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Four oxidized flavonoid derivatives generated from reacting quercetin (a pentahydroxylated flavone)
with the peroxyl radical generator 2,2′-azobis-isobutyronitrile (AIBN) were isolated by chromatographic
methods and identified by NMR and MS analyses. Compounds included 2-(3,4-dihydroxybenzoyl)-
2,4,6-trihydroxy-3(2H)-benzofuranone (2); 1,3,11a-trihydroxy-9-(3,5,7-trihydroxy-4H-1-benzopyran-
4-on-2-yl)-5a-(3,4-dihydroxyphenyl)-5,6,11-hexahydro-5,6,11-trioxanaphthacene-12-one (3); 2-(3,4-
dihydroxybenzoyloxy)-4,6-dihydroxybenzoic acid (4); and methyl 3,4-dihydroxyphenylglyoxylate (5).
Product ratios under different hydrogen ion concentrations and external nucleophiles revealed that
two of the products, namely the substituted benzofuranone (2) and the depside (4), are generated
from a common carbocation intermediate. Indirect evidence for the operation of a cyclic concerted
mechanism in the formation of the dimeric product (3) is provided. The identification of these products
supports the model that the principal site of scavenging reactive oxygen species (ROS) in quercetin
is the o-dihydroxyl substituent in the B-ring, as well as the C-ring olefinic linkage.
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INTRODUCTION

Flavonoids are naturally occurring polyphenolics present in
fruits and vegetables and are an integral part of the human diet
(1). Consumption of flavonoid-rich foods is inversely correlated
with the risk of coronary heart disease, and the antioxidant or
free-radical-scavenging property of flavonoids has been pro-
posed to contribute to this chemopreventive effect (2). Radical-
absorbing capacities of flavonoids have been estimated by
measuring the loss of fluorescence ofâ-phycoerythrin, an
indicator of oxidative damage; flavonoids compete with the
fluorescent indicator to quench peroxyl radical species, and
reduce oxidation ofâ-phycoerythrin. On the basis of such
studies, flavonoid oxygen-radical absorbing capacity increases
with the number of hydroxyl substitutions in the skeleton.

Using fast reaction kinetics techniques, spectral changes for
a variety of hydroxylated flavonoids and the corresponding
aroxyl radical species allow identification of the position of
primary radical attack (i.e., formation of the aroxyl radical) and
the stability of the radical species formed (i.e., decay of the
aroxyl radical) (3). Three reactive centers have been identified
by rate constant measurements as important for flavonoid radical
scavenging potential: theo-dihydroxyl structure in the B-ring;
the 2,3 double bond in conjugation with the 4-oxo function in
the C-ring; and the 3- and 5-hydroxyl groups with hydrogen
bonding to the keto group (for flavonoid numbering seeFigure
1).

By chemical or enzymatic oxidation, several reaction products
have been reported which provide direct evidence as to reactive
site(s) of flavonoid antioxidant activity (4).

The picture emerging from these studies is that the oxidation
of flavonoids is complex, resulting in a wide variety of, in many
cases, unidentified reaction products. The objectives of this study
were to identify products generated from the oxidation of
quercetin with the peroxyl radical generating agent AIBN, and
to compare the levels of products formed under different reaction
conditions to provide insight into the mechanism of quercetin
radical scavenging.

MATERIALS AND METHODS

Chemicals.Quercetin (dihydrate, 99%) was obtained from Acros
Organics (Fischer Scientific; Pittsburgh, PA). AIBN (2,2′-azobis-
isobutyronitrile) was purchased from Sigma-Aldrich Chemical Co (St.
Louis, MO). Acetonitrile and methanol were HPLC grade and other
chemicals were reagent grade.

Oxidation with AIBN (Condition 1). AIBN (1.97 g, 12.0 mmol,
20 equiv) was added to a solution of quercetin (200 mg, 0.6 mmol) in
CH3CN (250 mL). The temperature of the reaction mixture was
maintained at 60°C for 3 h. Acetonitrile was then removed under
reduced pressure, and the resulting solid was washed with hexane to
remove the unreacted AIBN.

