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Flavonoids are used as natural additives and antioxidants in foods, and after coordination to metal ions, as
drug candidates, depending on the flavonoid structure. The rate of radical scavenging of the ubiquitous
plant flavonoid kaempferol (3,5,7,4'-tetrahydroxyflavone, Kaem) was found to be significantly enhanced
by coordination of Mg(n), Ca(i), Sr(n), and Ba(i) ions, whereas the radical scavenging rate of apigenin
(5,7,4'-trinydroxyflavone, Api) was almost unaffected by alkaline earth metal (AEM) ions, as studied for
short-lived B-carotene radical cations (B-Car'*) formed by laser flash photolysis in chloroform/ethanol
(7 : 3) and for the semi-stable 2,2-diphenyl-1-picrylhydrazyl radical, DPPH", in ethanol at 25 °C. A 1:1
Mg()—Kaem complex was found to be in equilibrium with a 1 : 2 Mg(i)—Kaem, complex, while for Ca(n),
Sr() and Ba(n), only 1:2 AEM(i)—Kaem complexes were detected, where all complexes showed 3-
hydroxyl and 4-carbonyl coordination and stability constants of higher than 10° L2 mol™2. The 1:2
Ca(i)—Kaem, complex had the highest second order rate constant for both -Car'* (5 x 10® L mol™t s7%)
and DPPH" radical (3 x 10° L mol™ s7%) scavenging, which can be attributed to the optimal combination
of the stronger electron withdrawing capability of the (n — 1)d orbital in the heavier AEM ions and their
spatially asymmetrical structures in 1: 2 AEM—Kaem complexes with metal ion coordination of the least
steric hindrance of two perpendicular flavone backbones as ligands in the Ca(i) complex, as shown by
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Introduction

Flavonoids are among the most investigated phytochemicals due to
their high abundance and structural diversity.! These compounds
are supplied to animals and humans supplied by fruit and vegetable
intake, and are associated with well-documented benefits including,
anticancer, anti-inflammation, antiatherosclerotic and antioxidant
properties.”™ The complexation of flavonoids with metal ions has
been reported to significantly enhance the antioxidant activities of
most of these complexes,”*” while for some other combinations of
metal ions and flavonoids, their antioxidant activities are
unchanged or even decrease.”** The binding of metal ions with
flavonoids and the type of metal-flavonoid complexes formed
depend on solvent, pH, concentration and the nature of both the
metal ions and flavonoids, which complicates the understanding of
the molecular mechanism behind the effect that the metal ions
have on the activities of the flavonoids.>****°

A remarkable increase in the radical scavenging efficiency of
flavonoids by the coordination of the transition metal ions Zn(u)
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density functional theory calculations.

and Cu(u) has been demonstrated and quantitatively assigned
to specific species in equilibrium in solution in our recent
studies.>® For both Zn(n) and Cu(u), 1:1 metal-flavonoid
complexes were found to have a higher radical scavenging
ability than 1: 2 complexes as a result of electron withdrawal
from the phenolic group of the flavonoid by metal ions.>® For
1: 2 metal complexes with two flavonoid ligands in a symmet-
rical structure, the electron withdrawal by transition metal ions
from the ligands is balanced, and the radical scavenging activity
decreases compared to that of the asymmetric 1:1
complexes.>*® In contrast, the effect that the binding of the ions
of main group elements to flavonoids has on the radical scav-
enging activity of flavonoids and on the structure-activity is less
clear.”

In the present study, we extend the investigation of the
binding of metal ions to flavonoids and systematically explore
the interactions of alkaline earth metal (AEM) ions with flavo-
noids and the effect on the radical scavenging efficiency of
binding of AEMs to flavonoids. Ca, Sr and Ba have recently been
found to mimic transition metals, showing unusual structures
and reactivities.”*** Mg and Ca are ubiquitous and essential to
living organisms, playing vital biological roles.>”*® Sr also plays
an important role in aquatic life and has found some use in
medicine for improving bone strength,* whereas Ba is toxic to
living organisms. Both Sr and Ba are included in the present
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study in order to systematically elucidate the effect that AEM
ions have on the radical scavenging activities of flavonoids.
Kaem (3,5,7,4’-tetrahydroxyflavone) and Api (5,7,4'-trihydroxy-
flavone apigenin, with a 3-hydroxyl group less than kaempferol,
Scheme 1), were compared for their chelation of AEM ions and
for the effect of AEM ion binding on their radical scavenging
efficiencies. The finding of the 1 : 2 Ca(u)-Kaem, complex as the
most efficient radical scavenger should be of more general
interest for the use of flavonoids as additives and antioxidants
in food systems with high calcium content, such as dairy
products.

Experimental
Chemicals

Kaempferol (Kaem, >98%) and apigenin (Api, >98%) from
Huike Plant Exploitation Inc (Shaanxi, China), magnesium
acetate Mg(CH3COO), (>98%) and calcium acetate Ca(CHs-
COO0),-H,0 (>99%) from Titan Scientific (Shanghai, China),
strontium acetate Sr(CH;COO),-1/2H,0 (>99%) and barium
acetate Ba(CH3;COO), (>99%) from Shandong Xiya Chemical Co.
Ltd., and 1,1-diphenyl-2-picrylhydrazyl radical (DPPH") from
ZhongShengRuiTai Technology Inc (>97%, Beijing, China) were
used as received. All-trans-p-carotene (B-Car, >93%), ferrocene
(>98%) and NaClO, (>98%) from Sigma-Aldrich (St. Louis, MO,
USA) and spectrophotometric grade ethanol (99.9%, Fine
Chemical Industry Research Institute, Tianjin, China) were
used as received. Chloroform (>99.0%, Beijing Chemical Works,
Beijing, China) was purified before use by passing it through an
alumina column (AR, Tianjin Fuchen Chemical Plant, Tianjin,
China).

Reaction of alkaline earth metals ions with Kaem and Api

All UV-vis absorption spectra were measured on a Cary60
spectrophotometer (Varian, Inc., Palo Alto, CA, USA) using
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1.0 cm quartz cells in a thermostated room at 25 °C. The
absorption spectra were obtained by two methods: (i) adding
increasing amounts of AEM(u) ions to 20 uM Kaem or Api, (ii)
mixing solutions of Kaem or Api and AEM(u) ions with invari-
able total molar concentrations but varying molar ratios from
19 :1to 1 : 19 for Mg(u) or Ca(u), and from 9 : 1 to 1 : 9 for Sr(u)
or Ba(n) ions.

Infrared (IR) spectra and mass spectra (MS)

IR spectra were obtained on a Bruker Tensor 27 FT-IR spec-
trometer (Karlsruhe, Germany). Solid samples of AEM(u)-
kaempferol/apigenin complexes for IR tableting were prepared
from a solution of Kaem/Api and AEM(u) salts in ratios of 1 : 10
by evaporation of ethanol under a nitrogen gas flow.

