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Abstract

Thermodynamic and kinetic studies of the hydrogen atom transfer (HAT) from hydroxyl (OH) groups of four kaempferol-based
compounds, namely kaempferol, morin, morin-5"-sulfonate and morin-7-O-sulfate to hydroxyl radical (-OH), have been carried
out using density functional theory (DFT) methods at the CAM-B3LYP/6-311++G(d,p) level equipped with polarizable con-
tinuum model (PCM) of solvation. All HAT reactions in aqueous solution are exothermic and spontaneous. For most compounds,
the most preferable OH group for HAT is situated at position C3 (O3-H3) on the pyrone ring. The reaction potential of such a
reactive group is found to be highest in morin-7-O-sulfate. The rate constants for the HAT reactions at different OH groups of
each compound have been determined based on the transition state theory. The presence of substituents leads to the variation in
either the characteristic interactions at the reactive site or the charge distribution on transition-state geometries, hence significantly
affecting the kinetics of HAT. The highest rate of HAT is resulted for the OH group at position C4" (04 -H4") on the phenyl ring
(ring B) of morin-5"-sulfonate because a hydrogen bond between -OH and the sulfonate group favors the formation of transition
state. However, for most compounds under study, the HAT reaction at O3-H3 initiated by -OH is highly favorable both thermo-

dynamically and kinetically.

Keywords Flavonoids - Hydroxyl radical - Hydrogen atom transfer - DFT - PCM

Introduction

3-Hydroxyflavone and its hydroxylated derivatives form a
class of phytophenolic compounds known as flavonols belong-
ing to the flavonoid family. The diversity of flavonols in nature
basically stems from the variation in the number and/or posi-
tion of their hydroxyl (OH) groups. Among all natural flavo-
nols known to date, kaempferol and morin have received con-
siderable attention due to their diverse medicinal benefits
[1-4]. In terms of molecular structure, as shown in
Scheme 1, both kaempferol and morin bear the same chromone
moiety which is a benzene ring (ring A) fused with a 4-pyrone

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11224-019-01331-y) contains supplementary
material, which is available to authorized users.

< Nuttawisit Yasarawan
nuttawisit@buu.ac.th

Department of Chemistry, Faculty of Science, Burapha University,
Chonburi 20131, Thailand

ring (ring C). Ring C has a phenyl ring (ring B) substituted at
position C2. As seen in Scheme 1, morin is in fact a 2"
hydroxylated derivative of kaempferol. The antioxidant activ-
ity, which is perhaps the best known therapeutic property of
flavonols, emerges from their capability to scavenge the unbal-
anced amounts of reactive oxygen and nitrogen radical species
that cause oxidative damages to various biomolecules such as
proteins, lipids, and DNA [5, 6]. As the activities of pharma-
ceutical agents are usually dependent on both the molecular
structure and the pattern of substituents, a great deal of work
has been carried out to establish the relationship between the
structures and the radical-scavenging activity of flavonols [7].

Hydroxyl radical (-OH) is one of the most reactive
oxyradicals found commonly in biological systems and atmo-
sphere [7]. The pioneering experiment based on the spin-
trapping technique has demonstrated that the scavenging ac-
tivity of natural flavonols toward -OH increases with the num-
ber of OH groups substituted on ring B [8]. The previous
structure-activity relationship (SAR) analysis of various natu-
ral flavonoids has indicated that only the OH-containing fla-
vonoids are active in scavenging, -OH and the radical-
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Scheme 1 Sketches of four
kaempferol-based molecules with
the atom numbering.

Compound R1 R2 R3
Kaempferol -H -H -OH

. -0
Morin -H H —OH
Morin-5"-sulfonate —SO3~ ;IO -OH
Morin-7-O-sulfate —-H ﬁo __0803

scavenging activity of OH groups on ring B is higher than that
of OH groups on ring A [9]. It has been widely accepted that
the potency of kaempferol and other flavonols to scavenge
‘OH relies on their ability to donate hydrogen atoms to -OH.
Basically, the attack of -OH at a reactive OH group in a given
kaempferol-based molecule initiates the following hydrogen
atom transfer (HAT) reaction:

R-OH + OH—R-0 + H,O. (1)

where R-OH and R-O- represent the kaempferol-based com-
pound (hydroxylated compound) and its respective oxyradical
product, respectively. The previous work has reported that
flavonoids thermodynamically prefer the HAT mechanism in
polar media [10]. Nevertheless, most flavonols including
kaempferol and morin are slightly soluble in water at the
physiological pH value; this could considerably limit their
pharmaceutical applications [4, 11]. Such a drawback can be
overcome by chemically replacing OH group with an anionic
substituent. Recently, the preparation of water-soluble morin
derivatives such as morin-5"-sulfonate and morin-7-O-sulfate
(see Scheme 1) has been reported [3, 4, 12]. It has been sug-
gested in the previous work that morin-7-O-sulfate could be
an anticancer due to its role as a signal transduction inhibitor
in targeted therapies of melanoma [12]. To our best knowl-
edge, there has been no information in the literature regarding
the HAT reactions of morin-5"-sulfonate and morin-7-O-
sulfate until the present day. Apart from various experimental
techniques, density functional theory (DFT) methods have
been widely used in characterizing the hydrogen transfer phe-
nomena in several organic molecules including flavonoids in
either ground or excited states [13—16]. DFT calculations have
been proven useful in predicting the reactivity of several fla-
vonoids [17, 18]. In the present study, the stable geometries in
water of the kaempferol-based compounds shown in Scheme
1: kaempferol, morin, morin-5"-sulfonate, and morin-7-O-
sulfate have been determined by means of full geometry opti-
mization with DFT methods under polarizable continuum
model (PCM) of solvation. Thermodynamic and kinetic pa-
rameters for the ground-state hydrogen atom abstraction from
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different OH groups in all studied kaempferol-based com-
pounds by the radical ‘OH in aqueous solution have been
theoretically evaluated. While a number of previous works
have focused on either finding the relationship between the
O-H bond dissociation enthalpies of flavonols and their
radical-scavenging activities or addressing the most preferable
OH groups for radical attack, the present work has aimed at
gaining fundamental insights into the structural effect on the
activation process of the HAT reaction at each reactive site of
molecule. The mechanistic details of HAT based on the tran-
sition state theory have been addressed. A variety of interac-
tions such as hydrogen bonding and electrostatic forces that
affect the stability of the transition-state geometries and the
dependence of these interactions on the choice of substituent
have been analyzed. Allowing for the polyhydroxy nature of
all kaempferol-based compounds in the present study, there
are already 18 HAT reactions to be considered. Thus, it is
necessary to declare that either the attack of -OH at the regions
other than the OH groups of compounds or other reaction
mechanisms besides HAT or further reactions of the
oxyradical products are beyond the scope of this work.

