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ABSTRACT

In methanol/water, dpph• bleaching (519 nm) by quercetin, QH2, exhibits biphasic kinetics. The dpph
• reacts completely with the quercetin anion

within 100 ms. Subsequent slower bleaching involves solvent and QH2 addition to quinoid products. The fast reaction is first-order in dpph
• but

only ca. 0.38 order in [QH2]. This extraordinary nonintegral order is attributed to reversible formation of π-stacked {QH�/dpph•} complexes in
which electron transfer to products, {QH•/dpph�}, is slow (kET ≈ 105 s�1).

Flavonoids are ubiquitous secondary plant metabolites.1

A normal daily diet contains 23�34 mg of flavonoids of
which themajority is quercetin2 (3,30,40,5,7-pentahydroxy-
flavone, QH2). Flavonoids are generally believed to pro-
vide certain health benefits, some of which appear likely to
be real (e.g., their potential use as chemotheurapeutic
adjuvants for lymphocytic leukemia3) but others (e.g.,
reduction in heart disease2) may well be imaginary. Such
“benefits” are usually ascribed to the ability of flavonoids
to trap free radicals, an ability common to all phenols that
is generally equated to “antioxidant activity”. There have,
therefore, beenmany reports on the kinetics, products, and
mechanisms of the reactions of flavonoids with free radi-
cals. In the kinetic studies, the most popular radical has

been 1,1-diphenyl-2-picrylhydrazyl (dpph•) because this
radical is stable, is commercially available, and possesses
a strong absorption band in the visible (λmax ≈ 520 nm,
slightly dependent on solvent). The time-dependent
‘bleaching’ of this absorbance following the addition of a
reducing agent (i.e., dpph• f dpphH or dpph�) can readily
be monitored. Because of its dietary abundance, quercetin
has been particularly popular in these kinetic studies with
at least eight reports on the QH2/dpph

• reaction appearing
over the past decade.4 One notable feature of these eight
publications is that they all (incorrectly, see below) expli-
citly state, or imply, that the QH2/dpph

• reaction follows
second-order kinetics (k1, in M�1 s�1 units). However, the
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values given for k1 in methanol at room temperature are
quite diverse (ranging from a low4g of 264 M�1 s�1 to a
high4f of 6433M�1 s�1). By far themost significant of these
publications is that by Litwinienko et al.,4h who reported
k1 = 3000M�1 s�1 in methanol, and who provided many
useful insights into the reaction mechanism (which we are
happy to accept). They also provide at least a partial
explanation for the divergent values that hadbeen reported
for k1. Specifically, these workers utilized stop-flow equip-
ment and found that the reaction was so fast that it was
already over before any measurements of the QH2/dpph

•

reaction kinetics could have been made in conventional
spectrophotometers! They concluded this very fast reac-
tion involved a quercetin anion, QH�, and followed the
Sequential Proton Loss Electron Transfer (SPLET)
mechanism.5 Structure acidity relationships for ten flavo-
noids indicated that QH2’s 7-hydroxyl group was its most
acidic (confirmed by us using NMR; see Supporting Infor-
mation, SI). Thus, the initial step in the QH2/dpph

• process
should be represented by the electron transfer of reaction 2,
rather than by the H-atom abstraction shown in reaction 1.

Sowhatwas actually beingmeasuredwhen the apparent
loss of dpph•wasmonitored in simple spectrophotometers?
While answering this question, we made a most intriguing
observation: Reaction 2 may be bimolecular but the QH2/
dpph• reaction does not follow second-order kinetics!
The 2-electron oxidation of QH2 is known to yield

quinone/quinone methide products, Q. Computations6

indicate that Q1 (see below) is the most stable Q (see SI).
The conjugation in Q1 produces strong absorptions in the
visible, and indeed, as early as 1999 the following was
reported:4a “In DMF, the reaction was monitored at
650 nm instead of 520 nm (DMF λmax dpph