MS were obtained on a Thermo Scientific™ Q Exactive™ HF
(Waltham, MA, USA) spectrometer operated in positive ion
mode. Samples of AEM(u)-kaempferol complexes were
prepared by filtering solutions of Kaem and AEM(u) salts after
mixing them through a nylon membrane with 220 nm sieve
pores. The samples were analyzed by direct infusion electro-
spray ionization (ESI) by means of a syringe pump (Thermo
UltiMate 3000, Waltham, MA, USA) at a flow rate of 5 pL, min~"
at a capillary temperature of 320 °C and spray voltage of 3.50 kV.

Determination of oxidation potentials

Cyclic voltammetry (CV) was performed on a three-electrode
CHI 760D electrochemical analyzer (ChenHua Instruments
Inc., Shanghai, China) both in ethanol and in ethanol: -
chloroform = 7 : 3. The working electrode was a glassy carbon
piece (diameter = 4 mm), the reference electrode was a silver
wire, and the auxiliary electrode was a platinum wire. 0.10 M
NaClO, was used as a supporting electrolyte. 50 uM ferrocene
was used as an internal standard, and CVs were obtained in the
potential range of —0.5 to 0.9 V at a scan rate of 0.05 Vs~ .

(a) Kaem
HO, -o(H")
e
OH
HO ,~/ O HO
o - o

Mg(II) Mg(IT)

(d) Mg(I)-Kaem™

(b) Api

=L 5 on

(e) Mg(Il)-Kaem

S b
Mg(ID)

(f) Mg(ID)-Api*

Scheme 1 Molecular structures of (a) kaempferol, (b) apigenin, (c) a 1: 2 M(1)—Kaem, complex, M = Mg, Ca, Sr, Ba, (d) a 1: 1 cationic Mg(i)—
Kaem* complex, and (e) a 1:1 neutral Mg()—Kaem complex without a 7-phenolic proton, as the most acidic group identified from DFT

calculations, (f) 1 : 1 cationic Mg()—Api* complex.
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B-Carotene radical cation and DPPH" scavenging

The laser flash photolysis apparatus for the study of the kinetics
of B-Car’” scavenging has been previously described in
detail.**** The laser pulses at 532 nm (4 mJ per pulse, 7 ns, and
10 Hz) for the bleaching assay were supplied by a Nd**:YAG laser
(Quanta-Ray PRO-230, Spectra Physics Lasers, Inc., Mountain
View, CA, USA). 940 and 510 nm probe lights were provided by
a laser-driven white light source (LDLS-EQ-99 LAMP MODULE,
Energetiq Technology, Inc., Woburn, MA). The absorbance was
detected using a photodiode (model S3071, Hamamatsu
Photonics, Hamamatsu, Japan). The optical path length of the
cuvette was 1 cm and all measurements were carried out at
25 °C. Ethanol/chloroform (7/3, v/v) was used as the solvent for
the equilibrated solution of B-Car and AEM(u) salts and Kaem.

The kinetics of DPPH" scavenging by AEM(u)-kaempferol
complexes were investigated using a stopped-flow technique
with the same method as previously performed on an RX2000
Rapid-Mixing Stopped-Flow Unit (Applied Photophysics Ltd,
Surrey, United Kingdom).>® For one syringe solution, DPPH’
was dissolved in ethanol to obtain an absorbance of 0.92 4 0.02
(extinction coefficient ¢ = 9660 L mol " cm ") at 516 nm,** and
the final concentration of the DPPH" was calculated to be 100
uM. The other syringe solution was an equilibrated sample to be
measured.

Quantum chemical calculations

Structural optimization of Kaem or Api and the AEM(u) were
performed using the Gaussian 09 package and self-consistent
reaction field (SCRF) model with the Becke3 and Lee Yang
Parr (B3LYP) hybrid functional method along with Def2-SVP
basis set.*

The proton dissociation enthalpy (PDE), ionization potential
(IP) and bond dissociation enthalpy (BDE) of both Kaem and
Api and their AEM(u1) complexes were calculated as the gas
phase enthalpy difference:

Ar-OH — Ar-O" + H’

Ar-OH — Ar-O” + H"

Ar-OH — Ar-OH™" + ¢
Ar-O” - Ar-O" +e

Ar represents an unsaturated group linked to hydroxyl in Kaem
or Api and their AEM complexes. Enthalpies of H’
(—312.88 kcal mol™') and H" (1.48 kcal mol™') were also
calculated, and the enthalpy of an electron (0.75 kcal mol ") was
obtained from literature.**

Dihedral angles («) between the two planes of the two Kaem
ligands in complexes were calculated according to eqn (1):

- =

-
Vi it
in which, 7 and 7 represent two normal vectors of two Kaem
planes, respectively. 771(A;, By, C;) and #i(4,, B,, C,) were obtained

1)

cos{a) =
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from the following two equations of two planes including metal
ions and the two oxygen atoms within the same plane,

A])C+B]y+ C]Z+D1 =0 (2)
and
A2X+B2y+CZZ+D2:0 (3)

in which, (A;, By, C;) and (4,, B,, C,) represent two normal
vectors m and #, and x, y, z represent the coordinates of opti-
mized metal ions and the four oxygen atoms in two Kaem
planes coordinated to metal ions, and D, and D,, are constants,
respectively.

Results

Reactions of AEM(n) ions with Kaem or Api and the formation
of complexes

The UV-vis absorption spectra of 20 pM of Kaem with
a maximum absorption at 368 nm in ethanol clearly shifted to
the long wavelength region by addition of Mg/Ca/Sr/Ba(u) ions,
as seen in Fig. 1a-d. Addition of 2 to 20 uM Mg(u) ions to Kaem
showed a similar spectral shift to around 425 nm upon the
addition of the heavier AEM(u) ions Ca/Sr/Ba(u). Further addi-
tion of up to 30 uM of Mg(u) ions to Kaem resulted in a further
red shift and the formation of a new species with a maximum
peak at 445 nm, while no further red shift occurred upon the
addition of even excessive concentrations of Ca/Sr/Ba(u) ions to
Kaem solution. Both Mg(u)-kaempferol complexes were found
to have very similar characteristics in terms of their absorption
spectra and Jobs plot (Fig. 1a, inset), as also observed for 1: 1
Zn(un)-Kaem and 1 : 2 Zn(un)-Kaem, binding at the 3-hydroxyl
and 4-carbonyl groups in our recent study.’

