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Abstract
DFT calculations were performed on nine flavones and flavonols to explain their high antioxidant activity and variations in
their activity. Conformational analysis showed that only flavonols with 3-OH directed toward the B-ring are nonplanar;
however, flavones and resulted radicals are planar. Hydroxyl group eligible for dissociation is the one with ortho OH
directed toward it; otherwise, one of B-ring (in 2′ or 4′-position) hydroxyl group. There are two main factors responsible for
stabilizing the resulted radicals and lowering the bond dissociation energy and hence there were found well correlated with
the experimental activity. First, driving force resulted from the conversion of nonplanar flavonols to planar radicals
accompanied by resonance toward the carbonyl group and H-bond formation with 3-OH and second, radical stabilization by
H-bond with ortho hydroxyl group with resonance toward carbonyl or pyrone oxygen. All resonance and H-bonds were
confirmed by spin density, bond length, and molecular orbital calculations.
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Introduction

Flavonoids are well known to be widely distributed in many
fruits and vegetables. They reached more than 4000 flavo-
noids and constitutes about half of the polyphenols found in
nature (Ignat et al. 2011). They showed various biological
activities including anti-inflammatory, oestrogenic, micro-
bial, and allergic activities in addition to protection against
many chronic diseases e.g., atherosclerosis, diabetes, can-
cer, and Alzheimer, as well as inhibition of lipid perox-
idation and DNA damage; these diverse activities are
believed to be attributed to their high antioxidant activity
(Panche et al. 2016; Verma and Pratap 2010; Heim et al.

2002; Rice-Evans 2001; Rice-Evans et al. 1996), where
some flavonols e.g., quercetin and myricetin were found to
have higher antioxidant activity than vitamin E (Hopia and
Heinonen 1999; Rice-Evans et al. 1995) and some flavo-
noids have high redox potential comparable with trolox
(Jovanovic et al. 1994), a known commercial antioxidant
with high antioxidant activity.

Flavones and flavonoids share similar structure of 2-
phenyl benzopyrone system (C6–C3–C6), which is char-
acterized by having three aromatic rings, two of them
(benzopyrone system) are fused (rings A and C), i.e., planar
system, while the third ring (B) is attached at C2 by a single
bond allowing a possible rotation. Flavonols differ from
flavones only in having more a 3-OH group. The anti-
oxidant activity of these compounds is mainly attributed to
the number of hydroxyl groups and presence of 3-OH
group, 2,3-double bond conjugated to the carbonyl group
and catecholic moiety on either ring A or B (Verma and
Pratap 2010; Seyoum et al. 2006; Cai et al. 2006). However,
there is still in the literature much controversy concerning
conformational analysis of these molecules e.g., the con-
formation of the hydroxyl groups and the coplanarity of the
B-ring (Cai et al. 2014; Aparicio 2010; Russo et al. 2000;
Cornard et al. 1997); in addition, correlation between the
structural features of these compounds with their mechan-
isms and antioxidant activity, SAR or QSAR, are still not
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clear. Therefore, the aim of this study was to get better
insight on the origin and mechanism of the high antioxidant
activity of flavones and flavonols (Table 1); therefore,
conformation analysis and various radical stabilization
resonance mechanisms in addition to correlation of these
conformations and mechanisms with the experimental
antioxidant activity reported in the literature were exam-
ined. Variations in the antioxidant activity of the examined
compounds were rationalized in accordance with the men-
tioned analysis and mechanisms using DFT calculations.
Quantitative structure-activity relationship (QSAR) of the
experimental antioxidant activity was also formulated.

Computational methods

DFT calculations

Gaussian 09 program was used in all DFT calculations at
the level of DFT/B3LYP with a basis set 6-31-G (d,p),
while CambridgeSoft Chem 3D program of ChemOffice
12 software was used for model visualization and finding
the bond lengths and the dihedral angles between the ben-
zopyrone ring system and each of the 3-O–H bond (ϕ1
C2–C3–O3–H3) and 2-phenyl plane (ϕ2 O1–C2–C1′–C2′).
Radicals were generated by removing a hydrogen atom
from the desired OH group. Calculations of flavones and
flavonols were executed at a restricted closed shell level,
while calculations of radicals were performed at an
unrestricted open shell level in the gas-phase at temperature
298.15 K and pressure 1 atm. For all species, the energy was

minimized and the lowest conformation was used in all
calculations without any geometry or symmetry constraints
and harmonic vibrational frequencies were computed to
characterize saddle points and the zero-point energies for
thermochemical correction of electronic thermal enthalpies.
Spin density was calculated by frequency calculation and
placed on the models; spin densities of hydrogen atoms are
summed into those of heavy atoms where the sum of spin
densities of all atoms is one.