•) in order to
avoid interference with the oxidized forms of the flavo-
noids which absorb at the latter wavelength”. Subse-
quently, the important fact that Q and dpph• both absorb
at 520 nm appears to have been largely forgotten.
Our stopped-flow kinetic measurements were made in

methanol/water, 80:20 (v/v), at 519 nm (λmax dpph
•) under

pseudo-first-order conditions with a roughly 10-fold high-
er concentration of QH2 than dpph

•. A typical kinetic trace
(Figure 1) shows that decay of the 519 nm absorption
involves a “stretched” exponential, and hence more than
one chemical reaction.There is a fast initial decreasewithin

the first 100 ms after mixing the solutions of QH2 and dpph•.
This isdue to the (quicklycomplete, seeFigure2) consumption
of the dpph•, with the formation of colored products (Q) less
strongly absorbing than dpph•. It should be emphasized that
the ‘grow-in’ of Q will not influence the measured kinetics of
theQH2þ dpph• reaction; i.e., there isnoactual“interference”.

After the fast initial reaction, a second much slower
decrease in the 519 nm absorbance occurs. “Snapshots” of
the evolution of the absorption spectrum at t= 0 s, 100 ms,
and 20 s are shown in Figure 2. Although the λmax values for
dpph• and for theQproducts are very similar (as are the colors
of the two solutions) the shoulder in the dpph• spectrumat ca.
660 nm is absent in the 100 ms spectrum.7 It was this rela-
tively slow loss of the ∼520 nm absorption that so many
workers4a�g have attributed to the dpph• þ QH2 reaction,
although dpph• was no longer present in their reaction systems!

The slow, first-order bleaching of the 519 nm absorbance
at t > 0.3 s is mainly due to addition of two ROH solvent
molecules to the 2- and 3-positions of the 2e oxidation

Figure 1. Time-dependent absorbance at 519 nm for reaction of
quercetin (5� 10�4M)withdpph• (3.2� 10�5M) inmethanol/water
80:20 (v/v) at 298 K. Inset: Initial portion of the same decay trace.

Figure 2. Absorption spectra in 80% methanol/water. Blue:
1.3 � 10�4 M dpph•. Red: ca. 100 ms after mixing a solution
containing 9.7� 10�4MQH2 with one containing 1.3� 10�4M
dpph•. Green: same as for red, but after ca. 20 s.
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product Q1,
8 reaction 3.10 Such addition products have been

identified by earlier workers,4a,c,d,g,11 and we have confirmed
their observations (see SI). The quinonemethide, Q1 (which
can be regarded as a highly stabilized benzylic carbocation;
see Scheme S2 in the SI), can readily undergo a proton-
assisted (Michael-type) nucleophilic addition.10 As [QH2]
increases, a secondQ-bleachingprocess becomes increasingly
competitive with reaction 3. This involves the facile coupling
ofQwithQH2, to give the knownQ/QH2 complex12 (see SI).

The foregoing results in 80% MeOH/H2O extend, but
are fully consistent with, Litwinienko et al.’s4h results in
methanol and support their conclusion4h that in ionizing
solvents the initial fast dpph• þ QH2 reaction involves the
QH� anion.13 In such solvents, the reaction occurs by the
SPLET mechanism (as is the case for other phenols).5

In the only previous study4h of the kinetics of the real (i.e.,
initial fast) dpph• þ QH2 reaction in ionizing solvents, it was
simply assumed that the process was first-order in [QH2], i.e.,
that the reaction followed overall second-order kinetics, as it
would if themechanismwas as simple as that shown in reaction
1 or 2. Second-order rate constants, k1 or k2 (M

�1 s�1), were
derived from the slope of a plot of the experimental rate
constants, kexp/s

�1, at a single initial concentration of dpph•

against [QH2] and then “force fitting” a straight line through
the kexp points and the 0,0 origin. However, the true (least-
squares) intercept in our solvent and inLitwinienko’s ionizing
solventswasneverzeroand the trueorder in [QH2] wasalways
significantly less than 1.0.14 In our experiments the average
order in [QH2] was0.38 (range0.32 to0.45; see e. g.,Figure3).