Purification of Oxidized Products. The quercetin oxidation reaction
was run 10 times, and the pooled products were passed through a silica
gel (70-230 mesh) column (55 cm× 2 cm) eluting first with CHCl3
and then CHCl3 with increasing concentrations of MeOH. Fractions
with common TLC profiles were pooled and subsequently run through
sephadex LH-20 columns (55 cm× 2 cm) eluted with MeOH. Repeated
column chromatography over sephadex LH 20 yielded compounds2
(60 mg),3 (200 mg),4 (52 mg), and5 (16 mg).
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The TLC conditions were CHCl3/MeOH/HOAc in the ratio of 75:
25:0.1 or 80:20:0.1.

Modified Oxidation Conditions. Quercetin (100 mg, 0.3 mmol)
was dissolved in a fixed volume of 250 mL and varied ratios of
acetonitrile/methanol/ethanol/concentrated HCl. To this solution AIBN
(984 mg, 6.0 mmol, 20 equiv) was added, and the reaction mixture
was stirred at 60°C for 3 h. Differences in the reaction mixtures are
noted as follows. Forcondition 2 (low pH) 100 µL of concentrated
HCl was added to a solution of quercetin in acetonitrile (250 mL). For
condition 3 (external nucleophile) 10 mL of MeOH was added to the
solution of quercetin in acetonitrile (240 mL). Forcondition 4 (low
pH with external nucleophile) 100µL of concentrated HCl was added
to a solution of quercetin in acetonitrile (240 mL) and methanol (10
mL). For condition 5 (low pH with external nucleophile) 100µL of
concentrated HCl was added to a solution of quercetin in acetonitrile
(240 mL) and ethanol (10 mL).

Product Quantification and Data Analysis.The oxidized products
were quantified by a Hewlett-Packard 1100 series HPLC system
equipped with a 250× 4.6 mm i.d., 5µm (Alltech) Econosphere C18
column and variable wavelength UV detector. A 2-mg aliquot of
4-hydroxybenzoic acid as an internal standard (ISTD) was added to
reaction mixtures at the end of the reaction. The components of the
reaction mixture (10µL) were eluted with water containing 0.1% CF3-
COOH/MeOH (v/v) gradient and detected at 254 nm. The mobile phase
gradient program started with 40% methanol was maintained at 40%
for 15 min, increased linearly to 80% within 25 min, and kept at 80%
for another 10 min. The flow rate was set to 0.5 mL/min. Analysis of
variance procedure was run using SAS statistical software (5). Means
were separated using Tukey’s mean separation method at aP value
less than 0.05.

Methylation of Dimer (3). To a solution of dimer (3) (50 mg, 83
µmol) in methanol, an excess of diazomethane (ca. 16 mmol) in ether
was added, and the reaction mixture was allowed to stir overnight. The
crude reaction mixture was then fractionated using NaOH into neutral

and acidic fractions. Preparative TLC of the neutral fraction yielded
the heptamethyl derivative.

Methylation of Depside (4).To a solution of4 (25 mg, 82µmol)
in acetone, K2CO3 (46 mg, 4 equiv) and dimethyl sulfate (5 equiv, 38
µL) were added, and the resulting mixture was refluxed for 8 h. The
crude pentamethyl derivative obtained was purified by Sephadex LH-
20 (40 cm× 2 cm) eluted with methanol.

1H and 13C NMR Spectroscopy.1H, 13C, and 2D1H-13C correlated
NMR spectra were obtained in DMSO-d6/CD3CN/CD3OD using a
Bruker DRX 500 MHz instrument, operating at 500 MHz (1H) and
125 MHz (13C).

LC-MS. Analyses were performed on a Thermo Separation
Products HPLC system coupled with a photodiode array (PDA) detector
and a Thermo Finnigan (San Jose, CA) LCQ deca mass spectrometer
in sequence. A 250× 2.1 mm i.d., 5µm Altima C18 column (Alltech)
was used for separation using the same mobile phase gradient program
described in the product quantification section. Trifluoroacetic acid
(0.1%) or formic acid (1%) was used as a mobile phase modifier to
facilitate ionization. A flow rate of 0.2 mL/min was used and directly
directed to a PDA detector, then to a quadrupole ion trap mass
spectrometer via an electron spray ionization or atmospheric pressure
chemical ionization (APCI) interface. The mass spectrometer was
operated in a negative mode; MS/MS was performed as needed.