Computational details

Ground-state geometries of all compounds under study were
fully optimized with the Gaussian 16 program package [19]
using DFT methods. The long-range-corrected functional
CAM-B3LYP (i.e., B3LYP combined with coulomb-
attenuating method to account for the long-range HF ex-
change interactions) [20] was used in all cases. Previously,
CAM-B3LYP has been reported as being more effective in
predicting electronic properties than the conventional
B3LYP [16, 21]. The Pople split-valence triple-zeta basis set
such as 6-3114++G(d,p) was adopted to all computations. For
such a basis set, the core orbital is described by a contracted
set of six primitive Gaussian functions, and the valence orbital
by a contracted set of three primitive Gaussian functions and
two other sets of one Gaussian function. The notation ++
indicates that a set of diffuse functions are included to heavy
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atoms and hydrogen. As HAT is the main theme of this work,
including diffuse functions to all hydrogen atoms is necessary.
The notation (d,p) indicates the inclusion of d-polarization
functions to non-hydrogen atoms and p-polarization functions
to hydrogen atoms. The 6-311++G(d,p) basis set has been
used to describe the hydrogen transfer phenomena in various
organic compounds [16, 22-24]. Importantly, DFT calcula-
tions at the CAM-B3LYP/6-311++G(d,p) level can accurately
predict both the structural and spectroscopic data of 3-
hydroxyflavone and morin [25]. The optimized ground-state
geometries of compounds were taken to the process of vibra-
tional frequency calculations, in which the zero-point
corrected electronic energies, partition functions, and thermo-
dynamic parameters were evaluated. Solvation effect was tak-
en into account by the application of polarizable continuum
model (PCM). In this solvation methodology, the solute mol-
ecule was placed in a theoretical cavity surrounded by a po-
larizable dielectric continuum of water (dielectric constant =
78.39). The non-electrostatic component of the free energy of
solvation and atomic radii for such a solvation cavity were
defined based on the solute electron density [26]. Natural pop-
ulation analysis was performed using the NBO Version 3.1
program [27] integrated within the Gaussian 16 program suite
to obtain useful sets of natural bond orbital (NBO) data, e.g.,
atomic charges, electron populations, and donor-acceptor or-
bital interaction energies. Electrostatic force between atom A
and atom B (Fyg) can be estimated using Coulomb’s relation:

Fap = q/:;]B (2)

where gagp and r are the product of charges on both atoms
and the interatomic distance, respectively. The optimized
transition-state (TS) geometries were obtained using either
the synchronous transit-guided quasi-Newton (STQN) meth-
od or the Berny optimization method. The presence of a single
imaginary vibrational frequency that is consistent with the
progress of HAT was used as an indication of the optimized
geometry being a transition state. The proper connectivity
between reactants, transition states, and products were validat-
ed for all reaction pathways using intrinsic reaction coordinate
(IRC) calculations. The rate constant (k) for the attack of -OH
on the kaempferol-based compound at the temperature 7 can
be determined using the relation [28]:

TS

k= ﬁ]@TT% xp(~AE*/RT) (3)
where kg, &, and R are the Boltzmann constant, the Planck
constant, and the universal gas constant, respectively. 0"
and O™® denote the total partition functions of the transition-
state (TS) geometry and the pre-reactive complex (i.e., the
kaempferol-based molecule with ‘OH hydrogen-bonded to
its reactive OH group), respectively. The activation energy

of reaction, AEi, was determined as the energy difference
between the TS geometry and the pre-reactive complex. The
Wigner transmission coefficient, «, which accounts for the
barrier-tunneling correction, is calculated as [29]

1 hV,‘ 2

where v; is the imaginary part of the vibrational frequency of
the transition-state geometry.

Results and discussion

Conformational analysis of kaempferol-based
compounds

According to the potential plots shown in Fig. 1, there exist
two stable rotamers, both of which can be interconverted by
rotating ring B (planar ring) about C2-C1" (single bond). In
the case of kaempferol, as ring B is symmetric to such a rota-
tion, this parent compound simply has only one stable confor-
mation (no rotamer). Ring B in the most stable conformation
of kaempferol, with the torsion angle O1-C2-C17-C2" of
about 180°, is obviously coplanar with the other two rings.
The less stable rotamers of morin and its two derivatives show
the values of torsion angle O1-C2-C17-C2" lower than 5°,
suggesting that the O2"-H2" group on ring B is located on
the same side as O1 (pyranyl O atom on ring C), and ring B
is almost coplanar with ring C. The optimized geometries of
the more stable rotamers are displayed in Fig. 2 with their
electrostatic potential surfaces. These rotamers show the
values of torsion angle O1-C2-C1°-C2” in the range of
150°~160°. This result indicates that the O2"-H2" group in
each of the more stable rotamers is located on the same side
as O3 (the hydroxyl O atom), but ring B is not perfectly co-
planar with ring C. These structural characteristics of the more
stable rotamers predicted in this work agree well with the
crystallographic data of morin-5"-sulfonate in its chelate
forms [4]. The vibrational frequency at 1200 cm ' for the
asymmetric S-O stretching in the more stable rotamer of
morin-5"-sulfonate in gas phase computed at the CAM-
B3LYP/6-311++G(d,p) level is satisfactorily close to the ex-
perimental value at 1197 cm™' [4]. As the presence of intra-
molecular hydrogen bond is the cause of high conformational
stability, 03--H2" in each of the more stable rotamer is ex-
pected to be stronger than O1-+H2" in the respective less sta-
ble rotamer. The O3-H2" attractive force (¢* A2) in the more
stable rotamer is found to increase in the order: morin-5"-sul-
fonate (—0.1318) <morin (— 0.1323) < morin-7-O-sulfate (—

0.1375). The O1-H2" attractive force (¢* A2) in the less stable
rotamer increases in the order: morin-5"-sulfonate (— 8.50 x

10?) <morin (- 8.56 x 10~%) < morin-7-O-sulfate (- 9.02 x
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10"?). Based on the magnitudes of electrostatic forces between ~ Furthermore, the strongest hydrogen bonding is resulted in
O and H atoms, O3-+H2" in the more stable rotamer is essen-  morin-7-O-sulfate. Henceforth, the further theoretical investi-
tially stronger than O1-+H2" in the less stable rotamer.  gation will be dedicated to the more stable rotamers.