Litwinienko et al.4h found that in dioxane and ethyl acetate,
two solvents of similar hydrogen bond accepting ability to
MeOH that do not support ionization, the QH2/dpph

• reaction
was very much slower than in alcohols (including alcohols þ
acetic acid) and the order in [QH2] was 1.0.

14 Thus, in non-
ionizing solvents there is a straightforward bimolecularH-atom
abstraction from QH2 by dpph•, i.e., reaction 1. However, in
ionizing solvents there is a very much faster reaction of dpph•

with the quercetin anion, but the nonintegral dependence on
[QH2] of this reaction indicates that the mechanism is more
complex than that shown in reaction 2. The process being
monitored cannotbeanelementary reaction, despite being first-
order in the reagent present at the (nominally) lower concentra-
tion (dpph•). In sharp contrast, although the majority of (and
probably all) dpph• þ ArOH reactions must occur by the
SPLET mechanism in alcoholic solvents, these reactions are,
with few exceptions,15 first-order in [ArOH].16,17 We are not
aware of any suggested explanations for nonintegral kinetic
orders in any electron transfer reaction.18

Such truly extraordinarykinetics required exploration.One
possibilitywas reversible formationofnoncovalent complexes
between QH2 and QH�. In its simplest representation with
dimeric complexes (Scheme1), theorder in [QH2] is about0.5,
in reasonable agreement with experiment.19,20 Trimeric and
tetrameric complexesmight further reduce the observed reac-
tion order. However, this idea had to be abandoned when
Beer’s Law and NMR gave no evidence for complex forma-
tion, nor did the results of extensive computations.

Figure 3. Plot of kexp vs [QH2]. The best fit-line is kexp = 52 �
[QH2]

0.40, R2 = 0.95 (measurement error: ca. ( 10%).

Scheme 1. a

aRate law: �d[dpph•]/dt ≈ k2(Ka /2K5 [H
þ])0.5[dpph•][QH2]

0.5.

(8) (a) Q are too short lived inmethanol/water to isolate and identify.
(b) The formation of Q from QH2 þ dpph• in methanol has long been
formulated as a disproportionation: 2QH• f Q þ QH2.

4a The QH•

radical will be far more acidic than QH2 (because the O
• moiety is very

strongly electron-withdrawing)9 and will rapidly ionize to give the
radical anion, Q•�. Since [dpph•] > [Q•�], we consider it far more
probable that Q is formed by the reaction: Q•� þ dpph• f Q þ dpph�.
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other stable free radicals should also give nonintegral orders in [QH2],
but neitherTEMPOnorGalvinoxyl gave a 519nmgrow-in (indicative of
Q formation) on mixing with QH2 in MeOH/H2O (80:20, v/v).
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This forced us to reassess our initial idea of reversible
formation of a noncovalent {QH�/dpph•} complex
(Scheme 2) which yields19 an order in [QH2] that varies
smoothly from 1.0 at low [QH2] to 0 at high [QH2], with
intermediate [QH2] nicely accommodating our results.
Initially, Scheme 2 was abandoned, in the belief that the

{QH�/dpph•} complexwouldundergo intramolecular elec-
tron transfer (IET) to QH• þ dpph� much more rapidly
than its (kinetically required) reversible dissociation to
QH� and dpph•. Moreover, QH• would be expected to be
such a strong acid8b that deprotonation would be exceed-
ingly fast, helping to drive the reaction to completion.
When Scheme 1 had to be abandoned we also abandoned
our prejudices about the IET rate in the {QH�/dpph•}
complex and applied Marcus theory, Scheme 3.