The same method of deconvolution and calculations of the
equilibrium distribution between the two species as used for
the Zn(u)-Kaem complexes in ref. 5, gave 1 : 1 cationic Mg(u)-
(Kaem-H)" and 1:2 neutral Mg(n)-(Kaem-H), complexes
(Scheme 1c and d) with maximum absorption peaks at 445 and
425 nm (Fig. 2a), formed from the binding of Mg(u) to Kaem at
the 3-hydroxyl and 4-carbonyl groups, resulting in the depro-
tonation of the 3-hydroxyl group, as shown in eqn (4) and (5).
The 1:1 Mg(u)-kaempferol complex was found to transform
into a 1:2 Mg(u)-kaempferol complex upon the addition of
acetic acid (Fig. S1t), which indicates that the most stable 1 : 1
Mg(u)-kaempferol complex is neutral, Mg(u)-(Kaem-2H)
(Scheme 1e), formed from the spontaneous deprotonation of
cationic Mg(n)-(Kaem-H)" due to the increased acidity of
phenol upon Mg(u) coordination. This result is also supported
by the calculated proton deprotonation enthalpy (PDE) values
and will be further explained in the Structural and thermody-
namic analyses section. The formation of the 1:1 and 1:2
complexes and the transformation of the two complexes are
shown in eqn (4)-(6):

—H' K

Mg(II) + Kaem =—— Mg — (Kaem — H)" (4)

RSC Adv, 2020, 10, 30035-30047 | 30037
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—2H* K,

Mg(Il) + 2Kaem =———= Mg — (Kaem — H), (5)

2Mg(n)~(Kaem-2H) + 2H" = Mg(n)—~(Kaem-H), + Mg(u) (6)

For convenience, the formulae Mg(u)-Kaem' and Mg(u)-
Kaem are used to represent the 1 : 1 cationic Mg(u)-(Kaem-H)"
and the neutral Mg(u)-(Kaem-2H) complexes, respectively. The
1:2 Mg(u)-Kaem complex is neutral, formed by the loss of
a proton from each of the 3-hydroxyl groups of the two Kaem
ligands, and is written as Mg(u)-Kaem,. The stability constants
were calculated to be 8.8 x 10* L mol " for Mg()-Kaem and 1.9
x 10" L” mol~? for Mg(m)-Kaem, in ethanol. A similar binding
pattern was also observed in ethanol : chloroform (7 : 3, v/v),
and stability constants were 1.9 x 10 L mol™ "' for Mg(u)-
Kaem and 3.2 x 10" L> mol > for Mg(u)-Kaem,.

Absorption spectra (Fig. 1b-d) and the derived Job plots
(Fig. 1b-d insets) resulting from addition of the heavier AEM(u)
ions Ca/Sr/Ba(u) to Kaem indicate only 1 : 2 M(u1)-Kaem, (M =
Ca, Sr, Ba) complexes formed, with a shoulder peak at 425 nm,
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as seen in eqn (7) and Fig. 2b. The obtained stability constants
for Ca/Sr/Ba(u)-Kaem,, 4.9 x 10%/2.4 x 10"°/1.2 x 10"° L> mol >
in ethanol, and 6.4 x 10°/6.9 x 10°/5.6 x 10° L*> mol 2 in
ethanol : chloroform (7 : 3, v/v), respectively, are listed in Table
1 together with the values for the 1: 1 and 1 : 2 Mg(u)-kaemp-
ferol complexes.

2H*
M(I) + 2Kaem == M(II) — (Kaem — H),,

M = Ca(II), Sr(II), Ba(II) (7)

In contrast, only Mg(u) among the AEM(u) ions binds to
apigenin (Api) (Fig. 1e and 2c). A shift to a lower wavenumber
for the stretching vibration of the C=0 double bond in the IR
spectra (Table S11) and the Job plot (Fig. 1e inset) characteris-
tics indicate that the Mg(u) ions bind Api at the 4-carbonyl and
5-hydroxyl groups in a 1:1 stoichiometric ratio, forming
a cationic Mg(n)-Api" complex, with the structure shown in
Scheme 1f. Nevertheless, no reaction occurred between the Ca/
Sr/Ba(u) ions and Api, as evidenced by lack of spectral changes
both in the UV-vis and IR absorption spectra following the

Kaem+Vg(ll)
20 uM + 2 uM

4 uM
0.4 -«

6 uM

320 uM

02k f‘/ :"\:,
e \V 47

V\/ (a)
00 I x " Iy e F — 1y & ; 2

0.4

b Kanem+Ca(ll)
20 yM + 2 uM
4 uM

440 nm

0.2

0.0

420 nm

=
w

0.4 0.8
F, Sr(ll)

Absorbance
= =

e
>
T
3
3

Kacm+Ba(Il)
0.4 20 uM12 oM

0.2 Fesan

0.0

S
'S

0.2 Api+Mg(1l)

20 uM + 2 uM

0.0F

0.0 g 0.5 .0
F Mg(I)

1 0.0F

— Api

Api + Ca(ll)
e Api + Sr(1I)
. Api + Ba(I1)

0.4

300 350 400 450 500

300 350 400 450 500

Wavelength / nm

Fig. 1 Absorption spectra of 20 uM Kaem and solutions of 20 pM Kaem with (a) Mg(CH3zCOO),, (b) Ca(CH3COO),, (c) Sr(CH3COO), and (d)
Ba(CH3zCOO), in the concentration range of 2 to 320 uM, and the absorption spectra of (e) 20 uM Api and solutions of 20 uM Api with
Mg(CH3COO), in the same concentration range, and spectra of (f) 50 uM Api and solutions of 50 uM Api with 1000 uM of Ca(CH3zCOO),,
Sr(CH3COO), and Ba(CH3zCOO),, respectively. Insets in (a—e): Job plots derived from the spectra at the indicated wavelengths for Kaem or Api
with AEM() acetates in a total concentration of 50 uM in different ratios varying from 19 : 1to 1: 19 in (a), (b) and (e), and from 9 : 1to 1: 9in (c)

and (d). The solvent used was ethanol.
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Fig. 2 (a) Normalized absorption spectra of Kaem and deconvoluted

spectra of the 1:2 Mg()-Kaem, and neutral 1:1 Mg()—-Kaem
complexes. Absorption spectra of (b) the 50 uM Kaem and deconvo-
luted spectra of Ca(i)—Kaem,, Sr()-Kaem, and Ba(i)—Kaem,
complexes from solutions containing 50 pM of Kaem and 2000 puM of
Ca(CH3COO),, Sr(CH3COO0), and Ba(CH3zCOO),, respectively, and of
(c) 20 uM of Api and deconvoluted spectra of Mg(i)—Api* from the
solution containing 20 pM of Api and 320 uM of Mg(CH3COO),.

addition of Ca/Sr/Ba(u) ions to Api solution (Fig. 1f and Table
S17). These observations support Ca/Sr/Ba(u) ion bonding with
Kaem at the 3-hydroxyl and 4-carbonyl groups of the C-ring, as
in the Mg(u)-Kaem complexes. The structures of the AEM(u)-
kaempferol and Mg(u)-apigenin complexes are shown in
Scheme 1c-f. Mass spectrometry (Tables S2t) further confirmed
the composition obtained from the UV-visible spectra of the
four 1 : 2 AEM(u)-Kaem, complexes and the 1: 1 Mg(u)-Kaem
and Mg(n)-Api" complex.

