of the a values
for polyphenols.”!?! Bearing this in mind, the coupling con-
stants for H2 in deprotonated EGC and EGCG become
much larger than in CA or GC, in qualitative agreement
with the increase in the polarization for H2.¥

The approximate fraction of abstractions from each phe-
nolic position was estimated by the same procedure as for
CA, using the hyperfine coupling constants of H2', H6',
H2", and H6” of 0.9 G, by the comparison of the polariza-
tion intensities of parent CA with those of the B rings and
the gallate moieties (Table 3). In contrast to our expecta-
tions, polarization of the gallate ring of EGCG was drasti-
cally smaller than that from the A and B rings (Table 2).
Gallate and B rings in EGCG must be almost indistinguish-
able by their chemical and magnetic properties. Therefore,
weak polarization of the gallate ring of EGCG cannot be at-
tributed to a different reactivity.

The specificity of the hydro-
gen abstraction reaction is con-
nected to the bond dissociation
energy (BDE) of the phenolic

OH. The CIDNP results indi-

Compound H2 HS8 Ho6 H8/H6 H6+HS8 H2'+H6'(+HY') H2"+H6" X

cate a higher BDE of the phe-
CA (laser) 0.6 3.7 1.1 34 5.7 3 - . . . .
CA 05 2.9 11 26 41 3 _ nolic OH in the A ring than in
CA (CD,CN/D,O) 13 34 09 38 44 3 - the B ring for CA, GC, EGC,
GC 13.6 9.4 3.1 3.1 12.7 2 - and EGCG. This corresponds
EGC 2L6 48 14 3.0 6.6 2 - to the data in Table 1 and to
EGCG 12.1 3.1 6.3 0.5 9.5 2 0.4

state CIDNP), is ascribed to these different radical lifetimes
altering the relative importance of the disproportionation
reaction given in Scheme 5.

Steady-state CIDNP of GC, EGC, and EGCG: Figure 2
shows the NMR and CIDNP spectrum observed upon irra-
diation of ITX in the presence of GC (b), EGCG (c), and
EGC (d) in CD;CN. The CIDNP spectra of GC, EGC, and
EGCG share many common features with that of CA, most
notably strong enhanced emissions for H6 and H8 and en-
hanced absorption for H2 and the signals for ITX-based rad-
icals. The signals of H2' and H6" are now polarized in ab-
sorption due to a change of the sign of a, predicted by DFT
calculations. Therefore, these three compounds show an
analogous conversion to CA with abstraction occurring from
both A and B rings. In EGCG, absorptive polarization (EA)
of H2” and H6" are observed showing that, as expected, hy-
drogen abstraction also occurs from the gallate moiety. Inte-
grated intensities are provided in Table 2.

Chem. Eur. J. 2010, 16, 7008 -7016
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recent high-level quantum me-
chanical calculations,” which

Table 3. Percentage hydrogen abstraction from the A, B, and gallate
rings of the model catechins.

Compound A ring B ring Gallate ring
CA (laser) 45 55 -

CA 38 62 -

CA (CD,CN/D,0) 39 61 -

GC 42 58 -

EGC 27 73 -

EGCG 30 58 12

report that the gas-phase BDE of the OH hydrogen atom in
resorcinol (1,3-dihydroxy benzene) is larger than in catechol
(1,2-dihydroxy benzene) and pyrogallol (1,2,3 trihydroxy
benzene) with values of 346, 313, and 289 kJmol ™!, respec-
tively. Clearly, this is in agreement with the experimental
CIDNP results since the percentage of hydrogen abstraction
from the B ring is always slightly bigger for all model com-
pounds; also being in line with the lower calculated value of
347 kJ for C(4')—OH (Table 1). Experimental values in ace-
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tonitrile are available for catechol of 342 and pyrogallol of
329 kJmol . To provide a double check, steady-state
CIDNP experiments were performed with ITX/catechol,
ITX/resorcinol, and ITX with a 1:1 molar mixture of cate-
chol and resorcinol. In all cases, hydrogen abstraction was
observed (results not shown). In agreement with the calcula-
tion, in the 1:1 mixture CIDNP was only observed from cat-
echol due to the lower BDE. Low reactivity of the gallate
ring in EGCG shown by weak CIDNP polarization cannot
be explained by using BDE and requires an additional in-
vestigation.

Examination of the H8/H6 intensity ratios shows that
they remain almost constant for CA, EGC, and GC, which
indicates that the relative abstraction from the 5- and 7-OH
does not change. EGCG is a special case, as shown above,
since the introduction of the gallate ring into the molecule
changes the reactivity patterns visible by CIDNP. Therefore,
EGCG cannot be treated along with other model polyphe-
nols.