Thus,Marcus theorypredicts thatETbetweenQH� and
dpph• cannot be particularly fast and hence dissociation of
the complex {QH�/dpph•} back to QH� and dpph• may
well be much faster. The consequent rate law (Scheme 2)
yielded for the IET process kET ≈ 105 s�1 (see SI).
To our knowledge, bimolecular ETs have never been

reported to exhibit nonintegral kinetics. However, we did
find one fascinating report21 of similar kinetics in H-atom
abstraction by dpph• from the SH group in glutathione and
an analog inwhich the γ-glutamyl had been replaced by an
R-glutamyl . The latter tripeptide was twice as reactive as
the former. Some brilliant detective work demonstrated
that the rate constants for the two H abstractions were
equal, the measured differences in overall rates being due
to differences in the equilibrium constants for complex
formation between dpph• and the two tripeptides.21 While
these tripeptides may wrap themselves around dpph• to
form the complexes, this is not possible for the quasi-
planar QH� anion for which reversible, noncovalent com-
plex formation most probably would involve π-stacking.
This led us to predict that other flavonoids would π-stack
with dpph• and give orders in [flavonoid] <1.0 provided the

flavonoid was roughly planar. (If planarity was seriously
disrupted, there would be no π-stacking and the order in
[flavonoid] would be 1.0, as with other phenols.) A brief
survey of the reactions of dpph• in MeOH/H2O with three
flavonoids having the same extensive π-conjugation as quer-
cetin (fisetin, morin, kampherol), one flavonoid lacking such
extensive π-conjugation ([þ]-catechin), and one flavonoid
(rutin) that has the same π-conjugation as QH2 but has a
bulky sugar attached to the 3-O atom (which might partially
disrupt π-stacking), gave the orders, m, in [flavonoid] pre-
sented in Scheme 4.22 Thesem orders support the prediction
about the π-stacking with dpph• of quasi-planar flavonoids.
In conclusion,whenmonitoredat 519nmthedpph•þQH2

reaction inMeOH/H2Oexhibitsbiphasicbehavior,withboth
phases following first-order kinetics. The fast, initial bleach-
ing is due to reactionof the dpph•with thequercetin 7-anion4h

(SPLET mechanism).5 The quinone/quinone methide pro-
ductsof this reaction,Q, alsoabsorbat 519nm.The relatively
slow bleaching of Q, which has commonly been assumed to
be the dpph• reaction,4a�g is really due to the addition of two
solvent molecules (to give 2,3-Q(ROH)2) and of excess QH2

(to give Q/QH2). The fast QH� þ dpph• reaction has a
nonintegral, less than first, order dependence on [QH2]. Such
extraordinary kinetics have not, to our knowledge, been
reported for any other 1-electron transfer. We propose that
these kinetics arise because of reversible formation of non-
covalent π-stacked complexes between the large, planar, and
extensively π-conjugated QH� anion and dpph•.24 Other
planar flavonoids exhibit similar ‘odd’ kinetics in their reac-
tions with dpph• in the same ionizing solvent.
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Scheme 4. a

aOrder (m) in [Flavonoid] in their fast, initial reactions with dpph• in
MeOH/H2O (80:20, v/v).22

Scheme 2. a

aRate law: �d[dpph•]/dt = {a[QH2]/(1 þ b[QH2])} � [dpph•] where
a = kETK6Ka/[H

þ]; b = K6Ka/[H
þ]; a/b = kET.

Scheme 3. a

aMarcus theory: k8 = (k9 � k10 � K8 � f)0.5; since, k9 = 3.7 � 103

M�1 s�1, k10= 2� 109M�1 s�1, andK8e 1� 10�5, with f=1, k8e 1�
104 M�1 s�1 (see SI for details).

(21) Viirlaid, S.; Mahlapuu, R.; Kilk, K.; Kuznetsov, A.; Soomers,
U.; Jarv, J. Bioorg. Chem. 2009, 37, 125–132.

(22) Flavonoid structures are given in the SI.
(23) At low [catechin]; the order decreases at higher [catechin] as

predicted by the rate law for Sheme 2; see SI.
(24) The binding energy of the QH�/dpph• complex is predicted by

computation (using themethod inMackie, I.D.;DiLabio,G.A. J. Phys.
Chem. A 2008, 112, 10968�10976) to be 17.8 kcal/mol in the gas phase.
The optimized structure of the complex is presented as the abstract
figure. The interaction between the two moieties is dominated by
π-stacking and by Coulomb interactions.


