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Abstract:

Morin (2-(2,4-dihydroxyphenyl)-3,5,7-trihydroxychromen-4-one) is an abundant flavonoid
with various pharmacological and biological activities. Considering the ubiquitous presence
of calcium cations in biological systems, it seems relevant to study the interaction of this ion
with morin and the influence of pH on this system. In a first step, among the four hypothetical
chelation sites, the preferential fixing site, its protonation state and the Ca environment have
been determined by combining electronic spectroscopies and density functional theory (DFT)
and time-dependent DFT calculations. Then, using the same methodology, the fate of the
formed complex with the variation of pH was studied. Calcium chelation occurs with the 3-
hydroxy-4-keto site with deprotonation of the hydroxyl group. The coordination number of
Ca'' does not seem to be a determining parameter insofar whatever the number of solvent
molecules present in the coordination sphere of the metal, the calculation of the electronic
transitions leads to the same results. With the increase in pH, a first deprotonation of the
complex occurs at the level of a solvent molecule in the metal coordination sphere, followed

by a deprotonation of the hydroxyl function in position 7.

*Corresponding author: jean-paul.cornard @univ-lille.fr



1. INTRODUCTION

For years now, a large number of complexation reactions have been studied to see the
behavior of ligands in the presence of metal cations and to investigate the evolution of their
physical properties.

Morin (2°, 3, 4°, 5, 7-pentahydroxyflavone) is a yellow pigment which forms part of the
family of flavonoids.! These molecules are intensely studied as they are natural products that
present excellent antioxidant’?, anti-inflammatory*>, antifungal® and neuroprotective’
characteristics. Morin belongs to the polyphenol family and is found in fruits, vegetables,
cereals and other substances like coffee seeds. Nowadays, different ways are being
approached to enhance these features, one of them being the synthesis of their complexed
form with certain metal cations.

Other than the fact that morin is a secondary metabolite, it is also a multisite ligand with
several fixation sites available for the metal cations to position themselves. One of the most
interesting features of morin is that it contains one chelating site which is seldom present in
the compounds of the family and which moreover is rarely taken into consideration in the
literature. Fig. 1 represents the structure, the atomic numbering and the chelating sites of
morin. While the a-hydroxyketo (positions 3 and 4), B-hydroxyketo (positions 4 and 5) and
hydroxyether (positions 1 and 2') sites are already established, another site can be obtained
when the bond connecting the rings B and C is rotated. This diol site is situated between the
positions 3 and 2'. On the top of that, this conformer is favored since a network of
intramolecular hydrogen bonds is created between the positions 2', 3 and 4.3

Figure 1: Chemical structure, atomic numbering, ring nomenclature and potential metal
chelating sites of morin.

The complexation of different metal cations by morin has been the subject of various

studies.” "> However, in no case the diol function was considered. The metal chelation is likely

to significantly alter the biological properties of the flavonoid.'®!



In general, transition metals are the elements of interest for these types of reactions. They
possess d orbitals that facilitate the formation of coordination complexes. However, in this
study, emphasis was put on the calcium cation, which is rarely used despite the fact that it is
widely present in soil and is essential in the human body.

Being one of the most abundant elements present in the Earth crust, it is available in many
areas worldwide mostly in the form of salts. These ions are useful for the environment as they
represent one of the required constituent for the growth of plants. The calcium ions present in
the soil is taken up by the xylem.?’ The amount of the mineral taken depends on the cation
exchange capacity of the root cell walls and this movement is regulated to prevent an excess
of Ca'l in the shoots that can easily hinder the growth of plants. On another note, a deficiency
in the cationic mineral generally occurs in tomatoes, green leaves like lettuces, celery and
especially in plants that are fed by the phloem instead of the xylem. Ca?* plays an essential
role in maintaining the integrity of cell walls and cell membranes. As a positively-charged
ion, not only does it act as a counter cation with respect to the anions in the vacuoles of the
cells but it also combines with proteins to allow the transduction of the cytosolic Cal
concentration signal.?!

Calcium is also known to be the most abundant metal in an individual, constituting 2% of the
body weight. Calcium is one of the key factors not only in the regeneration of bones in our
body but also in nerves and muscles function. Like other chemicals, a deficiency or an excess
of Ca?* can cause serious problems in the organism.??>* Ca?* is essential for the human cell
activities, acting as a secondary messenger to transmit biological information from one cell to
the other.>*?> As a matter of fact, the biochemical mechanism of the whole nervous system
assimilates the concentration Ca®* in its complex pathways. The cellular Ca** signaling occurs
in the mitochondria. The intracellular concentration of Ca?* is controlled by the mitochondria
and also by specific Ca?* binding proteins. This concentration is highly dependent on the
proton electrochemical gradient, where the equilibrium is never attained due to the exchange
occurring between H*/Ca®* and Na*/Ca®*. An improper regulation of the concentration can
lead to mitochondrial dysfunction, defective production of ATP and even a rapid decrease in
the lifespan of cells. Researches performed on animals showed that there is a direct
relationship between the changes in Ca®* concentration and mitochondrial misbalance, leading
eventually to the Parkinson disease. In fact, one of the early features of the Parkinson disease
could be due to the alteration of the Ca’>* homeostasis rather than neuronal malfunction.