The bond dissociation energy of all hydroxyl groups in
molecules (BDEO–H) was calculated as the difference
between the electronic thermal enthalpy of the parent
compound (Hp) and the sum of the electronic thermal
enthalpy of resulted radical (HR) and hydrogen atom (HH)
according to the following equation:

BDEO�H ¼ HR þ HHð Þ � HP½ � � Correction factor

�Conversion factor;

Where hydrogen atom enthalpy (HH) was −0.4979 Hartree,
correction factor suggested by the program manual to
eliminate systematic error in thermal energies of frequency
calculations is 0.9804 and the conversion factor from
Hartree to kcal/mol unit is 627.51.

Statistical analysis

Regression analyses were executed by SPSS program
(version 16). QSAR equations were validated by Pearson
correlation coefficient (R), standard error of the estimate
(SE), the number of data point (N), the least significant
difference (p), and the 95% confidence intervals (in par-
entheses) for each regression coefficient.

Results and discussion

Conformational analysis and structural features

Results presented in Table 2 and Figs 1 and 2 indicated that
the presence and direction of the 3-OH group defined by the
dihedral angle (ϕ1 C2–C3–O3–H) along with substitutions
on the B-ring determine the coplanarity of the B-ring with
the benzopyrone rings measured by the dihedral angle
(ϕ2 O1–C2–C1′–C2′). All the examined flavones (absence
of 3-OH) were found planar. On the other hand, in flavonol,
the 3-OH can be directed toward the B-ring or pointed to the
carbonyl group. Flavonols with 3-OH directed toward the
B-ring (Km, Qu) or having 2′-OH (Mo) are nonplanar with
dihedral angle (ϕ2) −33.9°, −33.7°, and 38.6°, respec-
tively, while those with the 3-OH directed away from the
B-ring (toward the carbonyl group) and having no 2′-OH
are planar (Ga, My); the effect of 3-OH conformation on the

Table 1 Structures of flavones and flavonols

Flavones OH positions Flavonols OH positions

Chrysin (Ch) 5,7 Galangin (Ga) 3,5,7

Apigenin (Ap) 5,7,4′ Kaempferol (Km) 3,5,7,4′
Baicalein (Ba) 5,6,7 Morin (Mo) 3,5,7,2′,4′
Luteolin (Lu) 5,7,3′,4′ Quercetin (Qu) 3,5,7,3′,4′

Myricetin (My) 3,5,7,3′,4′,5′
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coplanarity of the B-ring was previously observed for
anthocyanidins (Ali and Ali 2017). The nonplanarity of Mo
despite its 3-OH is directed away from the B-ring can be
attributed to the repulsion between the 2′-OH and pyrone
oxygen (O1) atoms. In all examined compounds and their
radicals, the 5-OH is directed away from the carbonyl group
i.e., toward H6, while the 7-OH is pointed to H8. Radicals
also follow the same rules, where the 3-OH in all flavonol
radicals are directed toward the carbonyl group even in Km
and Qu, which have 3-OH directed toward the B-ring,
allowing complete planarity of the radicals except for Mo,
which still has the repulsion caused by the 2′-oxygen atom,
is nonplanar but moved toward planarity from dihedral
angle (ϕ2) 38.6° in parent compound to only 8.5° in 2′-
radical (Fig. 2). Flavone radicals, as expected, are also
planar. These results explain also the formation of 2′-radical
rather than 4′-radical in Mo since the latter radical has lower
planarity with dihedral angle (ϕ2) 23.1° compared with 8.5°
in the former radical. Moving toward planarity in Km, Qu,
and Mo radicals is also manifested by increasing the π-bond
characters of C2–C1′ bond, where its bond length decreased
from 1.472, 1.473, and 1.468 Å in parent flavonols to 1.440,
1.446, and 1.443 Å in their radicals, respectively. It is well
known that planar structure maximizes the p-orbital overlap
and thus enhances the stability of the resulted radicals
(Aparicio 2010; Leopoldini et al. 2011).

