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Iron Chelation by the Powerful Antioxidant Flavonoid Quercetin
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Chelation of the bare and hydrated iron(ll) cation by quercetin has been investigated at the DF/
B3LYP level in the gas phase. Several complexed species arising from neutral and anionic forms of
the ligand have been taken into account. Both 1:1 and 1:2 metal/flavonoid stoichiometries have been
considered. Results indicate that among the potential sites of chelation present on quercetin, the
oxygen atoms belonging to the 3-hydroxy and 4-oxo, and to the 5-hydroxy and 4-oxo groups, are the
preferred ones. Time-dependent density functional theory (TDDFT) calculations, used to reproduce
the electronic UV—vis spectra of isolated quercetin and its complexes with Fe?*, were also performed
in methanol and dimethylsulfoxide.
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INTRODUCTION Scheme 1

Plants, in response to external environmental causes, syn-
thesize and accumulate a great variety of natural products such
as alkaloids, flavonoids, and terpenoid3.(These compounds
serve as defensive and protective agents. For instance, they act
as shields against UV light, attractants for pollination and
ovoposition, signals for N-fixating bacteria, and antimicrobial/
antiviral agents (1).

Flavonoids are polyphenolic compounds mainly found in
fruits, vegetables, and cerealy.(Interest in these compounds
has grown in consequence of epidemiological and biochemical (25—27). The H-atom transfer, in which a free radical R
studies that have highlighted their numerous properties such agemoves an hydrogen atom from the antioxidant (ArOH):
antioxidant activity (3), inhibition of tyrosine chinases (4) and
cAMP phosphodiesterass)(induction of phase Il metabolizing R"+ ArOH — RH + ArO*
enzymes (6), control of cellular growth (7), destruction of . . .
pathogen organisms (fungi and viruse8), @nd inhibition of and thg o.ne-electron.transfer mechanism, accordlr)g to which
human immunodeficiency virus (HIV) transcriptase and HIV the antioxidant can give an electron to the free radical:
replication (9). Many dietary polyphenolics are more effective N _ -
antioxidants in vitro than vitamins E and C, and they are R*+ ArOH—R" + ArOH
associated with a minor incidence of canceéd{12).

Quercetin is a member of a flavonoids class characterized
by a flavone nucleus composed of two benzene rings linked
through a heterocyclic pyrone ring (s&eheme 1). It mainly
occurs in apples, onions, tea, red wines, and berries.

Experimental studies demonstrated that it possesses numero
beneficial effects on human health, including cardiovascular
protection, anticancer activity, antiulcer effects, and antiallergic,
antiviral, and anti-inflammatory properties. Many of these effects
are correlated to antioxidant capability that is due to the
scavenging of free radicals species and to synergistic effects
with enzymes and physiological antioxidants (13—24).

In the literature, two main mechanisms by which antioxidants
can play their protective role were proposed and widely analyzed

The radicals arising from both reactions (Ar&hd ArOH™)
must be stable to prevent or delay chain radical reactions.

Another antioxidant mechanism, not exhaustively studied, is
based on the ability of some of these compounds to chelate
utransition metals ions (especially iron and copper), giving rise
 stable complexes that, entrapping metals, prevent these from
participating in free radicals generatid28. In fact, during the
Fenton reaction29, 30), hydroxyl radicals are produced from
hydrogen peroxide in the presence of a metal in a low oxidation
state:

H,0,+ M"" —HO™ + HO" + M+

Fenton chemistry may occur in dopaminergic neurons of
* To whom correspondence should be addressed. E-mail: nrusso@unical.it.nervous tissue where normally dopamine catabolism produces
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Figure 1. Optimized geometries of iron—quercetin (1:1 ratio) complexes
la, lla, and llla.

some level of hydrogen peroxidgl). The accumulation of free
radicals in these neurons may be recognized as the main
etiological agent of Parkinson disease (31).