The main objective of this paper is to study experimentally and theoretically the interaction of
calcium cations with morin in order to investigate the type of complex formed. More
specifically, the goal is to determine the morin site preferentially involved in calcium fixation
and to study the influence of pH on the structure of the complex(es) formed. The experimental
part of the work is done by electronic spectroscopy (both absorption and fluorescence
emission spectroscopies). These techniques are appropriate to work with low concentrated
solutions but not precise enough and they suffer from a lack of spectral information to provide
structural information. To compensate for these shortcomings, quantum calculations are



performed and hence, a large amount of information is acquired for the system under study.
This methodology has already been used with success on chemical systems of the same
nature.?6-%’

2. Material and methods

2.1 Reagents and synthesis of metal complexes

Morin hydrate and calcium chloride hydrate were purchased from Sigma Aldrich. The
experimental work was performed in methanol (ultrapure, spectrophotometric grade, 99.8%)
purchased from Alfa Aesar. Water was obtained by a Millipore water purification system at
18 MQ cm™! for NaOH and HCI solutions. The method was optimized by preparing solutions
of morin at a concentration of 4.10°> mol L' and the calcium chloride solution was at
1.102mol L. The concentration of calcium chloride was chosen to obtain a broad range of
molar ratios R (metal to ligand) varying from 0 to 50. The experiments related to morin were
carried out at a fixed pH (4.2 and 6.2). 1 mol L', 0.1 mol L! and 0.01 mol L™ aqueous
solutions of NaOH (white pellets, Fischer Scientific) and HCI (Fluka) were used to fix the pH
during the titration. The stoichiometry of the formed complexes was determined by the molar
ratio method and the spectral variations with the pH were studied at R constant.

2.2 Instrumentation and data treatment

All the experimental work was performed using electronic spectroscopy. A Varian Cary 300
Bio double beam spectrometer was used to record the absorption spectra and a Jobin Yvon
Horiba Fluorolog spectrofluorometer was used to record the emission spectra. A Hanna
pHmeter was used for pH measurements.

A set of titration measurements were carried out, with the addition of the calcium chloride
solution in the reactor receptacle at different molar ratios of metal to ligand. The set-up was
thereupon coupled, by means of a flow cell, to the spectrometers to follow the formation of
the complex(es).

The set of spectra obtained was then treated using ReactLab Equilibria?®, a chemometrics tool
designed to operate Evolving Factor Analysis (EFA).?°=° From the data treatment, the spectra
of morin and the formed complex were obtained and the apparent formation constants (/)
were estimated. This constant results from the equilibrium between the free ligand L and the
complex M,L, (without taking into account the protonation state of the ligand):

M + yL = ML, B = ML, J/(IM]* CILP)



2.3 Computational details

All the theoretical work was done using the Gaussian16 software!, more precisely using the
Density Functional Theory (DFT).3? The structures of morin and the various plausible morin-
Ca(Il) complexes were optimized at the ground state using the B3LYP global hybrid
functional®*3* and the 6-311+G** basis set.>>> In total, 30 different structures of complexes
were initially considered when varying the different fixation sites and its protonation state.
Additional calculations were performed on some complexes to assess the effect of
deprotonation of other groups not involved in the metal chelation, to simulate an increase in
pH.

To represent the environment of the reaction, the Polarizable Continuum Model (PCM) model
was implicitly associated to the system, with methanol as the solvent.’®. Explicit water
molecules were added around the calcium ion completing its coordination sphere. Indeed, we
have shown that the presence of water molecules instead of methanol molecules has no effect
on the calculations of electronic spectra.*’ To account for the influence of the coordination
sphere on each complex, trials with 4, 3 and 2 molecules of water were performed.

Time Dependent Density Functional Theory (TD-DFT) was used to generate the electronic
transitions in the range 200 nm to 600 nm. This will enable the overlap of the experimental
absorbance spectra on the theoretical transitions for a good comparison. TD-DFT was also
used to optimize the structure of excited states and to compute emission wavelengths. For
absorption computation, the implicit solvent was equilibrated in the ground state while it was
equilibrated in the excited state for emission.