Determinations of oxidation potentials

A significant decrease in the oxidation potential of 50 uM of
Kaem from 0.166 to —0.044 V versus ferrocene from the CV scan
was observed following the addition of Mg(u) to Kaem with
a Kaem :Mg (u) ratio ranging from 1: 0.2 to 1: 20 in ethanol/

This journal is © The Royal Society of Chemistry 2020
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chloroform (7/3, v/v), as shown in Fig. 3a. Oxidation potentials
obtained from the initial oxidation peak corresponded to the
oxidation of phenolic groups.®”** The potential for the 1:1
Mg(m)-Kaem complex was estimated to be at —0.044 V, as ob-
tained from a sample of Kaem and Mg(u) in ratio of 1 : 20 with
62% of the 1:1 Mg(u)-Kaem complex dominating in equilib-
rium with 3% Kaem and 35% Mg(u)-Kaem,, as shown in Table
S3.1 The decrease in oxidation potential for the solutions with
increasing addition of Mg(u) was found to have a similar
tendency as the increase in the fraction of 1 : 1 Mg(u)-Kaem, as
shown in Fig. 3b, excluding the contribution of 1 :2 Mg(u)-
Kaem, to the decrease in the oxidation potential. The oxidation
potential of the 1 :2 Mg(u)-Kaem, complex was estimated as
0.153 V for the combination of Kaem : Mg(u) = 1 : 0.2 with 34%
of Mg(m)-Kaem, present in equilibrium with 64% Kaem and 2%
1: 1 Mg(u)-Kaem, which is close to values for the parent Kaem
and 1 : 2 Zn(u)-Kaem,.

In addition, significant decreases in oxidation potentials
were observed for combinations of Ca/Sr/Ba(u) ions and Kaem
in ethanol/chloroform (7/3, v/v). The oxidation potentials were
found to be at approximately —0.081 V for Ca(u)-Kaem,,
—0.084 V for Sr(u)-Kaem, and —0.098 V for Ba(u)-Kaem, as
obtained from Kaem and Ca/Sr/Ba(u) ions in a ratio of 1: 10
with >94% of 1:2 Ca/Sr/Ba(u)-Kaem, as the predominate
components, see Fig. 3c and Table 1. The oxidation peak of 50
uM of Api is weak and has the approximate value of 0.409 V. No
change in the oxidation potentials was observed for Api upon
the addition of excess Mg(u), as shown in Fig. 3d.

Similar changes were also observed for AEM(u)-Kaem
complexes in ethanol and the corresponding oxidation poten-
tials were determined and are listed in Table 1.

Radical scavenging kinetics

Antioxidant activities of Kaem/Api, and of the complexes of Mg/
Ca/Sr/Ba(u) with Kaem and of Mg(u) with Api were evaluated
using the two radical scavenging methods as previously re-
ported in the literature:® (i) scavenging of the photo-induced
carotenoid radical cations B-Car’" in ethanol/chloroform (7/3,
v/v), which is now a well-established method for determining
the radical scavenging of polyphenols and of Zn(u)-Kaem
complexes via electron transfer (ET); and (ii) the scavenging of
the semi-stable radical DPPH" in ethanol, which has now has
been accepted to occur via hydrogen atom transfer (HAT) from
polyphenolic antioxidants.*

(i) B-Carotene radical cation scavenging. The decay of B-
Car’’, with an absorption at 940 nm, and the simultaneous
recovery of B-Car absorption after initial bleaching at 510 nm
following photolysis were found to not be affected by the
presence of AEM(u) ions or by Kaem alone. It was found to be
significantly accelerated by the addition of each of the four
AEM(u) ions together with Kaem, as shown in Fig. 4a and c. A
series of solutions with Kaem : Mg(u) at varying ratios from
1:0.2 to 1:5 were used to investigate the B-Car" scavenging
reactivity of the 1:1 Mg(u)-Kaem and 1:2 Mg(u)-Kaem,
complexes. Solutions of Kaem with an excess of AEM(u) ions
were used for investigating the combinations of Kaem and Ca/

RSC Adv, 2020, 10, 30035-30047 | 30039
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(2.5 & 0.03) x 10*
(1.3 + 0.07) x 10*
(2.9 + 0.02) x 10°
(8.1 + 0.01) x 10*
(1.3 + 0.03) x 10°

(1.88 %+ 0.05) x 10°

—0.097

1.0 x 10°

4.8 x 10°

3,4
3,4
3,4
3,4
3,4
4,5

5.41

74

Kaem Zn(u)

0.170
—0.081
—0.084
—0.098

2.0 x 10%°

1.2 x 10

(5.44 £ 0.02) x 10°

—0.093
—0.096
—0.122

6.4 x 10°

4.9 x 10°

929 4.04

113
135

Ca(u)
Sr(m)

(3.38 & 0.02) x 10°
(3.17 + 0.02) x 10°

6.9 x 10°
5.6 x 10°

2.4 x 10*°
1.2 x 10'°

2.4 x 10°

3.54
2.96
6.15

Ba(u)

Mg(u)
“ From ref. 35. ” From ref. 36. © Formation constants, oxidation potentials (solvent is methanol : chloroform = 7 : 3) and rate constants are from ref. 5.

0.409
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Sr/Ba(u), with the 1:2 Ca/Sr/Ba(u)-Kaem, complexes domi-
nating. Notably, the decay of B-Car’* by Kaem became notably
faster upon the addition of AEM(u) ions compared to previ-
ously reported”® results in which the same amount of Zn(u) was
added, while the absorbance amplitudes for the bleaching
recovery of the B-Car ground state were smaller. These results
together imply that other reactions than ET to B-Car"" occur for
the AEM(u)-Kaem complexes as the reaction products do not
completely return to the ground state of B-Car. Stronger
absorbances were observed at 940 nm for the solutions of
Kaem with Ca/Sr/Ba(u) ions than for the solutions of only
Kaem or of each of the AEM(u) ions, especially for the
combinations of Kaem and Sr/Ba(u) (Fig. 4c). The fast decay of
B-Car’* without full recovery of the B-Car ground state mole-
cule was also observed for tea polyphenols and m-hydrox-
ybenzoic acid in our previous studies and has been ascribed to
the formation of radical adducts.*** The scavenging of B-Car""
in the present study seems accordingly to include both B-Car"*
reduction to B-Car upon accepting an electron from AEM(u)-
Kaem complexes, and addition of AEM(n)-Kaem complexes to
B-Car’*, as shown in eqn (8) and (9):

 ET
B-Car* + AEM(II) — kaempferol i B-Car
+ AEM(II) — kaempferol™ (8)

kz\ddilmn

B-Car™" + AEM(II) — kaempferol =— [B-Car---AEM(II)

— kaempferol] " 9)

Kaem : Mg(Il) (a)
1:0

-

00

= " no_
< ; Mg(1l)-Kaem, %
s £50 _—E;
= s e 8 0.1=
= <
0
’ 0
0.0 0 1 10 100 1000
Potential / V [Mg] / pM
@ 4l
S5k Api
<=. Api+Mg(IT)
-~ | e Sr-Kaem, 4
ok Ba-Kacm,