Compound 2.1H NMR (DMSO-d6, 500 MHz): 5.89 (d,J ) 2 Hz,
1H, H-6), 5.94 (d,J ) 2 Hz, 1H, H-8), 6.79 (d,J ) 8 Hz, 1H, H-5′),
7.53-7.55 (m, 2H, H-2′ and H-6′), 8.62 (s, 1H, OH), 9.37 (s, 1H, OH),
9.98 (s, 1H, OH), 10.79 (s, 1H, OH), 10.85 (s, 1H, OH).

13C NMR (DMSO-d6, 125 MHz): 90.34 (C-8), 96.56 (C-6), 100.47
(C-4a), 104.57 (C-3), 114.89 (C-5′), 117.33 (C-2′), 123.82 (C-6′), 124.99
(C-1′), 144.73 (C-3′), 151.36 (C-4′), 158.53 (C-8a), 168.46 (C-5), 171.86
(C-7), 189.87 (C-4), 190.24 (C-2).

Compound 2b(water adduct).1H NMR (CD3OD, 500 MHz): 0.96
(t, J ) 7 Hz, 3H, CH3), 3.25-3.31 (m, 1H, CH2), 3.37-3.42 (m, 1H,
CH2), 5.96 (d,J ) 2.5 Hz, 1H, H-6/H-8), 5.97 (d,J ) 2.5 Hz, H-8/
H-6), 6.78 (d,J ) 8.5 Hz, 1H, H-5′), 7.02 (dd,J ) 8.5 Hz, 2.5 Hz,
1H, H-6′), 7.14 (d,J ) 2.5 Hz, 1H, H-2′).

13C NMR (CD3OD, 125 MHz): 15.31 (CH3), 59.92 (CH2), 95.08
(C-3), 97.06 (C-6/C-8), 97.44 (C-8/C-6), 101.31 (C-4a), 107.56 (C-2),
115.24 (C-5′), 117.49 (C-2′), 121.84 (C-6′), 127.05 (C-1′), 145.41 (C-
3′), 147.18 (C-4′), 160.45 (C-8a), 165.16 (C-5), 168.70 (C-7), 194.14
(C-4).

Compound 3.1H NMR (DMSO-d6, 500 MHz): 2.06 (s, OH), 5.97
(bs, 2H, H-6, H-8), 6.19 (d, 1H,J ) 2 Hz, H-8/H-6), 6.46 (d, 1H,J )
2 Hz, H-6/H-8), 6.68 (dd,J ) 8.5 Hz, 2.5 Hz, 1H, H-6′), 6.92 (d,J )
8.5 Hz, 1H, H-5′), 7.14 (bs, 1H, H-2′), 7.26 (d,J ) 9 Hz, 1H, H-5′),
7.79 (d,J ) 2 Hz, 1H, H-2′), 7.85 (dd,J ) 8.5 Hz, 2 Hz, 1H, H-6′),
8.92 (s, OH), 9.16 (s, OH), 9.29 (s, OH), 9.70 (s, OH), 10.85 (s, OH),
11.14 (s, OH), 12.36 (s, OH). (Tentative assignments based on1H-1H
COSY, HMQC, HMBC, and ROESY spectra in comparison with
quercetin.)

13C NMR (CD3CN, 125 MHz) (tentative assignments based on1H-
1H COSY, HMQC, HMBC, and ROESY spectra in comparison with
quercetin.): 91.16 (C-3), 94.82 (C-8), 97.50 (C-8*), 98.28 (C-6*), 99.25
(C-6), 100.88 (C-4a), 101.43 (C-2), 104.39 (C-4a*), 115.80 (C-5′),
116.20 (C-2′), 117.60 (C-2′*), 118.30 (C-5′*), 121.50 (C-6′), 123.70
(C-6′*), 126.26 (C-1′), 127.09 (C-1′*), 137.43 (C-3), 141.46 (C-3′*),
142.65 (C-4′*), 144.97 (C-3′), 145.22 (C-2), 147.31 (C-4′), 157.79 (C-
8a), 160.59 (C-8a*), 162.01 (C-5), 164.73 (C-7), 165.06 (C-5), 168.90
(C-7*), 176.51 (C-4), 188.62 (C-4*).