Metal-chelating compounds remove the metals and can alter

- .
their redox potentials rendering them inactive. Moreover, the @
use of natural metal chelators such as flavonoids should be
favored against other synthetic chelators which may present
=
Ia

some problems of toxicity.

Flavonoids, with their multiple hydroxyl groups and the
carbonyl group on ring C, have several available sites for metal
complexation. Many experimenté&Z—37) and theoretical38—

45) works were devoted to quercetin, including conformational
and electronic structure determinations, and spectroscopic anc
X-ray analyses. However, few investigations have concerned
the formation of stable complexes between quercetin and
transition metals ions46—50). Among the different 1:1, 1:2,
2:2, 2:3 stoichiometries that metal/flavonoid complexes can
exhibit, the 1:2 is the preferred oné7(). Electrospray ionization
mass spectrometry (ESI-MS) studies0) indicated that the
preferred complexation site for flavonoids is that involving the
hydroxyl at carbon 3 or 5 and the adjacent 4-carbonyl group. Table 1. Relative Energies, Including ZPE Corrections (AE in
Experiments in aprotic medium (49) revealed that both neutral kcalimol), of Fe(ll)-Quercetin Complexes

and anionic quercetin forms 1:1 complexes with iron(ll).

. ; . ies AE ies AE ies AE ies AE ies AE
Cornard and co-workerg§,51) investigated the complexation species Species Species Spectes species
of Al(ll1) and Pb(ll) ions by quercetin. In their theoretical study, :f; %i :Ibb gg :lCC gg :Idd gg :Iee 1;2
they concluded that the preferential coordination sites of 00 b 56 llic 00 md 16 e 0.0
quercetin are the 3-hydroxy chromone moiety and the catechol IVb 00 Ivc 18 Ivd 25 Ive 9.3
group, for aluminum and lead ion, respectively. xf’b ggg xlcc gé-g
Here, we present a detailed DF-B3LYP study on the chelation Vib 483 Viic 505
of iron(ll) by quercetin, considering both the neutral and Vilb 417 Vil 423

deprotonated species of quercetin and the bare and hydrated
Fe?t cation. The aim was the determination of the electronic
and structural features of the irequercetin complexes to
identify the most likely species responsible for the antioxidant d=
action.

aa = complex between quercetin (Q) and Fe?*; b = complex between
deprotonated quercetin (Q~) and Fe?*, ¢ = complex between Q~ and Fe?*(H0)a,
complex between 2Q~ and Fe?*; e = complex between 2Q~ and Fe2*(H,0),.

RESULTS AND DISCUSSION
EXPERIMENTAL PROCEDURES

_ _ _ Interaction between Neutral Quercetin and Bare Fe(ll)
The DFT computations were performed using the GaussianO3 Cation. Quercetin is a planar species characterized by electronic
quantum chemical packagé). Geometry optimization of quercetin, ¢oniugation and delocalization that involve the whole molecule
its anions, and all their 1:1 and 1:2 complexes with the bare and (39). The OH groups are arranged in such a way as to maximize

hydrated iron cation was carried out using the Becke® @nd Lee
Yang Parr $4) (B3LYP) hybrid functional. The 6-31G* basis sé&&—
58), and the LANL2DZ §9) pseudopotential, were chosen for C, O,
and H atoms, and for Peé cation, respectively.

Minima and saddle points were identified through frequency

the number of hydrogen bonds (39).

In principle, there are three possible sites on quercetin for
the iron(ll) chelation: the catechol moiety, the 3-OH ang=C
O and G=0 and 5-OH groups. The coordination to these sites

calculations performed at the same level of theory. Zero point energy Can give rise to three compounds depictedrigure 1.

corrections, obtained from vibrational analysis, were then included in
all the relative energy values.

Geometry optimization was followed by single-point calculations
using the extended 6-3+HG** basis set for the nonmetal atoms to
refine electronic energies.