Each of luteolin, quercetin, and morin has two con-
formers because of the rotation of B ring 180°. The two
conformers of luteolin and quercetin have energy deference
(ΔG) < 0.4 kcal/mol indicating that both conformers of each
compound are practically energetically similar; similar
result for luteolin was obtained by Leopoldini et al. (2004).

However, the more stable conformer of morin has less
energy by 1.17 kcal/mol (Fig. 1). Energy profile generated
by AM1 calculations showed also that Qu is not planar and
has two minimum energy at dihedral angle 27° and 153°
with maximum energy at 90° (Russo et al. 2000; Cornard
et al. 1997); on the other hand, energy profile produced by
density function calculation for My showed minimum
energy at 0° (planar) with maximum energy at 90° (Sada-
sivama and Kumaresanb 2011); Ap and Lu showed also
planarity at the same level of calculation (Leopoldini et al.
2004). On the other hand, previous DFT calculations
showed nonplanarity of flavones with dihedral angle ~20°
(Aparicio 2010) and planarity of flavonols (Aparicio 2010)
e.g., Qu (Cai et al. 2014). The controversy between the
planar and nonplanar structure of Qu is attributed to the low
energy difference (0.5 kcal/mol) between the two con-
formers (Russo et al. 2000) along with using different levels
of calculations, basis sets, and used software. This little
difference accounts also for the small dihedral angle (5–7°)
shown by X-ray crystallography for the compact crystal
state of Qu (Jin et al. 1990; Rossi et al. 1986).

Bond dissociation energy and radical stabilization

Bond dissociation energy of all hydroxyl groups in each
compound is listed in Table 2 in ascending order. The first
BDE varies from 57.58 (Qu) to 83.73 (Ch) kcal/mol and
accounts for the observed antioxidant activity variations as
will be discussed in Section 3.3. The lowest BDE and the
stable phenoxyl radical in each flavone and flavanol are
determined by the presence of a catechol structure in either
ring A or B and the presence of hydroxyl substituents (4′ or 2′)

Table 2 Experimental antioxidant activity (TEAC), BDE, and dihedral angles of flavones and flavonols

Flavones and Flavonols TEAC (ABTS)mMa BDE kcal/mol of all OH′s Φ1 C2–C3–O3–H Φ2 O1–C2–C1′–C2′

Parent Radical Parent Radical

Chrysin (Ch) 0.081 7 (83.73), 5 (89.27) – – 0.0 0.0

Apigenin (Ap) 0.086 4′ (80.65), 7 (83.73), 5 (84.35) – – 0.0 0.0

Baicalein (Ba) 2.56 6 (70.81), 7 (73.89), 5 (81.89) – – 0.0 0.0

Luteolin (Lu) 2.18 4′ (71.12), 3′ (81.58), 7 (84.04),
5 (88.96)

– – 0.0 0.0

Galangin (Ga) 1.12 3 (81.27), 5 (82.50), 7 (83.12) 180.0 – 0.0 0.0

Kaempferol (Km) 1.59 4′ (66.50), 3 (68.97), 5 (7081),
7 (71.43)

−17.2 −180.0 −33.9 0.0

Morin (Mo) 2.68 2′ (77.82), 4′ (78.38), 3 (80.22),
5 (82.07), 7 (82.68)

178.4 −179.3 178.4 38.6 8.5 23.1

Quercetin (Qu) 4.42 4′ (57.58), 3 (69.58), 3′ (69.70),
5 (71.12), 7 (72.35)

−15.2 −180.0 −33.7 0.0

Myricetin (My) 1.31 4′ (70.20), 5′ (73.89), 3 (80.04),
3′ (81.27), 5 (82.44), 7 (83.12)