3. Results
3.1. Complexation Reaction

The morin ligand in methanol solution presents the two main characteristic bands observed
for all the flavonoids: band I located in the long wavelengths range at 357 nm and band II at
253 nm. These values are close to those reported in the literature.*!
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Figure 2: (a) Set of the UV-vis spectra of morin upon addition of Ca™ at pH = 4.2 for molar
ratio varying from O to 20; (b) Set of the UV-vis spectra of morin upon addition of Ca' at

pH = 6.2 for molar ratio varying from O to 4 and (c) Absorbance versus molar ratio plots at
412 nm (pH=16.2)

The spectral modifications observed on the UV-vis spectrum of morin upon addition of the
calcium salt, at pH = 4.2, for molar ratio (metal/ligand) varying from O to 30 are illustrated in
Fig. 2a. To ensure that the chemical equilibrium is reached, the spectrum was recorded 10
minutes after each metal addition. Bathochromic effects for both absorption bands are



observed with different amplitudes, showing the formation of the complex. While a shift of 53
nm is observed for band I (410 nm), a small shift of 11 nm is noticed for band II (264 nm). A
weak absorption band is also detected at a wavelength of about 330 nm which will be noted
band I'. The observation of several isobestic points (238, 259, 289 and 375 nm) in the spectra
set indicates the presence of an equilibrium between two species in solution: the free ligand
and a single complex. The same titration was carried out by fixing the pH value at 6.2 and the
results are shown in Fig. 2b. The initial spectrum of the free ligand is different from the
previous manipulation as it corresponds to the absorption of the totally protonated and mono-
deprotonated forms simultaneously present in solution. However, the only formed complex
(confirmed by the presence of isobestic points) has an absorption spectrum identical to the
one obtained at a pH of 4.2. This result suggests that the same complex is formed for both pH
values. For both titrations, the decrease in pH (readjusted after each addition of metal salt)
means that Ca'! binding is accompanied by a deprotonation at the level of the complexation
site. Our previous works have shown that the first deprotonation of morin occurs with the loss
of the proton of the O2’H or O3H hydroxyl groups and the existence of an intramolecular
hydrogen bond between these two functions in the conjugated base.® Irrespective of the
protonation state of the free ligand (fully protonated or mono-deprotonated), the same spectral
signature is obtained upon addition of Ca', showing that O2'H or O3H or both is involved in
the metal binding. For instance, a chelation with the O405 site would lead to different
complexes depending on the initial protonation state of morin. Therefore, the two possible
chelation sites for Ca' are the 0304 fully deprotonated or 02’03 mono-protonated or fully
deprotonated. The molar ratio method applied for both pH at different wavelengths reveals the
formation of a complex of stoichiometry 1:1 (To illustrate this example, the absorbance at 410
nm with respect to the [Ca']/[morin] molar ratio for the titration performed at pH = 4.2 is
reported in Fig. 2¢). A model with a complex of stoichiometry 1:1 has been confirmed by
chemometrics. The conditional stability constant for this complex at both pH values were
estimated to be log £i.1 = 4.40 £ 0.02 and 6.87 + 0.05 at pH = 4.2 and 6.2, respectively.

Fig. 3a illustrates the fluorescence EEM recorded for a Ca"/morin solution for a molar ratio of
2 at pH = 4.2. Only one fluorescence peak can be observed in this matrix confirming the
presence of a single complex in solution, morin not being fluorescent. The absence of dual
fluorescence of the complex indicates that no excited state intramolecular proton transfer
(ESIPT) occurs as it can be observed in 3-hydroxyflavone**** or quercetin (3,5,7,2',3"-
pentahydroxyflavone).*>**6 A possible explanation for the absence of proton transfer and the
formation of a tautomeric form in the excited state may lie in the departure of the proton at
position 3 whose hydroxyl is involved in the complex formation. However, this hypothesis is
not the only one to be considered as any structural modification due to a complexation
reaction could prevent the formation of this tautomeric form. The complexation reaction was
also monitored by fluorescence emission spectroscopy, by exciting the solution at the
wavelength corresponding to the absorption maximum of the complex (410 nm). The spectral
data set (Fig. 3b) also shows the formation of a single fluorescent species. For R = 0, a low
fluorescence emission is observed at 501 nm; it corresponds to the very small amount of
morin in a deprotonated form present in solution at this pH. The complex 1:1 has a maximum



of emission located at 504 nm. The chemometric treatment of the data resulted in a value of
log fi.1 = 4.41 £ 0.2, which is in agreement with the constant calculated at the same pH in
absorption spectroscopy.
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Figure 3: (a) Excitation Emission Matrix of fluorescence of morin-Ca' system at pH = 4.2 for
a molar ratio of 2 and (b) Evolution of the fluorescence emission of the complex for molar
ratios varying from O to 20 at pH = 4.2 (excitation wavelength: 410 nm).