-0.2 0.0 0.2 -0.4
Potential / V

0.0 0.4 0.8

Potential / V

Fig. 3 CVs of (a) 50 uM of Kaem and solutions of 50 uM of Kaem with
10, 25, 50, 100, 250, 500, 750 and 1000 uM of Mg(CHsCOO),, (c)
solutions of 100 uM of Kaem with 1000 uM of Ca(n), Sr(1) and Ba(i), and
(d) 100 uM of Api and solutions of 100 uM of Api with 1000 pM of Mg(i),
relative to 50 uM of ferrocene in 0.10 M NaClOy,, recorded at a scan
rate of 0.05 V s~ (b) Oxidation potentials obtained from (a) (red
circles) and molar fractions (solid lines) of Kaem and deconvoluted
1:2 Mg()—Kaem, and 1 : 1 Mg(i)—Kaem against the concentration of
Mg(CH3COO), calculated from formation constants, K; = 1.9 x 10* L
mol™ and K, = 3.2 x 10*° L2 mol™2. The solvent used was ethanol/
chloroform (7/3, v/v).
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Fig.4 Decay of B-Car'* as monitored at 940 nm and the bleaching recovery of the B-Car ground state at 510 nm (a) in the absence and presence
of 50 uM of Kaem and of 50 uM of Kaem with 10, 25, 50, and 250 uM of Mg(CHzCOO)s, (c) in the presence of 50 uM of Kaem with 500 uM of
Ca(CHsCOO),, Sr(CH3COO0),, Ba(CHsCOO),, and (d) in the absence and presence of 50 uM of Api and of 50 uM of Api with 750 uM of
Mg(CH3COO),. Kinetics with only B-Car and with only B-Car and AEM acetate salts were also investigated and are shown for comparison. (b)
Observed rate constants obtained from exponential fitting of the fast decay of B-Car'* (kq1, Table 2) at 940 nm in (a) against the concentration of
Mg(CHsCOO),. The second-order rate constant for the 1 : 1 Mg(i)—Kaem scavenging of B-Car'* was calculated to have the value kp_car+ = (5.42
+ 0.04) x 108 L mol™ s7* by linear regression. The solvent used was ethanol/chloroform (7/3) and measurements were made at 25 °C.

The radical adduct observed at 940 nm was a reaction inter-
mediate, which further dissociated into a final product, as evi-
denced by the absence of absorption in the near-infrared region

(870 to 950 nm) after 532 nm laser radiation for 5 min of the
solutions of B-Car and the AEM(u)-Kaem complexes (Fig. S27).
The kinetics observed for the absorption at 940 nm for all

Table 2 Time constants (1), rate constants (k) and amplitudes (A) of the fast exponential increase (1 ki, A) and the di-exponential decay (tq1, 742,
Ka1. Ka2. Ad1, Ag2) at 940 nm and the fast formation (z, k¢, Ag) and slow recovery (z,, k, A;) of bleaching at 510 nm from the kinetic curves of Fig. 4 for
solutions of B-Car and AEM(i)—Kaem complexes in ethanol/chloroform (7 : 3, v/v)

Mg(u) + Kaem Ca(u)-Kaem, Sr(u)-Kaem, Ba(u)-Kaem,
Alnm Fitting parameters 1:0.2 1:05 1:1 1:5 1:10 1:10 1:10
940 nm T/us 40.0 41.1 37.4 25.4 26.9 35.0 38.2
k(x10%)/s7" 2.5 2.4 2.7 3.9 0.037 0.029 0.026
A —0.032 —0.031 —0.032 —0.026 —0.026 —0.050 —0.054
Tar/us 402.3 320.3 175.3 86.8 96.7 150.3 149.9
ka1 (x10%)/s7" 2.5 3.1 5.7 12 1000 6.7 6.7
Aq 0.17 0.17 0.18 0.17 0.20 0.27 0.30
Taa/us 4285 4613 4263 3286 2705 1801 1303
kaa(x10%)/s71 2.3 2.2 2.3 3.0 3.7 5.6 7.7
Ads 0.017 0.014 0.015 0.014 0.012 0.011 0.012
510 nm /s 16.0 17.6 8.8 34.7 4.4 79.1 73.0
kf(x10Y)/s7" 6.3 5.7 11 2.9 23 1.3 1.4
Ag —0.030 —0.027 —0.023 —0.019 —0.024 —0.031 —0.040
T/ps 1868 860 338 76 135.6 170.4 153.4
k(x10%)/s7! 0.54 1.2 3.0 13 7.4 509 6.5
A, —0.013 —0.015 —0.014 —0.025 —0.014 —0.040 —0.049

This journal is © The Royal Society of Chemistry 2020
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samples could be accommodated by a tri-exponential function
Aie T + Agi(1 — e ™) + Ag,(1 — e ™), including a fast
increase (1, k;), a relatively fast and dominating decay (tq1, k41),
and a slower minor decay (tqs, k4), as shown in Table 2. For the
combination of Kaem and Mg(u), kq; accounting for >90%
amplitude of the decay was found to be linearly dependent on
the concentration of the 1 : 1 Mg(u)-Kaem complex present, as
calculated from the formation constants (Fig. 4b). The 1:1
Mg(u)-Kaem complex was accordingly confirmed to be the only
B-Car'* radical scavenger and the 1:2 Mg(un)-Kaem complex
was non-reactive in B-Car'* scavenging. The second order rate
constant was found to have the value kg, = (5.42 £+ 0.04) X
10° L mol ' s, as obtained by the linear fitting of the observed
pseudo first-order rate constant k4; against the concentration of
the 1 : 1 Mg(u)-Kaem (Fig. 4b and Table 1). For combinations of
Kaem with Ca(u), Sr(u) or Ba(u), for which the results are shown
in Fig. 4c, the second order rate constants kg, were obtained
from the observed pseudo first-order rate constant k4; by divi-
sion with the concentration of the 1:2 Ca/Sr/Ba(u)-Kaem,
complex as the only complex formed and accordingly as the only
B-Car'" radical scavenger present. The second order rate
constant for the decay of B-Car"* by the AEM complexes was the
largest for 1:2 Ca(u)-Kaem,, with the value (5.44 + 0.02) X

[
T

kear+(x10°)/L-mol™*s™
-

gm- M@* % % 9@*}@

Fig. 5 (a) Second-order rate constants of B-Car'* scavenging by 1: 1
Mg(i)—Kaem and by 1 : 2 Ca/Sr/Ba(i)—Kaem, complexes obtained from
the linear fitting of pseudo first-order rate constants at 940 nm, as
shown in Fig. 4a and c. (b) Regeneration efficiency of B-Car'* to yield
B-Car by the 1:1 Mg()-Kaem and 1:2 Ca/Sr/Ba()—-Kaem,
complexes, as obtained from amplitude ratios of the bleaching kinetics
at 510 nm in the presence and absence of the complexes in Fig. 4a and
c.
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10° L mol™* s7', as compared with the 1:1 Mg(u)-Kaem
complex with the value (5.24 + 0.04) x 10® and with (3.38 +
0.02) x 10° L mol™* s~ for Sr(n)-Kaem, and (3.17 & 0.02) x
10° L mol™" s for Ba(m)-Kaem,, where a quantitative
comparison is shown in Fig. 5a.

The time constants and rate constants of the formation and
recovery of bleaching at 510 nm for all AEM(u1)-Kaem complexes
could be accommodated by a di-exponential function Age 7™ +
A(1 — e ), including a fast formation (. k) without recovery
and a subsequently slow recovery (t;, k), as shown in Table 2.
The recovery at 510 nm for all complexes was found to be slower
than the decay at 940 nm, which implies that the decay of B-
Car’* at 940 nm only partially regenerates to the B-Car ground
state, further supporting the presence of an additional reaction
that occurs for the decay of B-Car” formed by laser flash
photolysis. The fraction of B-Car’" regenerated by electron
transfer was quantified using the ratios of the absorbance of B-
Car bleaching at 510 nm at a longer delay time between the
samples in the presence and absence of the complexes, as
shown in Fig. 5b. The results indicate that the 1 : 1 Mg(u)-Kaem
and 1 : 2 Ca(u)-Kaem, complexes are the most efficient radical
scavengers that regenerate B-Car from B-Car"* compared to 1 : 2
Sr(u)-Kaem, and Ba(u)-Kaem, (Fig. 5a and b). B-Car regenera-
tion efficiency was 61% for 1:1 Mg(u)-Kaem, 60% for 1:2
Ca(u)-Kaems,, 53% for Sr(u)-Kaem, and 33% for Ba(u)-Kaems,,
all of which are lower than the 87% for 1 : 1 Zn(u)-Kaem.