Steady-state CIDNP spectrum of CA in the presence of
D,O: Polyphenols are soluble in a wide variety of media. To
identify the role of the solvent, the ITX/catechin experiment
was repeated in CD;CN/D,O 1:1 (Figure 3a). In this solvent
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Figure 3. NMR and steady-state CIDNP spectra of a) CA with ITX as
the hydrogen abstractor in a 1:1 CD;CN/D,O mix and b) CA with
[DgJacetone as the hydrogen abstractor in D,O.

mixture, the CIDNP lines are much broader, but the signals
and polarization intensities of CA and ITX are analogous to
those in CD;CN with a matching ratio of A and B-ring ab-
straction and H8/H6 (Tables2 and 3). The dielectric con-
stant of the 1:1 mixture is 55, relative to 36 for CD;CN and
78 for water.” ITX is not sufficiently soluble to perform
the experiments in neat water (D,0); therefore, to obtain
results here it was necessary to change the abstracting agent
to [DgJacetone, which was used in 25 wt.% due to its low
optical absorbance. The results are shown in Figure 3b, once
again abstraction is clearly observed from both the A and B
ring. The semiquantitative analysis, as in the previous sec-
tion is not feasible, as the back reaction with the 2-hydroxy-
2-propyl radical will include combination and disproportions
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and the ratio of these two reactions will vary with OH posi-
tion, that is, geminate-pair reactions are not exclusively ob-
servable. From the spectra it appears that the A ring polari-
zation intensity is lower than that for the B ring with ace-
tone in contrast to I'TX. This suggests that radical recombi-
nation rather than disproportionation occurs more readily
on the A than the B ring, that is, acetone-H" radicals more
readily combine with CA-A1'(-A2°) rather than with CA-
B1'(-B2).

In summary, the results show that the abstraction results
are virtually solvent independent at pH values that provide
fully protonated parent molecules. This agrees with the
former conclusion that the BDEs in phenols are not strongly
solvent dependent.?>>)

Steady-state CIDNP spectrum of red wine and green tea:
Figure 4 shows the CIDNP spectra observed from green tea
and red wine. A large portion of the spectrum is obviously
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Figure 4. Steady-state CIDNP spectra of a) green tea with benzophenone
as the hydrogen abstractor and b) red wine with BP as the hydrogen ab-
stractor.

§/ppm

obscured by the unavoidably huge H,O signal. In this
system, I'TX showed very poor solubility; therefore, benzo-
phenone (BP) was utilized here. Experiments with CA
showed that BP has an analogous reactivity to ITX, except
for the occurrence of combination and disproportionation
products. Remarkably, some polarizations were observed
from both beverages, which indicated reactions related to
polyphenolic compounds. For green tea, BP and its products
are positively polarized (0=7.5-7.9 ppm) and three distinct
peaks at 0=6.8, 6.3, and 6.35 ppm were observed. From the
model compound, these match the polarizations observed
from the gallocatechol and gallate rings. The dominating
polyphenols in green tea are EGCG, EGC, and GC with
4.4,3.9 and 3.5 wt. % in the leaf” so the assignment appears
reasonable. Unfortunately, the spectrum is obscured at 6=
6 ppm so it is not possible to observe the A-ring protons.
For red wine, hydrogen abstraction was observed with a
strong absorptive polarization from ethanol (6=2.1 ppm)
and polarization from BP and its products found at 6 =7.2—
7.8 ppm. It is remarkable that polarizations of the polyphe-
nols are even visible at the huge molar excess of ethanol. In
red wine, the polyphenols have typical concentrations of 1-
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2 mM, whereas the ethanol is 2 molar. The abstraction rate
of excited benzophenone from an alcohol®! is
10°mol'Ls™ and thus the abstraction rate from the poly-
phenol must be ~10°mol'Ls™, at or near the diffusion
control rate to be visible at such a low concentration of the
latter.

Conclusion

Hydrogen abstraction by ITX from CA, GC, EGC, and
EGCG occurs in essence, according to the BDE from both
the A and B rings. This reactivity balance is not altered in
changing from nonaqueous to aqueous solvent at pH 7.2.
On the timescale of our experiment, we do not find any
stringent evidence for a rearrangement of the A-ring radi-
cals to B-ring ones; however, this process is not ruled out.
Amazingly, the experiments performed on green tea and red
wine bear out that polyphenols are of exceptional reactivity
at very low concentrations even in the presence of a variety
of additional ingredients.

Experimental Section

Catechin (CA, racemic mixture), GC, EGC, EGCG, D,0, [Dg]acetone,
and CD;CN were obtained from Sigma—Aldrich and used as supplied.
Dried green tea leaves were obtained from Unilever Research China and
tea beverage created by placing 5 g of leaf into boiled water (D,O) for
5 min then straining the liquid and cooling followed by filtration. The red
wine used was a 2002 Australian Shiraz Cabinet (Jacob’s Creek); the
wine was opened and used immediately for experiments.

'"HNMR and CIDNP spectroscopic experiments were performed on a
Bruker AVANCE 200 MHz DPX NMR spectrometer equipped with a
wide bore 'H CIDNP probehead. In TR-CIDNP experiments, composite
pulse presaturation followed by a short (5-8 ns) 355 nm (120 mJ) laser
flash and 1 ps (30°) radiofrequency pulse provided the observation of
pure CIDNP polarizations. “Dummy” CIDNP spectra without the appli-
cation of a laser pulse/lamp were always recorded to ensure an effective
suppression of the parent NMR spectra.

Steady-state CIDNP experiments were carried out by using a 150 W
high-pressure Hg—Xe lamp (Hamamatsu LC4) as the irradiation source.
After CPD (waltz16) presaturation and a 300 ms lamp flash, the observ-
ing radiofrequency pulse (1 ps, 30°) was applied to record CIDNP spec-
tra. A lamp pulse was used to avoid depletion of the sample. Sample con-
version after steady-state experiments did not exceed 1-2% as controlled
by NMR spectroscopy. All samples were bubbled by argon for 10 min to
avoid side reactions with oxygen and kept in the dark at room tempera-
ture prior to use.

Quantum-mechanical calculations were performed by using the Gaussi-
an 03 software package.”””!
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