Global minimum is represented by the complex llla that lies
12.3 and 10.1 kcal/mol below the la and lla species, respectively
(seeTable 1). In the lowest energy system, iron ion coordinates
both the oxygen atoms of the;€0 carbonyl (1.869 A) and
the G—OH (2.096 A) groups with the formation of a six-

Natural bond orbital (NBO) analysis implemented in the Gaussian03 membered ring coplanar with the rest of the molecule. The value

package was used to better characterize the metatligand bond
nature.

The UV—vis spectra of free and complexed quercetin were obtained

as vertical excitation energies using the time-dependent density

functional theory (TDDFT) (60) implemented in the Gaussian03 code
with the B3LYP/6-31G*/LANL2DZ protocol.

Solvent effects on UV vis spectra were computed in the framework
of the self-consistent reaction field polarizable continuum model (SCRF-
C-PCM) (61—63) using the simple united atom topological model
(UAOQ) (64) set of solvation radii to build the cavity for the solute in

of the dihedral angl&’ (179.9) between C and B rings indicates
that the planarity is retained in going from free to complexed
quercetin.

In complex lla, Fé" establishes two coordination bonds with
the G-OH and 4-keto groups oxygen atoms.2FeOH and
Fe*—O=C lengths are 2.248 and 2.011 A, respectively. In these
compounds, the cation complexation withdraws electron density
to the metalation site and avoigdselectrons delocalization from
ring C to ring B, as the value of th& torsional angle (153.1°)

its gas-phase equilibrium geometry. The dielectric constants of 32.6 indicates.

and 46.7 were chosen to perform computations in methanol and in

dimethylsulfoxide, respectively.

Finally, the species la is characterized by the formation of a
five-membered cycle involving the metal and the oxygen atoms



Iron Chelation by the Antioxidant Quercetin

of C3—0OH and G—OH hydroxyls (distances are 2.127 and
2.131 A, respectively). The relative energy of the last complex
confirms the poor iron chelating power of the catechol group
(46, 49).

NBO analysis, performed for the most likely Illa species,
shows that & forms a purely ionic bond with hydroxyl
oxygen. The charge transfer from the ligand to metal ion of 0.7

|e| underlines the presence of a covalent contribution that we

find in the bond formed with the carbonyl oxygen. The
molecular orbital responsible for the covalent bond arises from
the 2p and 3d orbitals of oxygen and iron, respectively.
Interaction between Deprotonated Quercetin and Bare
and Hydrated Fe(ll) Cation. The OH groups of flavonoids
are slightly acidic §5), so that they may exist in some anionic
form at physiological pH values. The quercetin anions are all

planar systems. Natural net charges and bond order values leat

us to argue that in all anions the negative charge is widely
delocalized over two rings: from ring A to ring C or from ring
B to ring C, in the case of 5-OH and 7-OH, and@H and
3-OH anions, respectively6$). The only exception is the'-3
OH species in which the lone pair is confined on the deproto-
nation site. The deprotonation of the@H group yields to the

most stable anion that is characterized by an internal hydrogen

bond. The other anions are found at 6.8@3), 16.6 (3-OH),
20.9 (5-OH), and 6.0 (7-OH) kcal/mol above the former. The

energetic gaps among the anionic species of quercetin are

sensibly lower in water solution where the@H one becomes
the global minimum. The other species follow at 1.6QH),

1.5 (3-OH), 4.0 (5-OH), and 1.7 (7-OH) kcal/mol. These latter
results indicate that all the anions of quercetin may coexist in
vivo.

Fe*™ attack may occur not only on the deprotonation sites
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but also on the other positions that originate from resonance Figure 2. Optimized geometries of iron—deprotonated quercetin (1:1 ratio)
effects; thus, the complexed species are quite numerous (seeomplexes Ib, Iib, lllb, IV, Vb, VIb, Viib, and VIIIb.

Figure 2).

B3LYP computations indicate as a global minimum the
adduct IVb in which the cation is coordinated to the carbonyl
oxygen on ring C and to the deprotonated 5-OH hydroxyl
(Figure 2). The coordination bonds established with the carbonyl
and hydroxyl oxygen atoms are of 1.869 and 1.813 A,
respectively.