In contrast, Api alone had no effect on the decay of B-Car-
“*and the combination of Mg(i1) and Api only slightly acceler-
ated the decay of B-Car'", as evidenced by the higher absorbance
at 940 nm in the presence of complexes than for only p-Car, with
no recovery of the bleaching at 510 nm, as shown in Fig. 4d.

(if) DPPH" scavenging. Semi-stable DPPH" scavenging was
investigated for combinations of Kaem and AEM(u) ions as well
as of Api and Mg(u) in ethanol monitored at 516 nm using
stopped-flow spectroscopy, as shown in Fig. 6a-c. Upon the
addition of 50 uM of Kaem to a 100 uM DPPH’" solution, the
decay in the absorbance was clearly accelerated, whereas no
effect was observed upon the addition of up to 1000 uM of Mg/
Ca/Sr/Ba(u) alone. However, the rate of DPPH" scavenging by
Kaem was significantly accelerated upon the addition of AEM(u)
ions, as can be seen in Fig. 6a and b.

For the combination of Kaem and Mg(u) in DPPH" scav-
enging, the reaction rate depends on three parallel reactions of
Kaem in equilibrium with the 1:1 and 1:2 Mg(u)-Kaem
complexes. Individual second order rate constants, kx>*™ =
(1.59 4 0.01) x 10> L mol ' s, kY8MKaem _ (3 5 4 0.03) x 10* L
mol " s~ and &8 %™ — (3.4 4+ 0.03) x 10’ L mol ' s~ ! were
calculated from the distributions of Kaem, 1: 1 Mg(u)-Kaem
and 1:2 Mg(u)-Kaem, using the same method as for Zn(u)-
kaempferol complexes to analyze the observed rate constant
kobs upon varying the Mg(u) : Kaem ratios (Table S37). The
asymmetric 1 : 1 Mg(u) Kaem was found to be 20 times and 10
times as efficient as the parent Kaem and symmetric 1:2
Mg(u)-Kaem, complex in DPPH" scavenging, respectively.

For combinations of Kaem and the heavier AEM ions Ca/Sr/
Ba(u), the reaction rates of DPPH" scavenging depend on two
parallel reactions of Kaem in equilibrium with the 1 : 2 Ca/Sr/

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Absorbances at 516 nm for DPPH" scavenged (a) by 50 uM of
Kaem, by 1500 pf uM Mg(CHsCOO),, and by 50 uM of Kaem with 25,
50, 100, and 500 uM of Mg(CH3COO),, and by (b) solutions containing
50 puM of Kaem with 25 uM of Ca(CHsCOO),, Sr(CH3zCOO), or
Ba(CH3zCOO),, respectively. Ca(CHsCOO),, Sr(CH3COO),, Ba(CHs-
COOQO), up to 1.5 M had no effect on the kinetics of DPPH" scavenging,
as shown for comparison. (c) Absorbances for the DPPH" kinetics were
not affected by 50 uM of Api, or by the presence of 50 uM of Api
together with 500 pM of Mg(CH3COO),. The solvent used was ethanol
and measurements were made at 25 °C.

Ba(u)-Kaem, complexes. Individual second order rate constants
were obtained as (2.9 + 0.02) x 10°, (8.1 & 0.01) x 10% (1.3 +
0.03) x 10° L mol ' s~ for the 1 : 2 Ca(u)-Kaem,, Sr(i)-Kaem,
and Ba(n)-Kaem, complexes, respectively, based on the distri-
butions of the 1:2 Ca/Sr/Ba(u)-Kaem, complexes in equilib-
rium with Kaem, which indicates that the 1 :2 metal-Kaem
complexes of the heavier Ca/Sr/Ba(u) ions are far more efficient
radical scavengers than the complexes of the lighter Mg(u) ion
and the transition metal ion Zn(u) in reacting with DPPH" (Table
1). Ca(u)-Kaem, has the highest scavenging rate constant, ~3.6
times that of Sr(u)-Kaem,, 2.2 times that of Ba(u)-Kaem,, 8
times that of 1:1 Mg(u)-Kaem, 85 times that of 1:2 Mg(u)-
Kaem,, and 182 times that of the parent Kaem. In contrast, no
effect on the kinetics of DPPH™ decay was observed upon the

This journal is © The Royal Society of Chemistry 2020
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addition of Api or solutions of Api together with Mg(u), as can be
seen in Fig. 6¢.

A proposed mechanism for Kaem and Api scavenging of
DPPH' in the presence and absence of AEM(u) ions and the
radical scavenging activities of the AEM(i1)-Kaem and Mg(u)-Api
complexes are outlined in Scheme 2.

Structural and thermodynamic analyses

Molecular structures of the AEM(u)-Kaem and Mg(u)-Api
complexes were optimized using density functional theory
(DFT) methods, and the structural parameters are listed in
Table 3. The results indicate that the bond lengths of the metal
ions and oxygen atoms in the 1:2 di-coordinated AEM(u)-
Kaem, complexes increase along with an increase in the radii of
the AEM(u) ions (Table 3). Mono-coordinated Mg(u) with Kaem
or Api as a ligand is planar (optimized structures not shown),
while the two Kaem ligands in the 1 : 2 di-coordinated AEM(u)-
Kaem, complexes are arranged in staggered spatial structures
different from the planar structure of the 1:2 Zn(u)-Kaem,
complex, the structures of which are shown in Fig. S3.7 The two
Kaem planes in the 1 : 2 Ca(u)-Kaem, complex have the highest
dihedral angle of 89° (almost vertical) among all the AEM-
kaempferol complexes, followed by 84° for 1 : 2 Mg(u)-Kaem,,
77° for Sr(u)-Kaem, and 75° for Ba(u)-Kaem,, as can be seen in
Fig. S31 and Table 3.