3.2 pH effect on the complexation

As the complexes formed at pH 4.2 and 6.2 are the same, it can be interesting to study the
behavior of this complex by varying the pH at a fixed molar ratio. Initially, the spectral
evolution of the absorption of the morin-Ca' solution at a molar ratio R = 2 was recorded by
varying the pH from 1.84 to 11.29. The resulting spectral data presented in Fig. 4a is complex
and requires several decompositions to track the formation of the different species. First of all,
at pH 1.84, the complexation is not observed and only the free morin absorbs. With the
gradual increase of the pH up to 7.60, the spectrum evolves towards the complex 1:1
highlighted previously (band I at 410 nm) (Fig. 4b). The four isobestic points (238, 259, 289
and 375 nm) present on the spectra confirm the existence of a single equilibrium in solution.



The complexation reaction appears to be total at pH = 7.60 as the spectrum of the free ligand
is no longer visible. Then, from pH 7.96 to 9.16, the isobestic points change (250, 270, 361
and 417 nm) and a new bathochromic effect is observed for band I (417 nm) and band II
(277 nm). The band I’ is now observed at 325 nm. This time, the spectral behavior is typical
of a deprotonation, and a new equilibrium is observed between the complex 1:1 and its mono-
deprotonated form (Fig. 4c).
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Figure 4: Evolution of the UV-visible spectrum of morin-Ca' system (R = 2) with the pH
varying from: (a) 1.84 to 11.29, (b) 1.84 to 7.6, (c) 7.96 t0 9.16 and (d) 9.75 to 11.29.

Finally, as from pH 9.75 onwards, the isobestic points change again (259, 281, 378 and 420
nm). New bathochromic effects of 10 nm for band I (427 nm) and 5 nm for band II (282 nm)
appear, while the hypsochromic effect continues for the band I' (319 nm). A new equilibrium
is highlighted between the mono- and bi-deprotonated forms of the complex (Fig. 4d). If the
spectral data clearly shows, on one hand, the formation of the complex and, on the other hand,
the successive deprotonation of the latter, it is also possible to obtain, from these data, some
thermodynamic quantities such as the formation constant of the complex as well as its first
two pK, values. The change in absorbance plotted at 410 nm with respect to the variation of
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the pH from 1.84 to 7.60 has the characteristic shape of a sigmoid curve (Fig. 5a). In the
investigated pH range, the absorbance measured at 410 nm can be expressed as:
A = gyl [LH] + e ¢+l [LCa™] (D
To write equation (1), the only equilibrium considered is:

LH + Ca’* =LCa* + H* K (formation constant)

Notably, the presence of the deprotonated morin is not taken into account that is justified by
the results obtained below.

It can be easily shown (using matter conservation and laws of mass action) that the relations:

K [LH]? + [LH]([H*] + cK(R—1)) —c [H*] =0 (2)
and
[LCa*] = R c 107PKa [LH] 3)

"~ 10~PH¢° +10-PKa [LH]

hold, with K the complexation constant, ¢ the initial concentration of morin, and c° the
standard concentration (1 mol L™"). Thus, the expressions of [LH], from (2), and [LCa*], from
[LH] and (3), lead to an analytical expression of A, that has been computed for each pH value.
The parameters, especially K, were optimized using a least-square fitting. A good agreement
was obtained depicted on Fig. 5a. Due to the lack of characteristic features, the derivatives
were numerically computed both from the fitted model and from the experimental data. Once
again, a good agreement was obtained, ensuring that the model reproduce correctly the data.
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Figure 5: (a) Plot of absorbance at 410 nm with respect to pH (blue +), its derivative function
(red +) and fitted model and its derivative and (b) Plot of absorbance at 430 nm with respect
to pH (blue +), its derivative function (red +) and fitted model and its derivative. The vertical
dotted lines are located at the pH corresponding to extracted pK, values.
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The calculation gives a value of log K of =0.13. As K = B - [H*] and consequently that log
= log K + pH, the values of log f calculated for pH = 4.2 and 6.2 are 4.07 and 6.07
respectively, which are consistent with those obtained from the complexation titration at fixed
pH.47

In the same way, the variation of the absorbance at 430 nm plotted as a function of the pH
between 7.96 and 11.29 shows two inflection points (Fig. 5b), indicating the presence of
several equilibria. The obtained curve was treated similarly to the one above.

Nevertheless, the involved equilibria are quite different: two successive deprotonations were
hypothesized. In the investigated pH range, the absorbance measured at 430 nm can be
expressed as:

A = g+l [LCAT] + epca+—ptyl [LCaT (=HM)] + &1ca+(—on+yl [LCaT (—2HT)] 4)
To write equation (4), the two equilibria considered are:

LCa*=LCa*(-H") + H* Kai

LCa*(-H") = LCa*(-2H") + H* Kao

Once again, the presence of the deprotonated morin is not taken into account, which is
justified by the results obtained below. Notably, no hypothesis is made either about the
number of mono-deprotonated species (LCa*(—H") could stand for several complexes), or
about the site of deprotonation. The same holds for the doubly-deprotonated species.