The complex lllb lies at 5.6 kcal/mol above the global
minimum (Table 1). In this case, the P¢ cation is coordinated
to the G=0O and to the deprotonated 3-OH groups. A five-
membered ring coplanar with the rest of the molecule is formed.

The other complexes are found at 27.4 (1b), 23.6 (llb), 34.2
(Vb), 35.3 (VIb), 48.3 (VIIb), and 41.7 (VlIb) kcal/mol above
the IVb one. As it can be seen from the equilibrium geometries
reported inFigure 2, when iron(ll) is coordinated to the 3-OH
and G=0 groups, the torsional angles€C,—C;—Cy moves
away from the planarity (¥ 145.7°and 146.6,for complexes
Vb and Vlib, respectively).

NBO analysis indicates a charge transfer of|@,%rom ligand
to cation. This means that the ionic character on the whole
increases with respect to the previous case. In particuldr, Fe
forms with deprotonated oxygen a ionic bond with a small
covalent contribution arising from the overlap between the 2p
orbital of oxygen and the 3d orbital of the metal center. The
bond with carbonyl oxygen is essentially ionic.

In physiological liquids, the Pé cation should be present
as an aguocomplex with a variable number of coordinating water
molecules. Usually, iron(ll) forms hydrated complexes in which
the preferred coordination around the cation is of the octahedral
type.

For these reasons, four water molecules were added to the
coordination sphere of Bein all complexes ob type, obtaining
the corresponding minima structures-iéllic, whose equilib-
rium geometries are reported Higure 3.

As can be noted, all water molecules were retained after
optimization. The presence of water causes a stability inversion

The results concerning the relative energies of complexes Ib between the 11l and IV species.

and llIb indicate again a scarce chelating ability of catechol
toward the iron cation.

Among the complexes of hydrated ion, the global minimum
is the lllc adduct. In this system, the bond lengths between cation

On the basis of the evidence that flavones lacking the carbonyland carbonyl and deprotonated 3-OH oxygen atoms are 2.015

and hydroxyl pair produce the lowest intensities in ESI-MS

and 2.073 A, respectively. Furthermore, the torsional angle value

signals (50), experimentalists suggested that the coordination( = 164.1) indicates a deviation from the planarity.

of transition metals by flavonoids anions occurs via their oxygen

In complex V¢, which lies at 1.8 kcal/mol above llic, the

atoms at carbon 3 and carbon 4 or carbon 4 and carbon 5. Thedistances of hydrated Fefrom the oxygen atoms belonging

same conclusions were deducetb,(47) from electronspray

to carbonyl and deprotonated 5-OH hydroxyl were found to be

mass spectrometry studies on some transition metals flavonoids2.047 and 1.940 A, respectively.
complexes. Furthermore, the complexation at the 4-carbonyl and The species Ic and lic characterized by the coordination at

5-OH groups was recognized as the preferred one.

the catechol moiety, lie at 13.8 and 12.9 kcal/mol above the
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Figure 4. Optimized geometries of iron—deprotonated quercetin (1:2 ratio)
complexes Id, lld, llid, and IVd.

Taking into account tha, b, andc iron(ll)—quercetin most
stable adducts are obtained as the oxygen atoms linked to carbon
3—carbon 4 and carbon 4—carbon 5 pairs, we considered only
the complexes arising from the interaction with the 3-OH and
5-OH anions.

The “cis” and “trans” orientations of the two quercetin anions
around the cation were examined.

The relative energies of the four obtained species Id, Iid, llid,
and 1Vd depicted irFigure 4 are reported ifmmable 1.