Thermodynamic parameters, including proton dissociation
enthalpies (PDE), ionization potentials (IP), and bond dissoci-
ation energies (BDE) of the AEM(u)-Kaem and Mg(u)-Api
complexes, as well as those for Kaem and Api for comparison
were calculated by DFT and are listed in Table 3. The PDE values
for the 1:1 Mg(u)-Kaem complex were found to be 3 to
5 keal mol™" lower than for the parent Kaem, which further
supports that the 1:1 cationic Mg(m)-Kaem" easily loses
a proton to form a more stable di-deprotonated neutral Mg(u)-
Kaem complex, as observed for 1 : 1 Zn(u)-Kaem. In addition,
the 1 : 1 Mg(u)-Kaem complex also shows a lower IP and lower
BDE and is more reducing and is a better radical scavenger than
the parent Kaem.

p-Car* DPPH’
ET/addition TIAT

4

complex

u..
ws” 5=f M=Ca(II)/Sr(IT)/Ba(II)
Ny efficient
KR M(ID)-Kaem,
O M=Mg(IT)
non-reactive less efficient
oit
; +H “,\l:\lg(“)
%
e, o
“y Do M=Mg(II)
\ Dol O on Mg(ll)-Kaem efficient |
N
( : B
son
O M=Mg(IT)
22 3. 1n s Mg(IT) 1o, o. ) g
Ho;, D “’"]’;" @ —_— _ J Mg(l-Api*  minor effect non-reactive
o ¥ oL P
Mzan

Scheme 2 Proposed mechanism for Kaem and for Api binding to
AEM(1) ions and the radical scavenging activities of AEM(i)—Kaem and
Mg(i)—Api complexes.

RSC Adv, 2020, 10, 30035-30047 | 30043


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03249b

Open Access Article. Published on 14 August 2020. Downloaded on 3/25/2026 1:15:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Table 3 Calculated bond lengths between the oxygen atom and AEM(i) ions Lo_m (A), dihedral angle « (°) of the two ligands in the di-coor-
dinated AEM(i)—Kaem, complexes, proton dissociation enthalpies (PDE), ionization potentials (IP), and bond dissociation enthalpy (BDE) of

phenols in the parent Kaem and Api and the complexes, in kcal mol™*

Compound Group Kaem Mg-Kaem® Mg-Kaem® Mg-Kaem, Ca-Kaem, Sr-Kaem, Ba-Kaem, Api Mg-Api*
Lo (A) 3-0 1.95 1.98/1.98 2.32/2.32 2.52/2.52  2.79/2.79
4-0 2.04/2.04 2.42/2.42 2.60/2.60 2.89/2.90
a () 84 89 77 75
PDE (kcal mol’l) 5-OH 301.46 296.30 300.40 303.52 303.62 305.07 305.44
7-OH 295.27 292.26 294.81 296.51 296.93 297.59 296.09 294.37
3-OH 297.81
4'-OH 297.06 294.89 297.72 299.57 299.87 300.62 295.35 295.71
IP (keal mol’l) 126.55 178.66 107.56 114.71 114.51 111.55 107.01 133.86 185.82
BDE (kcal molfl) 5-OH 89.99 84.93 84.72 84.91 83.36 80.94 80.53 94.33 —
7-OH 87.11 82.91 81.10 77.94 76.36 74.47 88.96 90.93
3-OH 76.69
4'-OH 81.54 79.72 74.82 77.90 74.84 73.46 71.66 84.79 86.10

“ The IP and BDE values were calculated for neutral Mg-Kaem with the 7-phenol deprotonated as the most acidic phenol in the cationic Mg-Kaem"

complex.

The PDE values in Table 3 of all four 1 : 2 AEM(u)-kaemp-
ferol complexes are almost unaffected compared to those of the
parent Kaem or Api, while both the IP and BDE values decreased
remarkably, especially for the 4’-phenol group in the B-ring,
generally accepted as the most active group in contributing
towards the antioxidant properties of the complexes. The BDE
and IP values for 1 : 2 AEM(u)-Kaem, decreased in the order of:
Mg(u) > Ca(u) > Sr(u) > Ba(u). In contrast, all the thermodynamic
parameters, including the PDE, BDE and IP values of Api were
not affected by the coordination of Mg(m).

Discussion
AEM ion complexes of Kaem and Api

The AEM ions differ dramatically in terms of their binding of
Kaem and Api, despite their minor structural differences. Mg(u)
binds to Kaem at the 3,4-site to form equilibrium mixtures of
1:1 and 1:2 Mg(u)-Kaem complexes and the parent Kaem,
while Mg(u) binds with Api at the 4,5-site only forming a 1:1
Mg(u)-Api complex. Different from Mg(u), the heavier AEM(u)
ions Ca/Sr/Ba(u) only form 1: 2 AEM-Kaem, complexes at the
3,4-site, and no binding occurs between Ca/Sr/Ba(i) and Api. All
four AEM(u) ions bind at the 3,4 site for Kaem, while Mg(u) only
binds at the 4,5 site for Api. The absence of binding of Ca/Sr/
Ba(u) with Api is in agreement with the fact that the 3-hydroxyl
and 4-carbonyl groups are more preferential metal binding
groups compared to the 4-carbonyl and 5-hydroxyl groups in
flavonoids.”»** A smaller radius, higher polarization and
accordingly stronger attraction to Kaem and Api for Mg(u)
compared to Ca/Sr/Ba(u), but similar to Zn(u) as seen in Table 1,
may explain the same coordination modes and similar spectra
of the Mg(u)- and Zn(u)-Kaem complexes. Only in the presence
of higher concentrations of Mg(u) or Zn(u), the 1:2 Mg(u)-
Kaem, and Zn(u)-Kaem, complexes transform into the 1:1
Mg(u)-Kaem and Zn(n)-Kaem complexes via metal-oxygen
cleavage. Due to the lower polarization of the heavier AEM(u)
ions Ca/Sr/Ba(i1) compared to Mg(u), no 1 : 1 Ca/Sr/Ba(u)-Kaem

30044 | RSC Adv, 2020, 10, 30035-30047

complexes were formed, even at high Ca/Sr/Ba(u) concentra-
tions in Kaem solution, in agreement with that Ca/Sr/Ba(u) do
not bind to Api in contrast to Mg(u) and Zn(u), which both bind
with Api at the 4,5-site.

The absorption spectra of the four 1:2 AEM(u)-Kaem,
complexes, obtained by deconvolution, all have new absorption
bands at around 425 nm. The most intense absorption of the
new spectral line is observed for Mg(u), followed by Ca(u), Sr(u),
and Ba(u), corresponding to a decrease in polarization along
with an increase in the metal ions radius. Among the AEM(u)
ions, Mg(u) has the smallest radius, and accordingly the stron-
gest polarization of the AEM(n)-Kaem, complexes, affecting the
3-hydroxyl and 4-carbonyl groups, resulting in a significant
increase in the intensity of the new peak at 425 to 445 nm
(Fig. 2a and b).