The analytical expressions are more easily writable as in the previous case: It is quite
straightforward to derive from matter conservation and laws of mass action:

H-pK
Leat(—ut) YeLcat (o107 PR32 (5)

10PKa1—-pPH 4 1410PH-PKa2

pKa1-pH
eLCa+10 a + &

A=cl

with Ka.1 and K. the acid-base constants defined by the equilibrium above, ¢ the initial
concentration in morin, and / the optical path length. Thus, A has been computed for each pH
value. The parameters, especially Ka1 and K., were optimized using a least-square fitting. A
good agreement was obtained depicted on Fig. 5b. Like in the case of Fig. 5a, the derivatives
were numerically computed both from the fitted model and from the experimental data and a
good agreement was obtained, ensuring that the model reproduce correctly the data.
Remarkably, the pK, values do not correspond exactly to the inflection points of A and to the
maxima of its derivative, due to a small coexistence of both equilibria.

The values of the first two pK, of the complex 1:1 are 8.6 and 10.9, respectively. However, it
is useful to note that these values do not corresponding to the first deprotonation of the morin
molecule, which has already undergone deprotonation(s) upon complexation. Thus, these
obtained values cannot be easily compared to those of the free ligand.
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Afterwards, with identical physicochemical conditions, the same titration followed by
fluorescence spectroscopy (Fig. 6) confirms the observations obtained in absorption
spectroscopy. The complex emits at 504 nm and then the different deprotonated forms appear
with the increase of the pH value. Two new bands of fluorescence appear in the same pH
range as the one studied in absorption. As it has been shown by means of the mathematical
model that they were mono- and bi-deprotonated forms of the complex, it seems reasonable to
assume that these two new emissions correspond to the same forms. Then, the fluorescence
emission of the mono-deprotonated form reaches its maximum at 525 nm, whereas the bi-
deprotonated form of the complex has an emission centered around 560 nm. Therefore, during
successive deprotonations of the complex, the wavelength shifts are more distinguishable in
fluorescence than those observed in absorption spectroscopy. The Stokes shifts increase upon
deprotonation, and their values are 94, 108 and 133 nm for the complex, the mono- and bi-
deprotonated complexed forms respectively.
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Figure 6: Evolution of the fluorescence spectrum of the morin-Ca" system (R = 2) with pH
varying from 1.84 to 11.29 (excitation wavelength: 410 nm)

3.3 Quantum chemistry calculations

Quantum chemistry calculations were performed to determine the structure of the 1:1
complex obtained in acidic medium. To this aim, the possibility of chelation of the metal
cation on the four potential sites of the morin was considered. For each site, the competition
between Ca'' and the proton was taken into account by studying several protonation schemes
for the site. For example, for the 02’03 site, one structure without deprotonation, two
structures mono-deprotonated at position 3 or 2', and one doubly deprotonated one were
investigated. Moreover, complexation in mono-dentate coordination mode has not been
considered because the fixation of Ca on an ether, carbonyl or hydroxyl function is

13



chemically unlikely. Finally, the environment of the metal has been studied by varying the
coordination number of the latter by adding in its coordination sphere two, three or four
solvent molecules. Taking into account these different parameters, there are 30 hypothetical
structures whose geometry has been optimized and from which the electronic transitions have
been calculated by TD-DFT, in absorption and emission.

The first observation is that the Ca® fixation on the 0102’ site seems impossible. Indeed,
whatever the protonation state of the hydroxyl function and the number of solvent molecules
in the coordination sphere, no structural optimization has made it possible to obtain a chelated
form.

In general, the best agreement between experimental and theoretical spectra is obtained
when the metal in the complex is surrounded by four solvent molecules, indicating that
calcium adopts an octahedral environment in this complex. The comparison of the results
obtained with a different number of solvent molecules will be discussed later. The overlay of
the experimental spectrum of the 1:1 complex obtained in acidic conditions with the positions
of the electronic transitions calculated for the remaining eight structural hypotheses that
exhibit hexa-coordinated calcium is presented in Fig. 7.

The hypothetical structures will be noted as compOxOy with x and y having the values 2/,
3, 4 or 5 corresponding to the positions on the ligand. For example, compO2'O3 corresponds
to a chelate which involves the two hydroxyl functions O2'H and O3H. The symbol -H
denotes a deprotonation of a hydroxyl group involved in the fixation of the calcium atom.
Thus, comp O2'03-H implies the same site as in the previous example but the site is mono-
deprotonated in position 3. The observation of the theoretical spectra (represented by vertical
lines) in Fig. 7 shows a large number of electronic transitions calculated in the short
wavelength range. It is therefore difficult to obtain relevant information on band II of the UV-
vis spectrum since, in all cases, the calculated transitions allow a good depiction of this band.
Due to that, we focused mainly on band I (410 nm) but also on the weak band I' (~330 nm).
Even though for comparison purposes the spectra of all hypothetical forms are shown in Fig.
7, it is possible to rule out the three fully protonated forms: compO405, compO304 and
comp02’03 (Fig. 7a, 7c and 7e, respectively) from the computed data and because of their
little chemical meaning. Indeed, a decrease in the pH of the solution is observed at each
addition of calcium salt until the end of the assay, which indicates a deprotonation of the
cation binding site. Moreover, we observe that the transitions computed in the long
wavelength range for these complexes are blue shifted compared to the experimental
spectrum.