Morin Morin-7-O-sulfate

Fig. 2 Optimized geometries in aqueous solution of four kaempferol-based compounds under study
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Solvation energies of kaempferol-based compounds

The total Gibbs energies of solvation (AGy,p, ) With electro-
static contributions (AGy,,.s) and non-electrostatic contribu-
tions (AGson, non-es) are shown in Table 1 for all kaempferol-
based compounds in three media, i.e., water, methanol, and
carbon tetrachloride. Following the values of AGy,,,, in Wa-
ter (kcal mol "), the preference of compounds to be hydrated
decreases in the order: morin-5"-sulfonate > morin-7-O-sul-
fate >> morin > kaempferol. The solute-solvent interaction is
strongest in morin-5"-sulfonate followed by morin-7-O-sul-
fate, being in agreement with their superior solubility in water.
The lower degree of hydration for morin-7-O-sulfate is partly
due to the lack of O7-H7 group. For kaempferol and morin,
the hydrophilicity basically increases with the number of OH
group. The non-electrostatic contributions for all compounds
in water are quite small, with AG;p, non-es lying in the range of
4.07-6.86 kcal mol ', The positive sign of AG,opmon-es in
water suggests that the non-electrostatic interactions favor
the desolvation. However, for every compound, the hydration
process is dominated by the electrostatic contributions. When
changing the medium from water to carbon tetrachloride, the
sign of AGsop,non-es Temain positive but the values are de-
creased. Therefore, the desolvating effect caused by non-
electrostatic interactions in carbon tetrachloride is not as large
as it is in water. The electrostatic contributions for all com-
pounds in carbon tetrachloride are obviously smaller than
those in water. The preference of compound to be solvated
by carbon tetrachloride decreases in the order: morin-5"-sul-
fonate > morin-7-O-sulfate >> morin > kaempferol, which is
the same order as in the case of water. However, the overall
solute-solvent interactions in carbon tetrachloride are obvious-
ly weaker than those in water. Among all solvents tested,
methanol shows the strongest preference to solvate every
kaempferol-based compound. The electrostatic contributions
for all compounds in methanol are slightly smaller than those
in water. However, for morin-5 -sulfonate and morin-7-O-
sulfate in methanol, the desolvating effect caused by non-
electrostatic contributions is effectively minimized, yielding
small positive values of AG,p,non-es (0.4 keal mol ™).

Table 1 Total Gibbs energies of solvation (AGg,p,.,) at 298 K with
non-electrostatic contributions (AGg,p, non-es) @and electrostatic
contributions (AGy,,.s) for kaempferol-based compounds in water

Furthermore, for morin and kaempferol in methanol, the sign
of AGippnon-es DeCOmMes negative, indicating that the non-
electrostatic interactions in this case distinctively favor the
solvation. In summary, on the basis of the total Gibbs energy
of solvation, the solubility of any kaempferol-based com-
pound in this work is varied with the type of solvent as: meth-
anol > water >> carbon tetrachloride. In any solvent tested, the
solubility of compound decreases in the order: morin-5"-sul-
fonate > morin-7-O-sulfate >> morin > kaempferol.

Thermodynamic aspects of HAT and stability
of oxyradical products

Thermodynamic parameters for the transfer of each hydroxyl
H atom from kaempferol-based compounds to ‘OH in aqueous
solution are summarized in Table 2. With the negative values
of enthalpy (AH,) and the positive values of entropy (AS,), all
18 HAT reactions are exothermic and spontaneous at 298 K.
The values of AS, are so small (2.68-6.04 cal mol ' K!) that
all HAT reactions are regarded as the enthalpy-driven process-
es. The highly negative value of AE, is mainly due to the fact
that the oxyradical product has greater stability than the initi-
ator -‘OH. It is worth remarking that conversion of a high-
energy radical into another low-energy radical is always de-
sirable as the high-energy radical is more harmful to the bio-
molecules exposed to it. The likelihood of the hydroxyl H
atom being abstracted by -OH increases in the following or-
der: kaempferol (04"-H4", —26.7) < morin-5"-sulfonate (O3-
H3, —27.6) <morin (0O3-H3, —30.5) < morin-7-O-sulfate
(03-H3, —32.9), with the label and number in each parenthe-
sis indicating the most preferable site for HAT and the corre-
sponding Gibbs energy of HAT under hydration (AG,: kcal
mol "), respectively. Several previous works have claimed
that morin is more potent in scavenging either -OH or
‘DPPH (1,1-diphenyl-2-picrylhydrazyl radical) than
kaempferol [6, 8, 30], being in agreement with the reaction
potentials of both compounds predicted by the AG, values. It
has been reported that morin-5"-sulfonate has higher scaveng-
ing activity toward -DPPH than morin [4].

(H,0), carbon tetrachloride (CCly), and methanol (CH;0H). All data
are based on PCM-DFT calculations at the CAM-B3LYP/6-311++
G(d,p) level

H,O (dielectric constant = 78.39)

CCly (dielectric constant =2.228)

CH;O0H (dielectric constant = 32.63)

AGsolv, tota AGso/ v, non—esa AGsolv,esa AGsol v, )‘ota AGxolv,nonfesa AGSO/V, e:a AGsolv,tota AGso/v,non—esa AGsolv, esa
Kaempferol -17.36 4.07 —2143 -1.32 2.60 -3.93 -21.31 -0.92 —20.39
Morin —18.66 4.34 —23.00 -1.37 2.90 —4.26 —22.68 —0.81 -21.87
Morin-5"-sulfonate ~ — 60.95 6.73 —67.68 —-21.42 5.01 —2643 -65.19 0.44 —65.63
Morin-7-O-sulfate —53.35 6.86 -60.21 —18.95 5.04 -23.99 -57.92 0.42 —58.34

2 All values are in units of kcal mol !
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Table 2  Binding energies and thermodynamic parameters at 298 K for the transfer of H atom from different OH groups of each kaempferol-based
compound to -OH in aqueous solution. All data are based on PCM-DFT calculations at the CAM-B3LYP/6-311++G(d,p) level