Heptamethyl Derivative of 3. 1H NMR (CDCl3, 500 MHz): 3.78
(bs, 3H, OCH3), 3.82 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 3.86 (s, 6H,
2 OCH3), 3.87 (s, 3H, OCH3), 3.89 (s, 3H, OCH3), 6.11 (d,J ) 2 Hz,
1H, H-6), 6.16 (bs, 1H, H-8), 6.35 (d,J ) 2.5 Hz, 1H, H-6), 6.43 (d,
J ) 2.5 Hz, 1H, H-8), 6.79 (d,J ) 8.5 Hz, 1H, H-5′), 7.19 (d,J ) 8
Hz, 1H, H-5′*), 7.28 (dd,J ) 8.5 Hz, 2 Hz, 1H, H-6′), 7.35 (d,J )
2.5 Hz, 1H, H-2′), 7.85-7.87 (m, 2H, H-2′*, H-6′*).

Compound 4. 13C NMR (DMSO-d6, 125 MHz): 100.99 (C-4a),
101.73 (C-8), 104.62 (C-6), 116.19 (C-5′), 118.06 (C-2′), 122.39 (C-
1′), 124.39 (C-6′), 145.56 (C-3′), 151.33 (C-4′), 154.64 (C-8a), 164.15
(C-7), 166.07 (C-2), 166.11 (C-5), 172.79 (C-4). ESI-MS (negative
mode): 304.9 (M+ - 1), 168.9 (M+ - C6H5(OH)2CO).

Figure 1. Quercetin (1) and oxidized products generated from the reaction
of 1 with the radical generator AIBN.
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Pentamethyl Derivative of 4.1H NMR (CDCl3, 500 MHz): 3.67
(s, 3H, COOCH3), 3.81 (s, 3H, OCH3), 3.84 (s, 3H, OCH3), 3.93 (s,
3H, OCH3), 3.95 (s, 3H, OCH3), 6.39 (Aps, 2H, H-6, H-8), 6.92 (d,J
) 8.5 Hz, 1H, H-5′), 7.61 (d,J ) 2 Hz, 1H, H-2′), 7.79 (dd,J ) 8.5
Hz, 2 Hz, 1H, H-6′). 13C NMR (CDCl3, 125 MHz): 52.14 (COOCH3),
55.65 (ArOCH3), 56.09 (2 ArOCH3), 56.25 (ArOCH3), 96.89 (C-6/8),
100.13 (C-8/6), 109.39 (C-4a), 110.39 (C-5′), 112.35 (C-2′), 121.48
(C-1′), 124.52 (C-6′), 148.78 (C-3′), 151.06 (C-8a), 153.63 (C-4′),
159.43 (C-5), 162.38 (C-7), 164.38 (C-2/C-4), 165.05 (C-4/C-2).

Compound 5. 1H NMR (CD3OD, 500 MHz): 3.92 (s, 3H,
COOCH3), 6.86 (d,J ) 8.5 Hz, 1H, H-5′), 7.36 (dd,J ) 8.5 Hz, 2 Hz,
1H, H-6′), 7.38 (d,J ) 2 Hz, 1H, H-2′). 13C NMR (CD3OD, 125
MHz): 52.96 (COOMe), 116.28 (C-5′), 116.56 (C-2′), 125.64 (C-6′),
125.77 (C-1′), 147.11 (C-3′), 154.49 (C-4′), 166.72 (COOMe), 186.84
(CdO). CI-MS (positive): 197 (M+ + 1), 137 (M+ - COOMe). CI-
HRMS (positive): observed 197.044602; C9H9O5 requires 197.044999.

RESULTS AND DISCUSSION

Quercetin (1) was oxidized by thermolysis of AIBN in
oxygenated acetonitrile (condition 1). To ensure that all oxidized
quercetin derivatives were produced from AIBN generated
radicals, reactions devoid of AIBN or heating were also
analyzed. Without the full compliment of reagents, neither the
formation of products nor loss of quercetin was observed. Time-
course studies carried out on the reaction revealed the presence
of quercetin at the end of 1-h and 2-h intervals and its complete
disappearance at the end of 3 h. The disappearance of quercetin
was accompanied by the formation of a complex mixture of
products, of which, at least four prominent UV absorbing
products could be readily detected by TLC and HPLC. These
oxidized products, isolated pure (TLC/HPLC) by column
chromatography, were identified on the basis of various spectral
analyses. The fused heterocyclic ring of quercetin served as the
reactive center for all the oxidation products detected with an
accompanying loss or gain of a substituent to the original C-ring
unit (Figure 1).