The HOMO - LUMO transition (98%) of compO405-H (Fig. 7b) is well calculated (412
nm) with respect to the experimental wavelength of the band I while the band I' is described
by a transition involving the HOMO-1 - LUMO (97%) whose oscillator strength is too high
(f = 0.38). It means that the oscillator strength of the band I' is calculated 1.5 times higher
than that of the band I while its measured absorbance is about 50 times lower. Hence, the
compO405-H spectrum does not satisfactorily reproduce the spectrum of the 1:1 complex and
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the involvement of the 0405 site in the Ca" binding can be ruled out. This confirms the
observation already made in the experimental part (involvement of position 3).

The calculated spectrum of compO3-HO4 (Fig. 7d) reproduces the experimental
absorption spectrum particularly well. Band I is described by the HOMO - LUMO transition
(98%) calculated at 415 nm with an oscillator strength of 0.52, while band I' is represented by
two low probability transitions (f = 0.03 and 0.05) calculated at 338 (HOMO-1 - LUMO,
97%) and 315 nm (HOMO-2-LUMO, 93%) respectively. The calculated fluorescence
emission of this complex (526 nm) is also in agreement with the experimental one (504 nm).
Thus, Ca® chelation on the deprotonated O304 site is a highly probable hypothesis. In the
same way, the implication of the 02’03 fully deprotonated site in the formation of the
complex is possible. The HOMO — LUMO transition (97%) of compO2’-HO3-H (Fig. 7f) is
calculated at 422 nm, that is 0.08 eV lower in energy than the observed transition. Band I' is
depicted by two weak transitions located at 357 and 311 nm (AE = 0.28 and 0.23 eV from the
experimental band, respectively). For this complex, a fair agreement is observed for the
emission wavelength (522 nm versus 504 nm). The same chelating site with a single
deprotonation in the 2' position has been considered and the results of the calculation are
shown in Fig. 7g. Band I is rather well represented by the HOMO - LUMO transition (99%)
calculated at 416 nm (f = 0.30) but a second transition computed at 350 nm with a large
oscillator strength (0.20) has led to doubt the presence of compO302'-H in solution. This
species can be definitively ruled out because its fluorescence emission is calculated at 569 nm
far from the experimental value observed at 504 nm. The last hypothesis is compO3-HO2'
whose theoretical spectrum is shown in Fig. 7h. The lowest energy transition
(HOMO - LUMO 98%) calculated at 401 nm (f = 0.40) reproduces fairly the position and the
absorbance of band I, while a single transition computed at 314 nm (f = 0.05) is likely to
represent band I'. The fluorescence wavelength of this hypothetical structure has been
estimated at 499 nm, in good agreement with the experimental value. From a spectral point of
view, this structure cannot be excluded. However, from an energetical point of view,
compO3-HO2’ can be compared to compO304 because they have the same number of atoms
and both involve a single deprotonation. Thermodynamic calculations show that compO3-
HO2’ has a Gibbs free energy greater than compO304 of (A:G = 14.3 kcal mol™"). This kind
of calculation being challenging, the same calculations were carried out with two other
different hybrid density functionals: the MO06-2X and wB97X-D considered as robust
functionals for the description of energy.**’ The values found for the energy difference have
the same order of magnitude; they are of 12.1 and 10.7 kcal mol™!, respectively for these two
functionals. This significant energy difference leads to eliminate the structure exhibiting
calcium chelation on the di-hydroxyl function with a deprotonation in position 3. At this
stage, the comparison of the calculated electronic transitions with the absorption and emission
spectra leads to two structural hypotheses: compO3-HO4 and compO2'-HO3-H (Fig. 8a).
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Figure 7: Experimental spectrum of the complex 1:1 (red) and theoretical electronic
transitions (blue lines) calculated for different hypothetical structures: (a) compO405, (b)
compO405-H, (c) compO304, (d) compO3-HO4, (e) compO2’03, (f) compO2’-HO3-H, (g)
compO302'-H and (h) compO3-HO?2'
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The influence of the number of solvent molecules within the metal coordination sphere is
illustrated by means of the calculated electronic transitions in Fig. S1 (supporting
information). In some cases, the influence is minor and the wavelengths of the electronic
transitions are calculated within a few nanometers, this is the case for compO3-HO4 (Fig.
S1a). In contrast, the binding of calcium with the di-hydroxyl function in the position 2',3 is
likely to cause steric hindrance depending on the number of solvent molecules in the
coordination sphere of the metal cation and leads to more significant differences in the
calculated wavelengths as shown in Fig. S1b for compO2'-HO3.