Compound Reactive group  Binding energy”  Thermodynamic parameters of HAT® Reaction potential
ranking®
AE° AHY AS,° AG,f

Kaempferol 0O3-H3 -11.8 —252(0.78) —25.0(0.85)  3.69(1.01) —26.1(0.61) 6
O5-H5 —5.18 -10.1(15.9) -9.74(16.1) 523255 —113(154) 16
O7-H7 —8.81 —20.6(5.38) —204(542) 336(0.67) —21.4(527)
04"-H4" -102 —26.0 (0) —25.9(0) 2.68 (0) —26.7 (0)

Morin O3-H3 —5.50 —29.3(0) —29.1(0) 4.70 (1.34)  —30.5(0)
O5-H5 —0.58 —-10.1(19.2) —9.66 (19.4) 550(2.15) —11.3(19.2) 16
O7-H7 -9.97 —20.0(9.30) —-19.8(930) 336 (0) -20.8(9.70) 10
02"-H2" -7.27 -16.1(13.2) —15.6(13.5) 6.04(2.68) —174(13.1) 13
04"-H4" -3.71 —22.8(6.50) —22.6(6.50) 336 (0) —23.6(6.90) 7

Morin-5"-sulfonate ~ O3-H3 -129 —26.3 (0) —26.1 (0) 503 (1.68)  —27.6 (0) 4
0O5-H5 —5283 -7.69(186) —7.26(188) 564228 —894(187) 17
O7-H7 —0.55 -17.4(890) —17.2(890)  3.36 (0) -182(9.40) 11
02"-H2" —16.1 -13.9(124) -134(27) 6.04(2.68) —152(124) 15
04"-H4" -0.37 —21.2(5.100 —21.0(5.100 336 (0) —22.0(5.60) 8

Morin-7-O-sulfate O3-H3 —14.0 -31.5(0) -31.3(0) 537(1.68)  —32.9(0) 1
O5-H5 —5.87 -142(173) -139(174) 5702.01) -156(174) 14
02"-H2" -19.6 —-16.6(15.0) —16.1(152) 6.0422.35 —-1790151) 12
04"-H4" -13.8 -279@3.65 —27.7@3.61) 3.69(0) —288@4.14) 3

Energy (kcal mol ") involved with the binding of “OH to OH group of kaempferol-based compound at ground state

® All numbers in parentheses are the values relative to the minimum

°Potential energy (kcal mol ')

9 Enthalpy (kcal mol ")

¢ Entropy (cal mol ' K")

"The Gibbs energy (kcal mol ")

€ Ranking is based on the AG, values of all 18 reactions

The thermodynamic data for the HAT reactions of
kaempferol are quite unique as its O3-H3 and O4"-H4"
groups display very similar AG, values of —
26.1 kcal mol™' and —26.7 kcal mol™', respectively.
Thus, it would be fair to say that the H atoms in both OH
groups of kaempferol are comparably preferred by -OH.
Previously, the close-lying pK, values of kaempferol have
been experimentally detected [31]. Some previous studies
have also reported that the bond dissociation enthalpy of
04°-H4" in kaempferol is very close to that of O3-H3 [32,
33]. The previous work has proposed that the presence of
04"-H4" is an essential element for the potent -OH-scav-
enging activity of kaempferol [34]. Excluding kaempferol,
03-H3 is obviously the most preferable group for the H-
atom abstraction, being in accordance with previous stud-
ies [34-36]. This is mainly due to the fact that O3-radical
has greater stability than the respective O4 -radical. The
optimized geometries of 18 oxyradical products are shown
in Supplementary Materials (Fig. S1-S4). The marked sta-
bility of O3-radicals of morin and its derivatives is ascribed
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to the presence of an intramolecular hydrogen bond be-
tween H2" and O3 (the unpaired-electron center).
Correspondingly, owing to the lack of such a hydrogen
bond, O3-radical of kaempferol cannot be stabilized as
effectively as that of morin or morin derivatives.
Following the electrostatic potential maps shown in
Supplementary Materials (Fig. S1-S4) for each O4 -radi-
cal, the electron-donating effect of 02"-H2" (not present in
kaempferol) introduces excess negative charges to ring B,
decreasing charge stability. On the other hand, for O3-
radicals of either morin or its derivatives, the formation
of O3--H2" (a hydrogen bond) effectively reduces the ac-
cumulation of electrons on the unpaired-electron center
(03), hence promoting charge stability. The O3--H2" dis-
tances in all O3-radicals are similarly close to 1.50 A, be-
ing shorter than the sum of the van der Waals radii of H and
O atoms (2.7 A) [37] but still longer than the adjacent
covalent bond H2"-02" (= 1.02 A). The angle O3--H2"-
02" varies between 165° and 167° whereas all 03-02"
interatomic distances are close to 2.48 A. Based on these
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structural data, O3---H2" in each O3-radical could be
regarded as a moderate hydrogen bond with primary elec-
trostatic contribution [38]. The Coulomb attractive forces
(¢* A™?) between O3 and H2" in all O3-radicals based on
the NBO atomic charge data can be sorted as morin-7-O-
sulfate (—0.136) > morin (—0.135) > morin-5"-sulfonate
(= 0.133). It is noteworthy to remind that in the case of
kaempferol, 03--H2" cannot be formed due to the absence
of 02"-H2". According to the NBO analysis, the O3--H2"
interaction within each O3-radical can be described in
terms of donor-acceptor orbital interaction between the
valence-shell nonbonding orbital of O3 [represented by
NB(03)] and the anti-bonding orbital of the covalent bond
02°-H2" [represented by BD(02"-H2")]. The energy of
interaction NB(0O3)-BD"(02"-H2") (kcal mol '), which is
a measure of the strength of O3---H2 in each O3-radical
decreases in the following order: morin-7-O-sulfate
(26.43) > morin (25.92) > morin-5"-sulfonate (25.75).
Clearly, 03--H2" in O3-radical of morin can be strength-
ened and weakened by the addition of sulfate and sulfonate
groups, respectively. Basically, the weakening of O3--H2"
lowers the charge stability of O3-radical, and this in turn
reduces the likelihood of such a radical to be formed. This
principle satisfactorily accounts for the decrease (increase)
in the reaction potential of O3-H3 upon the addition of
sulfonate group (sulfate group) to morin.