The global minimum is represented by the Id complex

Figure 3. Optimized geometries of hydrated iron—deprotonated quercetin
(2:1 ratio) complexes of Ic, lic, llic, IVc, Ve, Vie, Viic, and Vllic.

global minimum, respectively. The remaining complexes Vc,
VIc, Vlic, and Vllic are found at very high energies (41.0, 50.5,

50.5, and 42.3 kcal/mol, respectively). - . . ; - . .
ithouah th f P 3:) les in th dinati originated by the interaction with the 5-OH anions in the “cis”
Although the presence of water molecules in the coordination ,qjion  The coordination geometry around the cation is

sphere of F& reduces the energy separations between thetetrahedral and involves two carbony]£2.035 and 2.032 A)
complexes (se@able 1), also in this case, likewise for bare and two hydroxyl Qs (1.924 and 1.925 A) atoms.

ion—quercetin complexes, only the first four species may coexist The other three species lie at 1.6 (llid), 2.5 (IVd), and 5.9
in physiological environments, while the latter four are not so (Ild) kcal/mol above the most stable one ' '

relevant as iron chelates. Computations show that the “cis” arrangement of quercetin
NBO analysis suggests that upon interaction of hydratéd Fe  anjons is energetically favored with respect to the “trans” one.
with quercetin anions, the natural net charge on the cation The tetrahedral coordination (structures Id and IVd) is favored
remains very similar to that computed for free agquocomplex ith respect to the square planar geometry (Ild and lild). These
(1.52 vs 1.62e(). This means that a ionic bond is present, in statements seem to be in disagreement with the energetic trend
this case. This result is different from that concerning the reported inTable 1 because of the larger stability of species
complexes in which the coordination sphere of the cation is |jid with respect to the complex IVd. Really, the lower energy
lacking in water molecules, but it is not surprising since the of ||id can be attributed to the presence of two strongHD-
orbital availability to form covalent bonds decreases gradually ©,, hydrogen bonds (1.776 A) that are much less intense in the

as the coordination number of the cation increases. other structures.

Interaction between Two Deprotonated Quercetin and The charge on the iron ion in the Id complex is 1.4l
Bare and Hydrated Fe(ll) Cation. Electronspray mass spec- This value suggests a charge transfer from ligand to cation. NBO
trometry studies (47) revealed that for metal dlavonoid analysis indicates the presence of two covalent bonds between

complexes a number of different stoichiometries, namely, 1:1, FE* and the oxygen atom of both deprotonated 5-OH groups.
1:2, 2:2, 2:3, is possible, the 1:2 being the preferred one. For Overlap involves the two hybrid s(11.30%)p(88.7%) and
instance, Deng and Van Berkel observed experimentally an Al- s(19.00%)d(81%) orbitals of oxygen and iron, respectively.

(Il —quercetin complex of 1:2 stoichiometr$®) in methanol Starting from minima with bare cation, two water molecules
solutions, and Cornard et al5X) identified a 1:2 complex in the coordination sphere of Fewere added. The presence
between aluminum and deprotonated quercetin. Thus, we wereof these molecules gave rise to a quite different situation from
interested to investigate the formation of chelates made of two that obtained previously. In particular, the most stable complexes
deprotonated quercetin molecules and bare and hydraféd Fe are now originated from the less favored Ild and llld systems
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Figure 5. Optimized geometries of hydrated iron—deprotonated quercetin
(1:2 ratio) complexes le, lle, llle, and IVe.

because of their planar disposition of ligand atoms. This can
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and 2.117 A, and 2.076 and 2.115 A, for the first and second
anion, respectively). The ligands are completely coplanar, while
the axial HO molecules are so arranged that a slight deviation
from ideal octahedral geometry can be observed.

The analogous complex IVd having the “trans” ligands
arrangement lies at 9.3 kcal/mol above the former.

The lle species, in which two 5-OH anions in a mutual “trans”
position are involved, appear to be less stable by 5.2 kcal/mol
with respect to the global minimum. Also for this chelate, the
ligands are coplanar, and the water molecules are staggered.
Fe—0,2 and Fe-O;3 coordination distances are 2.147 and 1998
A for one of ligands, and 2.141 and 2.012 A for the other one,
respectively.