In the least-modified of the products generated from the
reaction, the pyranone C-ring of quercetin was converted to a
furanone-carbonyl derivative. This benzofuranone derivative (2,
Figure 1) has been observed previously in a two-electron
electrochemical (6) and a metal ion mediated oxidation (7) of
quercetin. Our NMR and mass spectral data for2 (Figure 3)
were in agreement with the published values (6). Furthermore,
our long-range C-H correlation data (HMBC) were consistent
with those reported by Jungbluth et al. (7), showing that the
compound formed has in fact a 3(2H)benzofuranone skeleton
and not a benzopyranone skeleton.

The other major product formed from the oxidation of
quercetin was3 (Figure 1), a dimer that has been observed
previously during the autoxidation of methyl linoleate solutions
containing quercetin (8). Our spectral data are in agreement with
those reported by Hirose et al. (8). However, because the
oxidative coupling of two quercetin units (theo-dihydroxyl
group of the B-ring of one quercetin unit and the conjugated

olefinic linkage (C-2, C-3) of the C-ring of the other) potentially
gives rise to two regioisomers with either a C2-C3′*/C3-C4′*
or a C2-C4′*/C3-C3′* dioxane linkage (seeFigure 2 for the
dioxane linkage), we confirmed the structure by a series of NOE
experiments. As the two quercetin subunits present in3 are
bridged through insulating oxygen atoms, the nature of this
linkage could not be directly assigned. The absence of protons
associated with the linking carbons of the two subunits also
precluded any long-range carbon-proton NMR analyses of3.
The difficulty in assigning all of the hydroxyl groups in3 also
made ROESY studies unfeasible. The structure of3 was earlier
assigned on the basis of a differential NOE observed for its
methylated derivative (8). However, uncertainty in the spatial
orientation of the B/B* ring protons relative to the tertiary
methoxyl at C-3 ruled out a definitive interpretation of the NOE
interactions. To circumvent the uncertainty we carried out AM1
calculations (9), using Gaussian 94 (10) on theoretical regioi-
someric octamethyl derivatives of3 (shown as6A and6B in

Figure 2. Partial dimer structure with dioxane linkage for the AM1 optimized regioisomers of an octamethyl dimer derivative of quercetin.

Figure 3. Atmospheric pressure chemical ionization mass spectra of the
substituted 3(2H)benzofuranone (2), and the methoxylated (2a) and
ethoxylated adducts (2b).
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Figure 2). AM1 is the most successful semiempirical model
for predicting molecular geometry. This method parametrizes
for a list of atoms including H, C, and O and partly reproduces
intermolecular hydrogen bonds which is critical for biological
molecules (11, 12). These Gaussian calculations provided
optimized structures (Figure 2) from which the spatial distances
between protons present in the two quercetin subunits were
obtained. These distances, in turn, were used to unambiguously
assign the NOE interactions that were observed in the ROESY
spectrum of the heptamethyl derivative of3, prepared by
methylating3 using diazomethane. The calculations revealed
that for the tertiary methoxyl group at C-3 in6A, the spatially
closest B* ring proton was H-2′* at 4.5 Å (the spatial distance
for H-5′* being 6.5 Å), whereas in6B, H-5′* (the B* ring
proton) was found to be the closest to the tertiary methoxyl
group at 4.6 Å; H-2′* was 6.6 Å away from the tertiary methoxyl
group. These calculated distances, in conjunction with the cross-
peak observed in the ROESY spectrum of the heptamethyl
derivative of3 between the C-3 methoxyl group and H-2′*,
indicated the presence of a C2-C4′*/C3-C3′* regioisomer and
in turn confirmed the nature of the dioxane linkage in3.
Furthermore, the cross-peak observed in the ROESY spectrum
of the heptamethyl derivative, between the protons of the C-3
methoxyl and H2′/H6′ of the same quercetin subunit, also
established the presence of an R,R and S,S pair of stereoisomers.
On the basis of the molecular modeling studies and spectral
data, the dimer (3) was assigned the stereochemistry as shown
(3, Figure 1).