For every compound tested, the HAT reaction at O5-H5
is found to be least favorable as it gives rise to the least
stable oxyradical product, i.e., O5-radical. This result is in
line with the previous study in which O5-HS5 has been
reported as being the least acidic OH group in kaempferol
and quercetin [39, 40]. Finding the way to increase the
reaction preference at this particular OH group would be a
challenge. As seen in the structures of OS5-radicals
(Supplementary Materials, Fig. S1-S4), after the removal
of HS, the negative charges on O4 (the carbonyl O atom)
and OS5 (the unpaired-electron center) are much exposed
to each other, definitely causing an electrostatic repulsion
between both O atoms. Evidently, the O4-O5 repulsion
widens the bond angles 04-C4-C10 and O5-C5-C10 in
O5-radicals with respect to the corresponding angles in
the other oxyradicals. For more information on these bond
angles, 04-C4-C10 (O5-radicals: 128°-129°; other
oxyradicals: 121°-126°) and O5-C5-C10 (OS5-radicals:
122°-123°; other oxyradicals: 119°-121°). Given that
the O4-O5 repulsion electronically destabilizes the geom-
etry of O5-radical, it is useful to know how much the
strength of such a repulsion is affected by the substituent.
The 04-O5 repulsive forces (¢ A™?) in all O5-radicals
can be sorted as morin-7-O-sulfate (4.025 x 10”%) < morin
(4.062 x 10~ %) <morin-5"-sulfonate (4.083 x 10 ?) <
kaempferol (4.204 x 107%). The greatest ability to counter-
act the O4-O5 repulsion in O5-radical therefore belongs to

the 7-O-sulfate group—thanks to its prominent electron-
withdrawing ability.

Kinetic aspects of HAT at individual OH groups

With the optimized TS geometries in hand, the corre-
sponding intrinsic reaction coordinate (IRC) paths were
subsequently determined. As an example, the IRC paths
for the attack of -OH at O3-H3 in different compounds are
displayed in Fig. 3. The end points of each IRC path were
further optimized to yield the pre-reactive complex (-OH
hydrogen-bonded to the kaempferol-based molecule) and
post-reactive complex (H,O hydrogen-bonded to the
oxyradical product). The theoretical pathway of HAT up-
on the attack of -OH can be written as

R-OH
+ -OH—-R-OH'--OH—->TS—R-0O---HOH—R-O
+ H,0, (5)

where R-OH---OH and R-O--*-HOH represent the pre-
reactive and post-reactive complexes, respectively.
Taking morin-5"-sulfonate as an example, the transfer of
H3 from O3-H3 to ‘OH following the above pathway can
be represented by the diagram in Fig. 4. Table 2 includes
the binding energies (AE,,,), each of which is referred to
as the energy released from the system upon the binding
of ‘OH to the kaempferol-based compound. The magni-
tude of AE},;,, therefore reflects the strength of hydrogen
bonding between both reactants. Based on the AE;,,; da-
ta, the most favorable binding site for -OH in each com-
pound is given by kaempferol (O3-H3), morin (O7-H7),
morin-5"-sulfonate (02°-H2"), and morin-7-O-sulfate
(02"-H2"). The preference of a given OH group to bind
to ‘OH varies with the choice of compound as follows:

«  03-H3: morin-7-O-sulfate > morin-5"-sulfonate >
kaempferol >> morin

«  O7-H7: morin > kaempferol >>morin-5"-sulfonate

«  02"-H2": morin-7-O-sulfate > morin-5"-sulfonate >>
morin

«  04°-H4": morin-7-O-sulfate > kaempferol >> morin >
morin-5"-sulfonate

Overall, the hydrogen bonding between O” in -OH and the
hydroxyl H atom of compound is obviously favorable in
morin-7-O-sulfate. Nevertheless, there would be no explicit
relationship between AE};,; and the reaction potential de-
scribed earlier because the likelihood of the H atom in a
kaempferol-based molecule being successfully abstracted by
the incoming ‘OH depends primarily on the relative stability
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Fig. 3 Energy profiles obtained 5

by intrinsic reaction coordinate

(IRC) calculations for the attack 04

of -OH at O3-H3 of a kaempferol,
b morin, ¢ morin—S*—sulfonate,
and d morin-7-O-sulfate in
aqueous solution at 298 K. The
maximum in each profile
corresponds to transition state
(TS). The initial and final states
are the pre-reactive complex and
the post-reactive complex,
respectively
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of the oxyradical product rather than the strength of interac-
tions between the reactants.

The essential kinetic data for all possible HAT reactions of
kaempferol-based compounds initiated by ‘OH in aqueous
solution are presented in Table 3. The orders of magnitude
of most rate constants obtained in this work are in the range
for typical -OH reactions (~10°~10'"° M' s™") [7]. The four
highest rate constants (k) of all reactions can be sorted as

Morin-5*-sulfonate

—_ +.0H
A —~
o .
£ s, Pre-reactive
® -10¢
3]
=
~., 20}
o
@
c -30r
[
>
- '40 B
)
[
x -50°

Reaction coordinate

morin-5"-sulfonate (kossjy4+) > morin (ko jo+) > mMorin-5 -
sulfonate (kos_jys) > morin (kos_gi3). Morin-5 -sulfonate and
morin therefore exhibit prominent kinetic reactivity toward
‘OH. The dependence of reaction rate on the location of OH
group in each compound is given as follows:

«  Kaempferol: 03-H3 > 07-H7 > 05-H5 > 04 -H4"
«  Morin: 02"-H2" > 03-H3 > 04"-H4" > O7-H7

O3-radical
+H,0
’_

L -26.3

.
’

', Post-reactive .-’
*, complex ,-
T

s 04 ™, ‘)
/ H* A

H-bond

Fig. 4 Energy diagram for HAT from O3-H3 of morin-5"-sulfonate to -OH. The optimized geometries of TS, pre-reactive complex, and post-reactive

complex are all included

@ Springer



Struct Chem (2019) 30:2167-2180

2175

Table 3  Kinetic parameters at 298 K for the transfer of H atom from different OH groups of each kaempferol-based compound to ‘OH in aqueous
solution. All data are based on PCM-DFT calculations at the CAM-B3LYP/6-311++G(d,p) level