The remaining le species is found at 12.9 kcal/mol with
respect to the global minimum.

Results concerning the relative energy values suggest that
only lle and llle complexes can be relevant from a biological
point of view as stable chelates of iron(ll).

NBO analysis in this case confirms the ionic nature of the
interaction because of the similarity between the natural charge
on hydrated iron(ll) before (1.62]) and after the complexation
(1.52e)).

To verify the agreement with the experimental observation

be explained by considering that the final octahedral geometry concerning the predominance of the complexes having the 2:1
is more easily reachable starting from planar complexes. In otherligand/metal ion stoichiometry with respect to those with 1:1
words, the rearrangement required to pass from a tetrahedral toone, we have computed the binding energy (BE) values for the
octahedral coordination entails a larger energy expense. Thusglobal minima belonging to all different categories of examined

in the case of a hydrated cation the global minimum is
represented by the llle system (d&gure 5) in which the iron
cation is coordinated by the oxygen atoms attachedstar@

C,4 carbon atoms of two 3-OH anions in the “cis” position and
by two water molecules. The two anions have similar geo-
metrical parameters (Fe—19and Fe—Q, distances are 2.073

1 T

systems. Values obtained for typec, d, ande complexes are
431.9,517.0, 601.6, and 615.2 kcal/mol, respectively. Thus, as
expected, also from a theoretical point of view, the preference
for the 2:1 ratio is confirmed.

UV—vis Spectra. The experimental UV vis spectra of free
guercetin were recorded in methan8Bf and in dimethylsul-
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Figure 6. UV-vis spectra of free quercetin (top) and iron-deprotonated quercetin complex Vb (bottom). The graph was obtained by using Gaussian
functions centered at each value of the absorption wavelength. Then the shape was adjusted by least-square fitting using a linear combination of

Gaussian functions.
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Table 2. Computed TDDFT Main Vertical Excitation Energies (in nm), Oscillator Strengths, and MO Contribution (%) of Free Quercetin in Methanol

and DMSO Solutions

methanol DMSO
vertical energies vertical energies
(oscillator strengths) MO contribution (oscillator strengths) MO contribution

385 (0.6063) H— L (82%) 388 (0.6408) H— L (83%)

332 (0.0602) H-1— L (90%) 333 (0.0602) H-1— L (90%)

303 (0.0552) H-2 — L (87%) 303 (0.0547) H-2 — L(87%)

267 (0.1845) H—L +1(56%); H-3— L (21%) 268 (0.2054) H—L +1(58%); H-3 — L (20%)

253 (0.1180) H—L +2 (40%); H-1 — L + 1 (30%); 253 (0.1225) H—L +2 (40%); H-1 — L + 1 (30%);
H-4 — L (14%) H-4 — L (14%)

244 (0.1745) H-1— L +1(30%); H— L + 3 (26%); 244 (0.1878) H-1—L+1(32%); H— L + 3 (23%);
H-4 — L (15%); H-2 — L + 1 (7%); H-4 — L (15%); H— L + 2 (7%);
H—L +2 (6%) H-2 — L +1 (6%)

216 (0.1906) H-1— L +2 (34%); H-2 — L + 1 (24%); 217 (0.2109) H-1— L +2 (37%); H-2 — L + 1 (+25%);
H-1— L +3 (14%) H-1— L + 3 (14%)

210 (0.0746) H— L +4 (32%); H-6 — L (15%); 211 (0.0806) H— L +4 (31%); H-6 — L (18%);
H-2 — L +2 (12%); H-3 — L + 3 (10%); H-2 — L +2 (12%); H-3 — L + 3 (10%);
H-4 — L + 1 (10%); H-3 — L + 2 (8%) H-4 — L + 1 (8%); H-3 — L + 2 (8%)

209 (0.0967) H-6 — L (36%); H-1 — L + 3 (25%); 209 (0.1063) H-6 — L (33%); H-1 — L + 3 (27%);
H-4 — L + 1 (9%); H-1— L + 2 (9%) H-4 — L + 1(9%); H-1— L + 2 (9%)