The first indication of a cleaved C-ring structure for4 (Figure
1), generated from the oxidation of quercetin (condition 1), was
the absence of signals corresponding to the C2 and C3 carbons
in the13C NMR spectrum. The methylation of4 with dimethyl
sulfate generated a pentamethoxy derivative with the1H NMR
chemical shifts of the methyl groups indicating the presence of
four phenolic hydroxyls and a carboxylic acid. The mass spectral
data for 4 and its methoxyl derivative were consistent and
confirmed the structural assignments. This phenolic carboxylic
acid ester, a depside, has been reported under different oxidation
conditions such as singlet oxygen and superoxide anion radical
(13, 14), as well as in the enzyme system using quercetinase
(15). However, the absence of13C NMR data in the earlier
reports has raised doubts as to its correct identification (6).

The1H NMR spectrum of5, the fourth product of quercetin
oxidation (condition 1), showed the absence of signals corre-
sponding to the A-ring protons and the presence of the methyl
signal of a carbomethoxyl functionality. This evidence combined
with the appearance of two carbonyl functionalities in the13C
NMR spectrum indicated the presence of anR-keto ester moiety.
The molecular ion peak, [M+ H]+, at m/z 197 in the CI-MS
(positive mode) confirmed the structural assignment. The
o-dihydroxy benzoyl unit of this quercetin fragment presumably
corresponds to the B-ring of the parent flavanoid quercetin.
Product5 to the best of our knowledge has not been observed
earlier, under this or other reported oxidizing conditions. This
may, at least in part, be due to its low abundance and close
association with other polar reaction products.

To elucidate the reaction mechanism for quercetin radical
scavenging, the abundance of the major oxidized products2,
3, and4 formed under different hydrogen ion concentration and
external nucleophile were measured (Table 1). The values in
the table represent peak HPLC areas for compounds2, 2a
(methoxylated adduct),3, and4 underconditions 1-4. When
ethanol was used as the external nucleophile, formation of a
quercetin-ethanol adduct was observed. The formation of the

methoxylated and the ethoxylated adducts of quercetin were
observed by LC-MS (Figure 3) and MS-MS analyses. The
quercetin-methanol adduct was not purified in sufficient
quantities for NMR analyses. However, the structure of the
quercetin-ethanol adduct was confirmed by a series of NMR
experiments. Long-range C-H correlations observed for the
carbon signal atδ107 with the CH2 protons of the ethoxy moiety
and with those of the B ring protons, established the presence
of a C-2 ethoxy adduct. The signal atδ 95, for C-3, in the13C
NMR spectrum of2b indicated the addition of water to the
carbonyl at C-3. The other signals showed the expected1H and
13C chemical shifts.

The level of substituted 3(2H)benzofuranone (2) and depside
(4) decreased significantly in the presence of an external
nucleophile at reduced pH (condition 4) compared to that of
acetonitrile alone (p < 0.0001). This decrease in accumulation
of products2 and4 was accompanied by the appearance of the
methoxylated adduct (2a). Interestingly there was no significant
difference in dimer (3) formation with an external nucleophile
at reduced pH or simply at a reduced pH compared to that of
acetonitrile alone. It was also observed that acidification of
reaction mixture (condition 2) did not result in any significant
changes in the accumulation of products2 and4 (p < 0.0001).
In contrast, the addition of the external nucleophile methanol
(condition 3) enhanced the accumulation of products2 and3
(p ) 0.0003), and reduced accumulation of compound4.

Oxidation of flavon-3-ols has been studied under several
oxidizing conditions, including peroxidase oxidation (4), two-
electron copper ion mediated oxidation (7, 16, 17), and DPPH/
CAN treatment (18). Oxidation in nonpolar systems usually
occurs via H-atom donation, and in aqueous media occurs by
electron donation (19). Quercetin probably acts a chain-breaking
antioxidant, which traps peroxyl radicals and thus suppresses
radical chain oxidation. Oxidation mechanisms are thought to
vary with the oxidizing agent, and the mechanism described
for a specific oxidizing agent may not directly apply to
biological antioxidant systems (20). In addition, under some
metal ion conditions it can be difficult to control chemical
oxidation because these oxidizing agents are not specific and
can react with already oxidized products. Advantages of using
azo radical generators such as AIBN for probing oxidation
mechanisms include the selectivity with which the radical
generator yields peroxyl radicals, the ability to control oxidation
rates by changing temperature and/or radical generator concen-
trations, and the stability of the oxidized product (21). Because
azo compounds decompose thermally without biotransformation
they are well suited as radical sources for in vivo systems or to
mimic peroxyl radical reactions that occur in biological systems
in vitro (22).