Reactive group Compound v K> AC B Il ker Kinetic effect of substituent Reaction rate ranking”
03-H3 Kaempferol 6632 143 1.65x10" 145 142x10" 1 Reference 6
Morin 1753.6 3.99 3.99x10" 2.86 320x10" 225 Activate 4
Morin-5"-sulfonate 186.3 1.03 4.00x 10'° 2.66 4.49x10% 0.03 Deactivate 13
Morin- 7-O-sulfate 667.8 143 1.10x 10" 0.95 222x10'° 1.55 Activate 5
05-H5 Kaempferol 1420.0 296 3.48x10" 383 543x107 1 Reference 16
Morin 10943 2.16 8.64x10" 3.11 4.54x10° 83.6 Activate 10
Morin-5"-sulfonate 1033.0 2.04 3.60x10'"" 1.30 4.02x 10" 740 Activate 3
Morin- 7-O-sulfate 825.5 1.66 3.13x10' 291 231x10® 425 Activate 14
07-H7 Kaempferol 5948 134 1.68x10" 041 834x10° 1 Reference 9
Morin 119.8  1.01 3.22x10" 073 9.40x10° 1.13 Activate
Morin-5"-sulfonate 82.0  1.01 1.26x10' 0.77 3.44x10° 041 Deactivate 11
02" -H2" Morin 4742 122 418x10" 127 490x10'° 1 Reference 2
Morin-5"-sulfonate 691.6 146 9.72x10' 542 1.04x107 2.12x10* Deactivate 18
Morin-7-O-sulfate 8582 1.72 8.78x10'" 3.68 1.76x10® 3.59x 10 Deactivate 15
04"-H4" Kaempferol 842  1.01 2.05x10° 235 3.88x10" 1 Reference 17
Morin 2150 1.04 4.70x10'° 079 124x10" 319.6 Activate 7
Morin-5"-sulfonate 915.4 1.81 5.51x10" 1.55 4.02x10'? 1.04x10° Activate 1
Morin-7-O-sulfate  939.6 1.86 1.97x10' 1.95 734x10°® 189 Activate 12

? Imaginary part of vibrational frequency of TS geometry (cm )
®The Wigner transmission coefficient

¢ Pre-exponential factor (dm® mol!' s71)

9 Activation energy (kcal mol ')

°Rate constant (dm> mol ™! s7")

TRanking is based on the k values of all 18 reactions

«  Morin-5"-sulfonate: 04 -H4" > 05-H5 > 07-H7 > 03-
H3>02"-H2"
«  Morin-7-O-sulfate: 03-H3 >04" H4" > 05-H5>02"-

*

H2

It is noted that except for morin-5"-sulfonate, the kinetic
reactivity of O3-H3 is markedly high in most compounds.

In order to appropriately characterize the effect of substit-
uents on the HAT rate, the kinetic reactivity of the individual
OH groups are described as follows:

1. C3-Hydroxyl group (O3-H3). O3-H3 is found to be the
most kinetically reactive group in two compounds
(kaempferol and morin-7-O-sulfate) and the second most
reactive group in one compound (morin). The prominent
kinetic reactivity toward -OH of this particular OH group
on ring C, interestingly, coincides with its markedly high
thermodynamic reaction potential as mentioned earlier.
The kinetic reactivity of O3-H3 decreases in the order
morin > morin-7-O-sulfate > kaempferol (reference) >
morin-5"-sulfonate. Compared to kaempferol (the parent
compound), the activating effect on O3-H3 is resulted in

every case except morin-5 -sulfonate. The activation en-
ergy for the attack of -OH at O3-H3 decreases as morin >

morin-5"-sulfonate > kaempferol (reference) > morin-7-
O-sulfate. Given that the activation energy (£%) of morin
(2.86 kcal mol™') is almost twice as high as that of
kaempferol (1.45 kcal mol™"), the highest reaction rate at
03-H3 for morin is principally attributed to the massive
pre-exponential factor, caused by either the large partition
function of TS relative to the pre-reactive complex or the
exceptionally high imaginary vibrational frequency of TS.
This case simply demonstrates that the kinetic reactivity
cannot be judged alone by the value of activation energy
according to the TS theory.

Following the TS structure analysis, O"~H3 (with O" be-
ing the O atom in ‘OH), a hydrogen bond which plays a key
role in attracting ‘OH to the reactive O3-H3 group, becomes
strongest in the case of morin. For more details, the O"-H3
attractive force (¢ A™2) within the optimized TS structure
decreases in the sequence: morin (— 0.159) > morin-7-O-sul-
fate (— 0.123) > kaempferol (— 0.108) > morin-5"-sulfonate (—
0.057). Correspondingly, the strength of O"---H3 decreases in
the same sequence as the imaginary vibrational frequency of
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the TS geometry. Now, let us consider the structural effect on
the TS stability, the reactive-site geometry formed by follow-
ing seven atoms: C4, O4, H*, O*, H3, O3, and C3 in the TS
structure of kaempferol (Fig. 5a) displays an outstanding de-
gree of planarity, implying high stability and hence low E*.
Such a seven-membered reactive site is organized so well that
it is almost coplanar with the entire kaempferol molecule. As
seen in Fig. 5b, the observation on the HOMO plot for the TS
structure of kaempferol reveals a significant degree of 7-
electron delocalization over the three O atoms at the reactive
site—such a feature is not found in the case of morin.
According to the NBO analysis, a relatively strong hydrogen
bond such as O4--H" plays a key role in organizing the
reactive-site geometry of kaempferol. For more information,
the O4-H" attractive forces (¢* A~?) within TS are in the order:
kaempferol (—0.085) > morin-7-O-sulfate (—0.078) > morin
and morin-5"-sulfonate (none). Although O4-~H" in the TS
of morin-7-O-sulfate is not as strong as that in the TS of
kaempferol, the electronic effect of the sulfate group in the
former give rises to the exceptionally uniform charge distribu-
tion over the whole three-ring skeleton (Supplementary
Materials, Fig. S5), being responsible for the lowest E* of
0.95 kcal mol™'. For the TS structure of morin or morin-5"-
sulfonate, the O4-H attractive force is replaced by the 04-O"
repulsive force (morin: 0.063 & A_z; morin-5"-sulfonate:
0.055 & Afz), hence increasing the value of E*. Tt is noted
that the stronger the O4-O" repulsive force is, the higher the E*

(@)

3
Lo oy H3
/ . W Ty H atom being abstracted

02*

Attraction

5
s

™,
«\ \\ \
/ \
Repulsion

Kaempferol (low E¥)

value will become. The region in which the 04-O" repulsion
is active in the TS structure of morin is illustrated in Fig. 5a for
clarification.