206 (0.0574) H— L +4 (36%); H-6 — L (15%); 206 (0.0605) H— L +4 (37%); H-6 — L (15%);

)
H-1— L +3(14%); H-3 — L + 2 (9%);
H-2— L + 3 (5%)

H-1—L + 3 (14%); H-3 — L + 2 (9%);
H-2— L + 3 (5%)

Table 3. Computed TDDFT Main Vertical Excitation Energies (in nm), Oscillator Strengths, and MO Contribution (%) of IVb Iron—Quercetin Complex
in Methanol and DMSO Solutions

Complex IVb

methanol

vertical energies
(oscillator strengths)

MO
contribution

DMSO

vertical energies
(oscillator strengths)

MO
contribution

453 (0.5263) H— Lot (41%); H — L (34%); 459 (0.5161) H— Lot (40%); H— L (32%);
H-1— Lot (8%) H-1— Lo (12%)

387 (0.2127) H-1— Lot (49%); H-1 — L (32%) 392 (0.1584) H-1— Lot (38%); H-1— L3 (25%);

308 (0.0707) H-4 — Lo (44%); H-4 — L5 (26%); 273 (0.0895) H-1— L +2a (17%); H — L + 2a. (13%);
H-2 — L + 48 (6%); H— L + 48 (5%); H— L + 4t (8%); H— L + 453 (7%)
H— L +2a (5%)

274 (0.0565) H-2 — L + 38 (15%); H— L + 45 (14%); 258 (0.0842) H-1— L + 20 (21%); H-1— L + 443 (19%);
H—L +3a (14%); H — L + 2o (11%); H-3—L + 24 (12%); H — L + 63 (10%);
H-3— L + 63 (8%); H-3 — L + 30 (7%); H—L + 3a (8%)
H-5— Lot (5%)

269 (0.1054) H-1— L + 20 (20%); H-2 — L + 33 (16%); 255 (0.0572) H-3 — L + 2 (25%); H-1 — L + 43 (13%);
H—L+4a (11%); H — L + 2a (7%); H-1—L + 20 (9%); H-4 — L + 40 (6%);
H— L +83 (6%) H-7 — LB (6%); H— L + 68 (6%)

257 (0.0669) H-2—L + 45 (21%); H-1 — L + 20 (18%); 250 (0.0739) H—L +3a (17%); H— L + 665 (13%);

H-7 — Lot (9%); H-7 — L3 (8%);
H— L+ 3a (7%); H-6 — L + 13 (5%);
H— L +6p (5%)

H-1— L + 48 (11%); H-7 — Lo (11%)
H-7—Lp (9%); H-3 — L + 20 (8%);
H-3— L + 2a (5%)

foxide (49) solutions. While the resolution of the spectrum in in the pyrone moiety. In the HOMO-1 orbital indeed, the
methanol indicates clearly an absorption band around 372 nmelectronic density is strongly present on ring A while a certain
and another one at 255 nm with a shoulder at 269 88), (for degree of electron density is found on ring B (atoms Cs,
that in dimethylsulfoxide only the shape is available. However, Cg, and G) and in the bond between rings C and B. The LUMO
in this second case, a band of absorption in the region-370 and LUMO+-1 orbitals are characterized by a charge distribution
390 nm can be recognized. involving the whole molecule (LUMO) and the rings A and C
To provide a more complete spectroscopic characterization (LUMO+1).
and for purposes of comparison, B3LYP/6-31G* spectra of free  Limited to the values in methanol available in literatusg),
quercetin in methanol and in dimethylsulfoxide were computed the agreement with our determinations appears to be satisfactory.
and reported irFigure 6. The obtained vertical energies are The same agreement was found with the values computed by a
collected inTable 2, together with oscillator strengths and previous theoretical work3g). In fact, we find that the most
molecular orbitals contributions involved in the transitions. The significant HOMO — LUMO transition band (band 1) is
four Gouterman’s orbitals (HOMO-1, HOMO, LUMO, and localized at 385 and 388 nm, in methanol and in dimethylsul-
LUMO+1) for quercetin and the iron—quercetin complex IVb  foxide, respectively. This transition corresponds to a low charge
are depicted irFigure 7. transfer from the ring B to the ring A, mediated by the presence
The HOMO of free quercetin presents a charge density of they-pyrone ring. The second absorption band corresponding
localized mainly on the ring B and on the-©€C3; double bond mainly to the HOMO-3— LUMO and HOMO— LUMO+1
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Figure 7. The four Gouterman’s orbitals of quercetin (top) and its iron
complex Vb (bottom).