Although successive deprotonations have been considered for all hypothetical structures,
we will focus, in the remaining part of the paper, on compO3-HO4 and compO2'-HO3-H
structures, with the departure of the most labile protons of the complex. In a first step, for
both complexes, the deprotonations of OH4’, OH7 groups or one molecule of water in the
coordination sphere of Ca have been considered (an increase in pH is likely to deprotonate a
water molecule leading to a ligand in the form of HO™). For compO3-HO4, the deprotonation
of OH2' function has also been envisaged. The structures of the ground state and the first
excited state of the mono-deprotonated complexes have been optimized and the electronic
transitions have been calculated in absorption and emission.

The computed absorption wavelengths corresponding to the lowest energy transition
(HOMO - LUMO) as well as those calculated for fluorescence emission are reported in Fig.
8b for all the first deprotonation assumptions of the 1:1 complex. These calculated values
should be compared with those observed experimentally, i.e. 417 and 525 nm, respectively. It
can be noted that, for the two complexed forms, the deprotonation of a solvent molecule in the
coordination sphere of calcium leads to wavelengths in very good agreement with the
experimental values both in terms of absorption and in emission. This agreement is very good
for compO3-HO4 where the energy differences between the calculated and experimental
values for the electronic transitions are around 0.02 eV. Besides, the whole spectrum of the
mono-deprotonated 1:1 complex is well reproduced by the electronic transitions calculated
with a deprotonation of a water molecule in the coordination sphere of the metal cation (Fig.
S2.c). By contrast, the experimental spectrum is less correctly reproduced by the calculated
spectrum corresponding to the deprotonation of a water molecule of compO2'-HO3-H (Fig.
S2.a). The deprotonation of the OH7 function of compO2'-HO3-H leads to the calculation of
absorption and emission wavelengths which correspond very well to the experimental values.
In addition, the calculated transitions perfectly reproduce the absorption spectrum of the
mono-deprotonated complex (Fig. S2.b). The deprotonation of the other hydroxyl functions
(the position 4’ for compO2'-HO3-H and the positions 2', 4 'or 7 for compO3-HO4) lead
either to calculated HOMO - LUMO wavelengths too far from the values observed
experimentally (Fig. 8b) or to important discrepancies between the theoretical and
experimental data in the higher energy range. For these reasons, these hypotheses of first
deprotonation were not retained. Thus, only three mono-deprotonated complexed forms were
retained, two corresponding to the presence of a hydroxide group in the Ca coordination
sphere, which will be noted as compO2'-HO3-H_OH™ and compO3-HO4_OH™ as well as the
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deprotonation of the hydroxyl in position 7 of compO2'-HO3-H which will be noted as
compO2'-HO3-H_O7-H.

da
comp02’-HO3-H comp03-HO4
Complex 1:1 15t deprotonation 2nd deprotonation
Exp: 410 nm; 504 nm Exp: 417 nm; 525 nm Exp: 430 nm; 560 nm
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Figure 8: (a) Structures of compO3-HO4 and compO2'-HO3-H (solvent molecules have been
omitted). (b) Experimental absorption and emission wavelengths of the complex 1:1 and its
two deprotonated forms and calculated absorption (HOMO - LUMO transition) and
fluorescence wavelengths for the different hypothesis of complex deprotonation. The values
in brackets are the difference between the calculated and experimental energy transitions (in
absolute values).
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From these three mono-deprotonated forms, a second deprotonation has been investigated
involving the same functions as those previously considered for the first one. The calculated
absorption (HOMO - LUMO) and fluorescence wavelengths reported in the right part of Fig.
8b for the different doubly deprotonated hypothesis should be compared to those observed
experimentally: 430 and 560 nm respectively. The deprotonation of position 7 of compO2'-
HO3-H_OH™ and the deprotonation of a water molecule of compO2'-HO3-H_O7-H lead to
the same complex named compO2'-HO3-H_O7-H_OH™ (Fig. S2.d), which has theoretical
wavelengths in good adequacy with the expected values. In the same way, the deprotonation
in position 7 of compO3-HO4_OH™ gives satisfactory results with respect to the experimental
values (Fig. S2.e). TD-DFT computations on the optimized structure, where the second
deprotonation involves the other functions, lead to results too far from the experimental
values and can be discarded. Quantitatively, the wavelengths calculated for compO3-HO4 and
its two successive deprotonations are closer to the experimental values than those obtained
from derivatives compO2'-HO3-H. However, it seems difficult to exclude them only on the
basis of the spectral aspect, which is why the energy features have also been studied.