2. C5-Hydroxyl group (O5-HS). The rate constant for the
attack of -OH at O5-HS5 on ring A can be increased from
the reference value of kaempferol by any choice of sub-
stituents attempted herein. The most kinetically enhanced
reaction at O5-H5 belongs to morin-5"-sulfonate. It is
noted that the C5"-sulfonate group somehow affects the
reactivity of O5-H5 in the opposite way to what it does to
the reactivity of O3-H3 as mentioned earlier.

As seen in Table 3, the highest HAT rate at O5-HS of
morin-5"-sulfonate is mainly due to the remarkably low E*
value (1.30 kcal mol !). Let us consider the TS structure
formed upon the radical attack at O5-H5 of morin-5"-sulfo-
nate (Fig. 6a). The reactive-site geometry built up of the fol-
lowing eight atoms: OS5, C5, C10, C4, O4, H, 0", and H5 is
almost planar. The HOMO plot included reveals the presence
of m-electron delocalization over the segment O5-+-H 0",
indicating a favorable orbital interaction between O5 and O
at the reactive site. The electron density over the eight-
membered reactive site in the TS structure of morin-5"-sulfo-
nate as seen in Fig. S6 (Supplementary Materials) appears
more homogeneous than the same site in the corresponding

(b)

Kaempferol

Fig. 5 a Formation of seven-membered reactive site in the TS structures formed upon the attack of -OH at O3-H3 of kaempferol and morin. b Spatial
distribution of the HOMOs of the TS structures formed upon the attack of -OH at O3-H3 of kaempferol and morin
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€))

being abstracted

Morin-5"-sulfonate
TS(O5-H5)

2177
(b)
H* *OH radical
H-Bond ’ /
b
'O(b) 1<—H-Bond
QH4*<— H atom
O(a) H being

O4* abstracted

Morin-5"-sulfonate
TS(04%-H4%)

Fig. 6 a Formation of eight-membered reactive site in the TS structure formed upon the attack of ‘OH at O5-H5 of morin-5"-sulfonate. The spatial
distribution of HOMO is included. b The TS structure formed upon the attack of -OH at O4"-H4" of morin-5"-sulfonate

TS structures of the other compounds. The presence of the
C5"-sulfonate group on ring B is so effective in reducing the
excess negative charges on several O atoms such as O1, O3,
04, 05, and O7, rendering the charge density on the
chromone moiety highly homogeneous. The charge stability
of O” (the unpaired-electron center of -OH) in this case should
be remarkably high. On the other hand, for the TS structures of
either kaempferol or morin (Supplementary Materials, Fig.
S6), the electron density on O is noticeably higher than that
on either O4 or O5. The most effective electron distribution
over the reactive site of the TS structure of morin-5"-sulfonate
essentially accounts for its lowest £¥. When changing from
kaempferol to morin-5"-sulfonate, the fractions of electrons
(in %) populated on the O atoms and the C atoms in the
chromone moiety of the TS structure are reduced from 6%
to 4% and from 4% to 3%, respectively. This result ensures
a long-range effect of the sulfonate group on the distribution
of' negative charges on the O atoms within the chromone moi-
ety. In the TS structure of morin-7-O-sulfate (Supplementary
Materials, Fig. $6), the electron density on O" appears quite
similar to that on either O4 or O5; however, the degree of
charge homogeneity is not as obvious as that in the TS struc-
ture of morin-5"-sulfonate. Consequently, the charge stability
of O” in the TS structure of morin-7-O-sulfate is expected to
be slightly lower than that in the TS structure of morin-5"-
sulfonate.

Another interesting feature found in the TS structure is the
formation of an intermolecular hydrogen bond O4+H" (see
Fig. 6a), which plays a key role in confining the orientation of
-OH within the reactive site. The O4-H" attractive force (¢
A™?) in the TS structure is varied with the type of compound
as morin-7-O-sulfate (—0.1058) > morin-5"-sulfonate (—
0.1009) > morin (—0.0997) > kaempferol (—0.0995). For

morin-7-O-sulfate, both the strongest 04--H" and the marked
charge stability of O within the TS structure account for its
low E*.

3. C7-Hydroxyl group (O7-H7). Taking kaempferol as a ref-
erence, the kinetic reactivity of O7-H7 on ring A is found
to be activated and deactivated in morin and morin-5"-
sulfonate, respectively. In the TS structure of morin-5 -
sulfonate (Supplementary Materials, Fig. S7), the electron
density over the chromone moiety is strikingly low be-
cause of the long-range electron-withdrawing ability of
the C5"-sulfonate group located on ring B. According to
the electron population analysis, the fraction of electrons
(in %) populated on the six C atoms on ring A of the TS
structure decreases in the order: kaempferol (22.7%) >
morin (21.6%) > morin-5 -sulfonate (17.4%). The dis-
tinctive reduction in the electron density over the
chromone moiety not only promotes the E* value but also
decreases the total partition function of the TS structure of
morin-5"-sulfonate. In the case of morin, the massive pre-
exponential factor is a key to the highest kinetic reactivity
of its O7-H7 toward the attack of -OH. The O"-H7 attrac-
tive force (¢ A™?) in the TS geometry decreases in the
order morin (— 0.170) > kaempferol (— 0.168) > morin-5"-
sulfonate (—0.150). The pre-exponential factor is signifi-
cantly correlated to the strength of O™-~-H7 in the TS
structure.

4. (C2"-Hydroxyl group (02°-H2"). Due to the lack of 02"
H2" in kaempferol, the kinetic reactivity of this OH group
in morin-5"-sulfonate or morin-7-O-sulfate needs to be
compared with morin. The addition of either sulfonate
or sulfate groups to morin drastically decreases the rate
of HAT at O2"-H2". Compared to morin, the pre-
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exponential factor is reduced by a factor of 4.3 and 4.8 in
morin-5"-sulfonate and morin-7-O-sulfate, respectively.
However, the substantial decrease in the rate constant val-
ue upon the addition of substituents to morin is primarily
connected to the increase in E¥. The attack of -OH at 02"-
H2" of morin-5"-sulfonate, with the highest E* of
5.42 kcal mol !, is the slowest of all 18 reactions under
study. The optimized TS structures formed upon the HAT
reactions at 02 -H2" of morin and its two derivatives are
depicted in Supplementary Materials, Fig. S8. The kinet-
ics of HAT at 02"-H2" is significantly affected by the
presence of O"-+H2"—a hydrogen bond which attracts
-OH toward the reactive O2"-H2" group. The O"-H2" at-
tractive force (¢ A~?) in the TS structure decreases in the
order: morin-7-O-sulfate (—0.256) > morin (— 0.249) >