180.0 0.0 0.10 0.0

aCai et al. 2006
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on B-ring. If there is a catechol structure (Ba, Lu, Qu, and
My), the hydroxyl group with ortho OH directed toward it
showed the lowest BDE i.e., 6-OH in Ba and 4′-OH in Lu,
Qu, and My. In the absence of catecholic moiety, a
hydroxyl group on B-ring in 4′ (Ap and Km) or 2′ (Mo)
position is dehydrogenated to form a radical stabilized by
resonance flows toward the carbonyl group through forming
a double bond on C2–C1′ bond, indicated by shortening the
bond length, to support a planar conformation. In the
absence of both factors, the lowest BDE is observed for 3-
OH (Ga) or 7-OH (Ch) bond, where the formed radical is
stabilized by resonance toward pyrone oxygen (Ga) or the
carbonyl group (Ch). Radicals formed on 7-OH (Ch), 4′-OH
(Ap, Lu, Km, Qu, My) and 2′-OH (Mo) undergo resonance
toward the carbonyl group, while 6- and 3-radicals in Ba
and Ga, respectively, resonate toward the pyrone oxygen.
Stabilizing resonances of all radicals are indicated by spin
density distribution and HOMO as well as bond length and

dihedral angle (ϕ2) as illustrated in Figs 1, 2, and S1. 6-Ba
radical, for example, as presented in Fig. 1, shows spin
density distribution on alternative atoms in rings A and C
including the pyrone oxygen; HOMO of the radical which
is expected to carry the unpaired electron covers also the
same atoms confirming resonance towards the pyrone
oxygen. On the other hand, Lu radical shows the spin dis-
tribution and HOMO cover rings B and C in the direction of
the carbonyl group. In addition, in both radicals, the radical
oxygen forms a double bond with a neighboring carbon
atom as indicated by shortening the C-O bond from 1.37 Å
in parent compound to 1.26 and 1.25 Å in their radicals,
respectively, confirming the initiation of the resonance;
while the C2–C1′ bond shortened only in Lu radical.

Catecholic radicals (e.g., Ba, Lu, and Qu) are also sta-
bilized by forming a H-bonding with the ortho hydroxyl
group with bond length 1.94, 1.99, and 1.98 Å, respectively,
which are shortened, i.e., strengthened, in radicals than in

Fig. 1 Structural geometry of some flavones as well as their expected radicals and HOMO models (bond length (Å) and dihedral angle in black
numbers, and spin density in blue numbers)
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parent compounds (Figs 1, 2). The role of H-bonding in
stabilizing catechol radicals than it does in parent catechols
was previously suggested (Ali and Ali 2018, 2015; Zhang
et al. 2003; Foti et al. 2002). In addition, in flavonol radicals
where the resonance flows toward the carbonyl group and
there is spin residue on the carbonyl oxygen (Km, Mo, Qu,
and My), there is another H-bond is formed between the 3-
OH and carbonyl oxygen since the 3-OH is directed in all
radicals toward the carbonyl group. Interestingly, even in
flavonols with 3-OH directed to the B-ring in parent

flavonols (Km, Qu), the 3-OH in their 4′-radical is redir-
ected toward the carbonyl group to enhance radical stabi-
lization by H-bonding especially the 5-OH is directed
toward H6 in all radicals and parent compounds and hence
cannot form H-bond with the carbonyl group as depicted in
Fig. 2, wherein Qu the 3-OH is pointed toward the B-ring,
while in its 4′-radical the 3-OH converts its direction
forming H-bond with carbonyl oxygen with bond length
1.85 Å; on the other hand, the 3-OH in parent Mo is already
directed toward the carbonyl group forming H-bond

Fig. 2 Structural geometry of some flavonols as well as their expected radicals and HOMO models (bond length (Å) and dihedral angle in black
numbers, and spin density in blue numbers)
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(1.91 Å), which is shortened in its 4′-radical to 1.83 Å (Fig.
2). It was observed previously that the H-atom donation
from hydroxyl groups on B-ring has a priority over those on
rings A or C (Sadasivama and Kumaresanb 2011).

The discussed controversy of the conformational analysis
of flavones and flavonols has also impact on the calculated
BDE. Previous DFT calculations showed also that 4′-OH
bond has the lowest BDE in Ap, Lu, Km, and Qu (Vagánek
et al. 2012) as well as My (Sadasivama and Kumaresanb,
2011); similar results were obtained for Ap, Lu (Leopoldini
et al. 2004), and Qu (Lespade and Bercion 2012). However,
Cai et al. 2014 found using DFT that 3′-OH has the lowest
BDE, while Seyoum et al. 2006 utilizing lower level of
calculations showed that 3-OH in Ga, Km, Mo, and Qu has
the lowest BDE.