In order to compare the free enthalpies of the complexes, it was necessary to take into
account the solvation free energy of the proton (=257 kcal mol™") insofar as all complexes are
not at the same level of deprotonation.”® CompO2'-HO3-H has a Gibbs free energy 32.2 kcal
mol™' higher than compO3-HO4. Likewise, compO2'-HO3-H_O7-H and compO2'-HO3-
H_OH™ have free energy values of 38.2 and 40.9 kcal mol™" higher than compO3-HO4_OH-
respectively. Finally, compO2'-HO3-H_OH~_O7-H lies 46.6 kcal mol™' higher than compO3-
HO4_OH™_O7-H. These values should be carefully compared because of a quite important
effect of entropical factors and of the uncertainty on the value of the solvation free energy of
the proton. Nevertheless, in the case of interest, the computed differences are large enough to
suggest an interpretation. Thus, the fact that the whole deprotonation path of compO3-HO4
lies below the one of compO2'-HO3-H is consistent with a Ca'! chelation that would take
place with the deprotonated 3-hydroxy-keto site. Then, a progressive increase in pH induces
successively a first deprotonation of a solvent molecule located in the coordination sphere of
the metal and a second deprotonation of the hydroxyl function at position 7, as illustrated in
Fig. 9.

A I L~ ;
< £ o 08
{ - Call)aa) § on A (\)f 4
— — —)
-H3* -H,0

Figure Reaction scheme illustrating the regio-selectivity of Ca binding by morin and the two
successive deprotonations of the formed complex.
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The main structural modifications of the ligand which occur with the complexation or the
successive deprotonations of the obtained complex are listed in Table 1. As expected, the
different C303 and C404 bond lengths in morin tend to get much closer with the chelate
formation even though the C303 bond remains longer than C404 in the calcium-containing
ring. The inter-ring bond increases in the complexes with respect to the free ligand, which
would indicate a decrease in the electronic delocalization over the entire molecule. However,
the inter-ring dihedral angle decreases for the complexed forms, this could be due to the
increase of the strength of the intra-molecular hydrogen bond H2'O3. The deprotonation of a
solvent molecule in the coordination sphere of calcium hardly changes the structure of the
ligand. This observation depicts the strong ionic nature of the metal-ligand bonds. Finally, the
deprotonation of the hydroxyl function in position 7 has a much greater impact on the
geometry of the ligand even at the metal binding site.

Table 1: Main geometrical parameters for morin and its complexes with Ca", at different pH
values. The bond lengths are given in A and the inter-ring dihedral angle is in °.

morin compO3-HO4  compO3-HO4_OH~ compO3-HO4_OH™_O7-H

cacr 1.459 1.465 1.465 1.469
C303 1.359 1.327 1.323 1.335
C404 1.254 1.279 1.279 1.289
03Ca 2.356 2.355 2.405
04Ca 2.389 2.398 2.371
H2'03 1.701 1.508 1.490 1.505
c3czcicy -35.9 -29.7 -29.1 -31.1

4. Conclusions

The morin molecule forms a stable mono-cationic complex with Ca' in methanol
solution. The combination of electronic spectroscopies and quantum chemical calculations has
shown that, among the four chelating sites in competition for the fixation of this alkaline earth
metal cation, the 3-hydroxy-keto group is the preferential site. The selectivity found in
binding Ca'!, even at low pH is an important result considering the biological importance of
such ions. The chelation occurs with a full deprotonation of the 3-hydroxyl function. As a
consequence, an increase in pH raises the affinity of morin for Ca''. From a pH value of 7.60,
the deprotonation of the complex starts and the quantum chemistry calculations have shown
that it is not a deprotonation of the ligand but that of a solvent molecule present in the
coordination sphere of the complex. A pH of 9.75 must be reached to remove a proton from
the hydroxyl function in position 7 of complexed morin; the pK. of this function is estimated
to be around 10.9.
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It is interesting to note that the same work was done on the complexation of Ca" with
quercetin (3, 3', 4', 5, 7-pentahydroxyflavone) and luteolin (3', 4', 5, 7-tetrahydroxyflavone)
(unpublished results). For the case of quercetin, a very large amount of calcium is required to
observe a complex (molar ratio in the order to 500), whereas with luteolin, no complex
presence could be demonstrated even with high concentrations of calcium salt. These results
show that the hydroxyl function at the position 3 is essential for the formation of a complex
with Cal' insofar as it is not observed with luteolin. However, they also show that the 2'
hydroxyl group plays a key role in the affinity of morin for calcium. As we have described in
a previous paper, the intramolecular hydrogen bond network created from hydroxyl functions
at the 2' and 3 positions plays a significant role in the reactivity of morin.®

Finally, it should be noted that if other spectroscopic techniques such as 'H NMR and
infrared coupled to quantum chemistry calculations can be useful to determine the preferential
complexation site of flavonoids.’! These techniques, however, remain limited especially
because of the high concentrations of necessary metal salts which prohibit the study as a
function of the pH. Indeed, a pH increase will produce a precipitation of metal hydroxide
which would distort the measurements.
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