morin-5"-sulfonate (- 0.244). Furthermore, a careful ob-
servation on the TS structures (Supplementary Materials,
Fig. S8) reveals that while -OH approaches the reactive
02"-H2" group on ring B, its O atom (denoted by O”) will
encounter an electrostatic repulsion against O3 on ring C.
In terms of kinetics, such a repulsion is definitely an ob-
stacle to the radical attack at O2"-H2". The O™-O3 repul-
sive forces (¢ A2) in the TS structures are in the order
morin-5"-sulfonate (0.0870)> morin-7-O-sulfate
(0.0841) > morin (0.0837). The strongest 0"-03 repul-
sion is the TS structure of morin-5"-sulfonate basically
emerges from the highest negative charge on O3. For
more information, the amount of negative charge on O3
in the TS structure decreases in the order: morin-5"-sulfo-
nate (— 0.640e) > morin-7-O-sulfate (—0.638¢) > morin
(= 0.632¢). Allowing for both the weakest O"-H2" attrac-
tion and the strongest O"-O3 repulsion in the TS structure,
the attack of -OH at O2"-H2" of morin-5"-sulfonate
should be most considerably retarded. For morin, the
highest rate of HAT at O2°-H2" is consistent with the
weakest O"-O3 repulsion within the corresponding TS
structure.

5. C4"-Hydroxyl group (04 -H4"). Among all OH groups in
kaempferol, 04"-H4" on ring B is least kinetically reac-
tive toward the attack of -OH. It is worth noting that the
highest thermodynamic reaction potential of this OH
group in kaempferol as mentioned earlier could be op-
posed by its lowest kinetic reactivity to some extent. On
the other hand, O3-H3 in kaempferol, with the thermody-
namic reaction potential being comparable to 04 -H4", is
much more kinetically reactive to -OH. The rate constant
for the attack of *OH at O3-H3 in kaempferol is 366 times
as large as that for the corresponding reaction at 04 -H4"
in the same compound. Allowing for this fact, it would be
useful to know whether the kinetic reactivity of 04 -H4"
can be promoted by the effect of substituent. Based on the
rate constant values, the kinetic reactivity of 04"-H4" to-
ward the attack of -OH decreases in the following

@ Springer

sequence: morin-5"-sulfonate >> morin >> morin-7-O-
sulfate > kaempferol (reference). The kinetic enhance-
ment with respect to kaempferol is therefore resulted in
all cases. By merely adding O2"-H2" to ring B of
kaempferol (as in the case of morin), the rate constant
can be increased by a factor of 320. There is a correlation
between the strength of O™+H4" in the TS structure and
the value of imaginary vibrational frequency since the
presence of strong O +~-H4" normally reduces the electron
density over the adjacent O4"-H4". For further informa-
tion, the O"-H4" attractive force (¢* A2) decreases in the
order morin-7-O-sulfate (—0.219) > morin-5"-sulfonate
(=0.199) > morin (—0.183) > kaempferol (—0.123). The
attack of -OH at O4 -H4" of morin-5"-sulfonate is
regarded as the fastest of all 18 reactions tested. The ex-
ceptionally large pre-exponential factor of morin-5"-sul-
fonate has a great contribution to its highest rate constant.
As depicted in Fig. 6b, hydrogen bonding between the H"
atom in -OH and the sulfonate O atom (O(b)) assists in the
incorporation of -‘OH into the reactive site, being in accor-
dance with the massive pre-exponential factor.

Considering the electrostatic potential maps shown in Fig.
S9 (Supplementary Materials), the negative charges in the TS
structure of kaempferol are populated more intensely on ring
B than the other rings, whereas the negative charges in the TS
structure of morin are distributed more uniformly throughout
the three-ring skeleton. This observation agrees with the
highest and lowest E* values for the reactions at 04 -H4" of
kaempferol and morin, respectively. For the TS structure of
morin-7-O-sulfate, the inductive effect of the sulfate group
particularly reduces the electron density on the chromone moi-
ety, making the E* value of morin-7-O-sulfate not much dif-
ferent from that of kaempferol. For the TS structure of morin-
5"-sulfonate, the electron density on ring A is slightly lower
than that on the other rings; therefore, this could be the main
reason for morin-5"-sulfonate to have higher £ than morin.

Conclusions

Following the DFT-based thermodynamic data obtained in
this work, the most and the least preferable sites for the attack
of -‘OH are assigned to O3-H3 in morin-7-O-sulfate and O5-
H5 in morin-5"-sulfonate, respectively. Formation of an intra-
molecular hydrogen bond O3---H3 and the electron-
withdrawing ability of the 7-O-sulfate group altogether allow
the formation of the most stable O3-radical product for morin-
7-O-sulfate. For most compounds tested, the HAT reaction at
03-H3 is highly favorable both thermodynamically and kinet-
ically, whereas O5-H5 shows the lowest likelihood of under-
going the HAT reaction due to the lowest stability of the O5-
radical product.
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Concerning the kinetics, O4°-H4" in morin-5"-sulfonate
shows the highest kinetic reactivity due to the activating effect
of a hydrogen bond between the H atom in ‘OH and the O
atom in the C5 -sulfonate group. On the other hand, the
slowest H-atom abstraction is predicted to occur at O2"-H2"
in morin-5"-sulfonate because of the hindering effect of elec-
trostatic repulsion between the O atom in ‘OH and O3 located
near the site of reaction. In most compounds excluding morin-
5"-sulfonate, O3-H3 is highly reactive to the attack of -OH.
The presence of hydrogen bonding O3++H2" has a great im-
pact on the charge stability of the TS geometry formed upon
the HAT reaction at O3-H3. Since all HAT reactions initiated
by the attack of -OH are considered rapid, the scavenging
activity of each compound would technically depend on its
thermodynamic potential to undergo the HAT reaction. In this
case, morin and morin-7-O-sulfate could be the potential can-
didates for use as scavengers of ‘OH. Experimental evidences
on the ability of morin-7-O-sulfate to scavenge -OH are still
needed. Morin may have an advantage in the higher number
of the reactive OH groups, but the superior solubility in water
of morin-7-O-sulfate is more preferable in biological and
pharmaceutical applications.
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