Radical scavenging of Kaem coordinated to AEM ions

Both the B-Car’ and DPPH' radical scavenging efficiencies of
Kaem were significantly increased by the presence of any one of
the four acetates of AEM(u), as evidenced by the scavenging rate
both for the ultra-fast reactions determined using sub-
microsecond laser flash photolysis, and for the slower scav-
enging rates determined by stopped-flow techniques.
Compared with the Zn(u)-Kaem complex, a faster formation of
new species at the initial reaction time as seen in the near-
infrared spectral region (940 nm) and a faster decay of B-Car™"
with less recovery of B-Car following bleaching (510 nm) for
solutions of both AEM(u1) and Kaem confirmed a parallel addi-
tion reaction in the ET reaction of the AEM(i1)-Kaem complexes
with B-Car’’. Based on the present results alone, it is, however,
not possible to distinguish whether ET, hydrogen atom transfer
(HAT) or an additional mechanism are the most important in
the scavenging of DPPH' by the AEM(u)-Kaem complexes. This
was possible for B-Car’* scavenging but not for the scavenging
of DPPH" by the AEM(u)-Kaem complexes due to the spectral
overlaps with the final products. Absolute second reaction rate
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constants of DPPH’ radical scavenging indicate, with the
notable exception of Ca(un)-Kaem,, that Ba(un)-Kaem, is the most
efficient radical scavenger, followed by Sr(un)-Kaem,, Mg(u)-
Kaem, Mg(i1)-Kaem,, which strictly agrees with the hierarchy of
their oxidation potentials, the BDE and the IP values in the
order of: Ba(u)-Kaem, < Sr(u)-Kaem, < Mg(u)-Kaem < Mg(u)-
Kaem, (Fig. 7). These data are consistent with the widely
accepted HAT mechanism for DPPH’
antioxidants.*”

1 : 2 Mg(u)-Kaem, is non-reactive in B-Car’" scavenging, as is
the parent Kaem and the 1 : 2 Zn(un)-Kaem, complex, and is also
the poorest DPPH" radical scavenger among the AEM(n)-Kaem
complexes studied. In contrast, its DPPH" scavenging is fast
compared to the parent Kaem, while the 1:2 Ca/Sr/Ba(u)-
Kaem, complexes have increased scavenging rates for both
radicals studied. These findings are consistent with the most
positive oxidation potential determined electrochemically, and
the calculated largest IP and BDE values for 1 : 2 Mg(u)-Kaem,
(Fig. 7 and Table 3). The remarkable increase in radical scav-
enging efficiencies seen for the Ca/Sr/Ba(m)-Kaem, complexes
may be understood by the increasing electron withdrawing
capability of the (n — 1)d orbital in the heavier AEM Ca(u), Sr(u)
and Ba(u) ions, which accordingly makes them behave almost
like transition metal ions, reducing the BDE and IP values of the
ligand Kaem.*” Such effects are not noted for Kaem coordinated
to the lighter Mg(u) ion in 1 : 2 Mg(u)-Kaem,. For both transi-
tion metal ions, Zn(u) and Cu(u), the 1:1 metal-flavonoid
complex was previously found to have a higher radical scav-
enging ability as the result of asymmetric electron withdrawal
from the phenolic group by the metal ions. In contrast, the 1 : 2
complexes, in which bi-coordinated flavonoid ligands
symmetrically balance the electron withdrawal effect of the
metal ion, were noted to show decreased radical scavenging
ability.>®

scavenging by

Potential / V
0 0.0 0.1
_30r m cagpkeem, ®
Y
E
520
= | BaGD-Kaem,
s
< Sr(II)-K
;E-IO b r(I1)-Kaem,
< Sr(Il)-Kaem, Mg(Il)-Kaem
Mg(Il)-Kaem,
0r Mg(il)-Kaem

72 74 76 78
BDE / kcal-mol™
Fig. 7 Second order rate constants for DPPH" scavenging by the
AEM(i)—Kaem complexes (Mg, Ca, Sr, and Ba) dependent on the bond

dissociation enthalpy, BDE (lower axis) and the oxidation potential
(upper axis). Solid lines are only for guiding the eyes.
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The 1:2 Ca(u)-Kaem, complex has a higher B-Car’" and
DPPH" radical scavenging capacity than both the Sr(un)-Kaem,
and Ba(un)-Kaem, complexes, although the thermodynamic
parameters of 1:2 Ca(u)-Kaem,, including experimentally
determined oxidation potentials and calculated BDE and IP
values, are less favorable than Sr(u)-Kaem, and Ba(u)-Kaem,
(Fig. 7 and Table 3). Other factors must accordingly be impor-
tant for radical scavenging. The dihedral angle of the two
flavone backbones in Ca(u)-Kaem, is 89°, obviously larger than
the 77° in Sr(u)-Kaem, and 75° in Ba(u)-Kaem,. The lower steric
hindrance in Ca(n)-Kaem, compared to other complexes may
kinetically facilitate the formation and stability of a radical
adduct both in the scavenging of B-Car"* and DPPH’, and Ca(u)-
Kaem, thus making it the most efficient radical scavenger.
Ba(r)-Kaem, and Sr(u)-Kaem, are marginally less efficient in B-
Car'" radical scavenging reactivity than Ca()-Kaem,, although
they are thermodynamically more favorable.

The 1:1 mono-coordinated Mg(u)-Kaem complex has
similar B-Car’" scavenging reactivity as the 1 :2 Ca(i)-Kaem,
complex, but higher DPPH" scavenging efficiency. This pattern
could arise from the strong electron attraction by the polar
Mg(u), increasing the radical scavenging efficiency of Kaem as
a ligand, as clearly demonstrated for 1:1 Zn(u) and Cu(u)
transition metal-flavonoid complexes.® However, 1 : 1 Mg(u)-
Kaem is only formed in the presence of excessive concentrations
of Mg(u) ions, and accordingly is of less significance in biolog-
ical systems than the 1 : 2 Ca(u)-Kaem, complex.

For the 1:1 Mg(un)-Api complex, its formation shows an
insignificant increase in B-Car’* scavenging efficiency, and the
complex formation has no effect on DPPH' scavenging. A
comparison of the Mg(n)-Kaem and Mg(u)-Api complexes
indicates that Mg(u) binding at the 3-hydroxyl and 4-carbonyl
groups is an important structural factor for promoting the
radical scavenging efficiency of Kaem. 4-Carbonyl and 5-
hydroxyl binding to the Mg(u) ions for Api and binding to the
Cu(u) for genistein both have insignificant effects on the radical
scavenging efficiencies of flavonoids."®

Conclusions

Coordination of kaempferol in 1 : 2 AEM(u)-Kaem, complexes
by the heavier AEM(u) ions Ca(u), Sr(u) and Ba(u) increases the
radical scavenging efficiency in contrast to binding to the
lighter Mg(u) ion and to the transition metal ion Zn(u). This
difference is suggested to be the result of the stronger electron
withdrawing capability of the (n — 1)d orbital in the heavier
Ca(u), Sr(r) and Ba(u) ions compared to the lighter Mg(u) ion and
the transitional metal ion Zn(i). Symmetry differences between
the 1:1 and 1:2 complexes also increase the radical scav-
enging rate in favor of the 1 : 1 complexes, as observed for Zn(u).
The Ca(u)-Kaem, complex is a far more efficient radical scav-
enger than the other AEM(u)- and Zn(u)-kaempferol complexes,
and may accordingly find use as a food additive and an anti-
oxidant, especially in dairy products with high calcium content.
Based on the surprising findings for Kaem, calcium complexes
of flavonoids should also be investigated as new metal-based
drug candidates.
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Abbreviations

AEM Alkaline earth metal

Kaem Kaempferol

Api Apigenin

B-Car B-Carotene

B-Car™* B-Carotene radical cation

Ccv Cyclic voltammetry

DPPH’ 2,2-Diphenyl-1-picrylhydrazyl radical

ET Electron transfer

DFT Density functional theory
PDE Proton dissociation energy
P Ionization potential

BDE Bond dissociation energy
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