SAR and QSAR

Literature antioxidant activity of the examined flavones and
flavonols as expressed by TEAC value is listed in Table 2
(Cai et al. 2006). According to the hydrogen atom transfer
(HAT) mechanism, the antioxidant activity of phenolic
compounds depends mainly on lowering the BDE of the
hydroxyl group and the stability of the resulted radical upon
dissociation. Radical stabilization can be modeled by the
spin density on the phenoxyl oxygen where the lower spin
density, the more delocalization of the unpaired electron,
and the better stability. Therefore, the experimental anti-
oxidant activity was found fairly correlating with either
BDE or spin density as presented by Eqs. 1 and 2,
respectively.

TEAC mMð Þ ¼ 11:32 ± 2:76ð Þ � 0:13 ± 0:04ð ÞBDE ð1Þ

R= 0.795, n= 9, SE= 0.89, p= 0.005.

TEAC mMð Þ ¼ 9:30 ± 3:11ð Þ � 21:10 ± 9:04ð ÞSpin density ð2Þ

R= 0.677, n= 9, SE= 1.08, p= 0.023.

The two other mechanisms that are also frequently used,
but at less extent, to explain the antioxidant activity of
phenolic and flavonoid compounds are single electron
transfer-proton transfer and sequential proton loss-electron
transfer (SPLET) mechanisms; the two mechanisms are best
modeled by the ionization potential (IP) and the electron
transfer enthalpy (ETE), respectively (Chen et al. 2015;
Lespade and Bercion 2012). In contrary to BDE, IP and
ETE are sensitive to solvation and thus were calculated in
water and reported previously for the examined compounds,
except Ba (Lespade and Bercion 2012); however, stepwise
regression analyses of each of IP and ETE with TEAC value
(Table 2) at the confidence level 95% were found not

correlated which gives more support for the HAT
mechanism. It was reported that most polyphenols act
through HAT mechanism since electron transfer generally
requires higher energy (Leopoldini et al. 2011). SPLET
mechanism becomes more important at the alkaline condi-
tion where the polyphenols present mainly in the anionic
form (Lespade and Bercion 2012).

According to the conformational analysis and radical
stabilization discussed above, it can be concluded that there
are two processes that can enhance the antioxidant activity
of flavones and flavonols; first process, conversion of
nonplanar parent compound (Km, Qu, and Mo) to a planar
radical with resonance through the carbonyl group and
redirection of the 3-OH from the direction of the B-ring to
toward the carbonyl group (Km, Qu) or removing the steric
effect of 2′-OH by dehydrogenation (Mo), in addition to
enhancing double bond character of C2–C1′ bond and
forming a H-bond between the 3-OH and carbonyl oxygen.
This planarity stabilization process provides a good driving
force for the hydrogen atom donation and antioxidant
activity; it is donated by (Pl) factor. The second process,
stabilization of the formed radical on either ring A or B by a
hydrogen bonding formation with an ortho hydroxyl group
(catecholic structure); the catechol H-bond formation is
abbreviated by (Cat) factor.

The relative stability provided by each process can be
obtained by calculating the difference in free energy (ΔG)
of hydrogen bond dissociation of two isomers where only
one of them provides a certain stabilization process. Qu and
Mo are positional isomers differ only in the position of the
second hydroxyl group on ring B (3′- or 2′-, respectively).
Both isomers possess the planarity factor (Pl) but Qu pos-
sesses also the catecholic factor (Cat). Therefore, the dif-
ference between their dissociation free energy, 50.078 and
71.241 kcal/mol, respectively (Table 2), yields catechol
stabilization energy (ΔGCat=−21.164 kcal/mol). Km and
Lu are also positional isomers; Km is nonplanar and pos-
sesses the planarity factor, while the Lu is planar but pos-
sesses the catecholic factor. Hence, using the following
equation and values in Table 2 yields planarity stabilization
energy (ΔGPl).

ΔGP1 ¼ ΔGKm � ΔGLu � ΔGCatð Þ ¼ �23:316 kcal=mol;

where ΔGKm and ΔGLu are the dissociation free energy of
Km and Lu, respectively.