The formation of depsides and substituted 3(2H)benzofura-
nones have been reported in several oxidation systems (6, 7,
13, 14). Electrochemical oxidation of quercetin and kaempferol

Table 1. HPLC Peak Areas for the Oxidized Products of Quercetin
under Four Different Conditionsa

product
CH3CN

(condition 1)
CH3CN/H+

(condition 2)
CH3CN/MeOH
(condition 3)

CH3CN/MeOH/H+

(condition 4)

2 1.83 ± 0.08b 1.49 ± 0.09 3.40 ± 0.02 0.35 ± 0.04
2a NDc ND ND 2.68 ± 0.25
3 0.95 ± 0.21 0.60 ± 0.09 3.39 ± 0.41 1.99 ± 0.42
4 4.86 ± 0.24 4.47 ± 0.35 3.43 ± 0.17 1.53 ± 0.13

a Values (× e4) represent mean peak areas from four replications. b Represents
standard error. c ND, not detected.
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is thought to proceed through a two-electron oxidation, first to
yield a 3,4-flavandione (10) which rearranges to form a
substituted 3(2H)benzofuranone through the chalcan-trione ring-
chain tautomer (11, Scheme 1) (6, 7). On the basis of reported
pKa values and the respective benzofuranone products observed,
diradical (7) and quinone methide (8) (Scheme 1) intermediates
have been proposed (6). Although the participation of a
flavylium ion (9) was suspected, no further studies to substanti-
ate the mechanism have been reported (6).

Investigations with a superoxide anion radical mediated
oxidation of quercetin (Scheme 2) is thought to generate a C-2
centered anion (12) followed by a cyclic peroxide (13) rear-
ranging to the depside product (13, 14). Using AMVN and
AIBN as radical initiators and tetramethylquercetin (14) as
substrate, the depside observed (16) has been proposed to be
generated via a C-2 centered radical (15, Scheme 3). However,
direct evidence for this mechanism was not provided (23, 24).

Our studies do not support such an anion radical mechanism
for the formation of either 2-(3,4-dihydroxybenzoyl)-2,4,6-
trihydroxy-3(2H)benzofuranone (2) or the depside (4). By
varying the acidity and available nucleophile we provide
evidence for a common carbocation intermediate, (9, Scheme
1), while such an intermediate is not involved in the formation
of the dimer (3). The strong electrophilic nature of the
intermediate (9) is evident from the methoxylated and ethoxyl-
ated adducts (2a, 2b, Figure 3) observed with the addition of
methanol and ethanol to the reaction mixture (conditions4 and
5), respectively (seeFigure 3 for MS profile). Statistical
analyses of the peak areas for several of the products obtained

from four replications (Table 1) revealed that the levels of2
and 4 under condition 4 are significantly lower than the
corresponding levels formed underconditions 1-3. The
increase in hydrogen ion concentration in the reaction medium
promotes the formation and stabilization of the cation intermedi-
ate (9) and thus facilitates the attack by an external nucleophile.
It appears that methanol or ethanol competes with water and
the peroxides present in the medium for the attack on9. The
increase in the level of the methoxylated adduct with the
concomitant decrease in the levels of2 and4 undercondition
4 (Table 1), points to such competitive reactions occurring in
the medium and thus the presence of the carbocation intermedi-
ate9. The fact that the increase in hydrogen ion concentration
in the reaction mixture does not significantly alter amounts of
2, 3, and4 in condition 2 shows that this shift in pH does not
prevent or interfere with the initiation and propagation of free
radical processes occurring in the reaction medium.

These observations are consistent with the existence of a C-2
centered carbocation intermediate (9, Scheme 1)in the formation

Scheme 1. Proposed Mechanism for the Electrochemical Oxidation of
Quercetin (6)

Scheme 2. Proposed Mechanism for Superoxide Anion Radical
Mediated Oxidation of Quercetin (13, 14)

Scheme 3. Proposed Mechanism for AIBN/AMVN Mediated Oxidation
of Tetramethylquercetin (23, 24)
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of 2 and 4. The diradical (7, Scheme 1) formed by two
successive one electron oxidations gives rise to ap-quinone
methide species (8, Scheme 1) which is in equilibrium with
the flavylium ion and thus with the C-2 centered carbocation
species9.