transitions, is found at 267 (methanol) and 268 nm (DMSO).
Finally, the HOMO— LUMO+3, HOMO-1— LUMO+1, and
HOMO-4— LUMO transitions are localized at 244 nm, in both
media.

The UV—vis spectrum also was recorded for the ion
guercetin monoanion complex in DMS@9). For this reason,
we have considered it interesting to simulate it theoretically.

The Vb lowest energy complex was chosen for this deter-
mination that we performed in both media considered before.
Spectra were reported fRigure 6, vertical energies ifable
3, and molecular orbitals ifigure 7.

The HOMO — LUMO (band 1) ligand-to-metal charge
transfer (LMCT) transition falls at 453 (methanol) and 459 nm
(DMSO). A significant band concerning the HOMO-%-
LUMO was localized at 387 and 392 nm in the two media,
respectively.

Quantitative comparison cannot be made with the experi-
mental spectrum in DMSO because it consists of an envelope
not well resolved. However, taking into account the reliability
of theoretical results obtained in the case of free quercetin, we
can regard with confidence also the findings for its iron complex.
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The HOMO— LUMO transition shows a very strong charge
transfer from the quercetin ligand to the metallic center. The
LUMO orbital, in fact, involves a large participation of the 3s
atomic orbital of the iron cation. The HOMO-+ LUMO
transition at 387 nm shows the same features of the former.

The small differences concerning the localization of the single
transitions in the two different media can be attributed to their
polarity. In fact, as can be verified in the literatuéZy, an higher
dielectric constant causes generally a shift of the transition at
lower energy.

Conclusions.Iron(ll) complexes of quercetin were studied
by means of density functional based methods to give better
insight into the “metals chelation mechanism” that this flavonoid
can follow to perform its antioxidant properties. The study had
the aim to elucidate the geometrical and electronic features of
formed chelates, to determine the preferred coordination sites
for F&2™ and to identify the species that should be responsible
for metal ion sequestration.

On the basis of the obtained results, we can draw the
following considerations:

(i) Both neutral and deprotonated quercetin forms with iron-
(I1) stable complexes. The 1:1 and 1:2 metal/ligand stoichiom-
etries are possible in the complexes of the quercetin monoanion.

(ii) Binding energy values confirm that the 1:2 stoichiometry
is the favored one.

(i) Among the available positions present on neutral or
anionic quercetin, oxygen atoms at the 3 and 4, and 5 and 4
carbons, seem to be the favored coordination sites for the iron
cation. The behavior of P& was found to be similar to that
shown by APT but different from that of PH, which prefer-
entially coordinates to the-dihydroxy functionality.

(iv) The stability order of various complexes with bare cation
depends on the formation of five- or six-membered rings. In
particular, the presence of a six-membered ring introduces a
greater stabilizing effect.

(v) Water molecules added to the complete iron coordination
sphere influence the stability order of complexes also reducing
the energetic gaps between them.

(vi) The high binding energy values indicate that quercetin
is a powerful chelating agent that can sequester iron(ll) in such
a way to prevent its involvement in the Fenton reaction.

(vii) TDDFT methodologies can be successfully applied to
obtain the UV—vis electronic spectra of free and complexed
flavonoids, reproducing well the shape of the experimental ones.
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