It is consistently reported in the literature (Cai et al.
2006; Heim et al. 2002; Tabart et al. 2009) that My has
lower antioxidant activity (TEAC value 1.31, 3.10, and
1.50 mM) than that of Qu (TEAC value 4.42, 4.70, and
1.80 mM), respectively, even though My has the same
structure of Qu with even one more hydroxyl group in the
5′-position; however, no explanation was provided. The
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above discussion can account for the observed unexpected
activities of My and Qu since both of them possess the
catecholic stabilization factor but, as calculated, Qu has the
3-OH directed toward the B-ring and thus the molecule is
not planar with dihedral angle (ϕ2′) 33.7° which gives upon
dissociation the planar 4′-radical (dihedral angle 0.0°) pro-
viding also a driving force of the planarity factor (Pl)
manifested by lower BDE (57.58 kcal/mol) and higher
antioxidant activity (TEAC 4.42 mM). On the other hand,
My, despite having more hydroxyl group, is planar, the 3-
OH pointed to the carbonyl group (Fig. 2), and hence lacks
the Pl which rationalizes its higher BDE (70.20 kcal/mol)
and lower activity (TEAC 3.10 mM). This observation
indicates that the position and conformation of the O-H
groups are more important in determining the antioxidant
activity than their total number in the molecule.

Most reported QSAR studies on flavones and flavonols
were performed generally on flavonoids and phenolic
compounds and used general variables as lipophilicity
(Yang et al. 2001), oxidation potential (Yang et al. 2001;
Heijnen et al. 2002), structural features i.e., number of
hydroxyl groups and presence of 2,3-double bond or
catechol moiety (Amić et al. 2003, Lien et al. 1999),
molar volume, dipole moment, electron density (Srivas-
tava et al. 2012), HOMO, LUMO (Rasulev et al. 2005,
Lien et al. 1999), heat of formation (Lien et al. 1999),
topological, and connectivity indices (Farkas et al. 2004)
and 3D (CoMFA) properties (Lumbiny et al. 2013) rather
than depending on mechanisms and conformational ana-
lysis. Since, the experimental antioxidant activity was
found dependent mainly on the above mentioned two
processes, namely conversion toward planarity (Pl) and
stabilization of the resulted radical by ortho hydroxyl
group (Cat), the experimental antioxidant activity as
expressed by TEAC value was found correlated with the
sum of free energy of these two factors (ΔGPl and ΔGCat)
as presented by Eq. 3.

TEAC mMð Þ ¼ 0:322 ± 0:307ð Þ � 0:058 ± 0:014ð Þ ΔGCat þ ΔGPlð Þ
N ¼ 9;R ¼ 0:918; SE ¼ 0:580; p ¼ 0:001

ð3Þ
Indicating that the sum of both factors explains 84.8% of

the variations in the observed antioxidant activity. In addi-
tion, BDE was found well correlated with the sum of the
two factors and hence they are the main source of radical
stabilization as expressed by the following correlation (4).

BDE kcal=molð Þ ¼ 82:28 ± 1:806ð Þ þ 0:523 ± 0:082ð Þ ΔGCat þ ΔGPlð Þ
N ¼ 9;R ¼ 0:924; SE ¼ 3:417; p < 0:001

ð4Þ
The obtained good correlations not only supports the

importance of the suggested factors (Pl and Cat) in deter-
mining radical stabilization and the antioxidant activity of

flavones and flavonols but also validates our conformational
analysis and radical stabilization calculations.

Conclusion

Conformational analysis of flavones and flavonols showed
that flavonols with 3-OH directed toward the B-ring (Km,
Qu, and Mo) are not planar, while those with 3-OH directed
toward the carbonyl group (Ga and My) in addition to all
examined flavones and their resulted radicals are planar.
DFT calculations indicated that the hydroxyl group with
lowest BDE is determined as follows: if there is a catechol
structure (Ba, Lu, Qu, and My), the hydroxyl group with
ortho OH directed toward it showed the lowest BDE i.e., 6-
OH in Ba and 4′-OH in Lu, Qu, and My; otherwise, a
hydroxyl substituents on B-ring (in 2′ or 4′-position) is
dissociated. Radical stabilization resonance takes place
toward either the carbonyl group or the pyrone oxygen.
Experimental antioxidant activity was found consistent with
our results where activity was well correlated with the
driving forces resulted from, first, conversion from non-
planar conformation of parent compound to a planar radical
(Km, Qu, and Mo) with H-bond formation between car-
bonyl and 3-OH groups and, second, an H-bond formation
between catecholic radical and neighboring hydroxyl group.
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