Product3, the doubly linked dimer, represents the active
involvement of B-ring in the radical scavenging properties of
quercetin. The formation of a syn pair (RR and SS) of
diastereoisomers of3 points to a concerted Diels-Alder type
mechanism. The involvement of a carbocation intermediate such
as9 (Scheme 1) in the formation of the doubly linked dimer3
is ruled out because dimer formation was unaffected by the
availability of an external nucleophile at reduced pH (condition
4). The operation of a radical coupling mechanism for the
formation of3 also appears unlikely based on the lack of dimer
observed when kaempferol is substituted for quercetin. Kaempfer-
ol, which possesses a reactive hydroxyl at C-4′ but not the 3′
OH, would be expected to give rise to a dimer under a radical
mechanism while being incapable of doing so via a concerted
reaction (unpublished observation). Thus, the formation of3
from quercetin likely goes through a concerted reaction between
the B-ringo-quinone moiety (18, Scheme 4) and the C-2/C-3
double bond of ring C of another quercetin unit (Scheme 4).
The high regioselectivity (C-2/C-4′*, C-3/C-3′* linkage) ob-
served cannot be unambiguously explained by such a concerted
mechanism. In addition, the role of the C-3 hydroxyl in the
formation of3 is unclear, although its presence is essential in
the formation of the dimer. Indeed, luteolin, a deoxy analogue
of quercetin, which lacks a C-3 hydroxyl group, fails to generate
any dimeric products on oxidation with AIBN (condition 1;
unpublished observation).

It is interesting to note that the external nucleophile methanol
(condition 3) triggers an increase in the accumulation of the
products2 and3, accompanied by a decrease in4. A possible
explanation for this increase in product formation is that
methanol, undercondition 3, promotes the radical-hydrogen
atom abstraction process, thereby increasing the amount of the
diradical intermediates7 (Scheme 1) and17 (Scheme 4). The
disproportionate accumulation of the substituted 3(2H)benzo-
furanone product [2] relative to the depside [4] may be due to
a higher level of water relative to that of peroxide.

The presence of a B-ringo-quinone intermediate has been
proposed in the DPPH/CAN mediated oxidation of quercetin
(Scheme 5) (5). On the basis of kinetic data, a methanol adduct
(19, Scheme 5) was proposed to be formed via a tautomeric
equilibrium of quercetino-quinone (18, Scheme 5) and p-
quinone (8, Scheme 5). With the O-sugar derivative of quercetin,
rutin (20, Scheme 5), which is glycosylated at the 3-position,
an o-quinone intermediate (21) is observed, establishing the
presence of such ano-quinone intermediate in the oxidation of
quercetin. Awad et al (4) reported a peroxidase mediated one
electron oxidation of quercetin in the presence of glutathione
wherein the formation of C-6/C-8 glutathionyl adducts of
quercetin were observed. These adducts were explained by
invoking the B-ring o-quinone and itsp-quinone methide
isomers providing an indirect evidence for their existence.

In the case of AIBN generated radicals reacting with
quercetin, it appears that both theortho and para quinone
intermediates are formed by the successive abstraction of two

Scheme 4. Proposed Mechanism for Formation of the Quercetin
Dimer (4), Mediated by AIBN

Scheme 5. Proposed Mechanism for DPPH/CAN Mediated Oxidation
of Quercetin and Rutin (18)
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hydrogen atoms at positions 3′ and 4′ or 4′ and 3, respectively.
The dimeric product (4) observed from theo-quinone reaction,
we propose, is formed via a Diels-Alder type addition, whereas
the substituted 3(2H)benzofuranone (2) and depside (4) are
generated from thep-quinone via a carbocation intermediate.
Interestingly, an increase in AIBN in the reaction of quercetin
causes a shift of products, with a significant decrease of the
dimeric component and an increase of the depside and substi-
tuted 3(2H)benzofuranone products. This suggests the possible
interconversion of theo-quinone andp-quinone intermediates,
which is currently under investigation.

ABBREVIATIONS USED

AIBN, 2,2′-Azobisisobutyronitrile; AMVN, 2,2′-azobis-(2,4-
dimethyl valeronitrile); DPPH, 1,1-diphenyl-2-picrylhydrazyl;
CAN, Ceric ammonium nitrate.
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