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Laura Estévez • Nicolás Otero • Ricardo A. Mosquera

Received: 30 June 2010 / Accepted: 16 September 2010 / Published online: 30 September 2010

� Springer-Verlag 2010

Abstract Metal complexation by anthocyanins is a very

efficient mechanism for protecting plants. While Mg is an

essential metal for life, typically found bound to anthocy-

anins, Al interferes with the metabolism of the former.

Density functional theory and the polarizable continuum

model are used to study cyanin (the simplest anthocyanin

bearing a catechol unit) complexes with Mg(II) and Al(III),

considering different metal ligand stoichiometries. Results

obtained for metal-binding energies indicate that Al(III)

complexes are always more stable than those of Mg(II).

Furthermore, reaction energies for the metal exchange

process show that free Al(III) (hexaaquo complex) is

always able to displace Mg(II). This displacement is more

favored when the metal ligand ratio decreases. Thus,

anthocyanins are implied in suppressing Al(III) toxicity by

enabling its accumulation and reducing its migration to

ecosystems. The characteristics of Al(III)–cyanidin and

Mg(II)–cyanidin bonds are investigated using the quantum

theory of atoms in molecules. We find these complexes are

more stabilized by ion–dipole electrostatic interactions

than by electron pair sharing, as predicted by the Hard and

Soft Acids Theory. Globally, two factors increase the

covalent character: replacement of Mg(II) by Al(III) and

replacement of water by cyanidin ligands.

Keywords Metal exchange � Metal binding �
Anthocyanidins � QTAIM � Electron delocalization indices �
HSAB theory

1 Introduction

Flavonoids are aromatic secondary metabolites found

ubiquitously in plants [1, 2]. These molecules are receiving

renewed attention by many researchers during the last

decade because of their remarkable array of biological and

physiological effects [3–5], the complexity of their bio-

synthesis and metabolism, possible industrial applications,

and constantly rising commercial interest and relevance in

the processes involved in nutrition, flavors, and aromas

[6, 7].

Structurally, anthocyanins are hydroxylated and meth-

oxylated derivates of flavylium, 2-phenyl-1-benzopyryli-

um, salts. They are the most intensively colored group of

flavonoids [1], being vacuolar pigments synthesized

exclusively by organisms of the plant kingdom, and have

been observed to occur in all tissues of higher plants,

providing color in leaves, stems, flowers, and fruits [8].

The stability of the structure of these molecules in vivo,

conditioning the stability of their color, is influenced by the

number and the nature of the substituents, the pH value of

the medium, soil composition, and climate conditions.

Their stability is also partially improved by glycosylation

and acylation, but it is very dependent upon possible

copigmentation, self-association, and metal complexation

reactions [9–14].

Formation of metal complexes by anthocyanins is

important for diverse features: (1) it is a very sensitive and

powerful mechanism for color stabilization developed in

higher plants in vivo [1, 2]; (2) it is also one of the
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mechanisms that enable accumulation of metals in

peripheral tissues reducing the possibility of their migra-

tion to eco systems suppressing metal toxicity [15–17]; (3)

at the same time, metal complexation is a very efficient

mechanism of protecting plants from pathogens and plant

eaters; and (4) the antioxidative activity of flavonoids,

besides the direct free radical scavenging, includes chela-

tion reactions of diverse metal as well [18].

Our interest on Mg(II) and Al(III) complexes is due to

two facts. On one hand, recently, Shiono et al. [19]

determined for the first time the crystal structure of one

anthocyanin copigment: protocyanin. This crystal structure

mainly consists of cyanin molecules (cyanidin 3-O-(6-O-

succinyl glucoside)-5-O-glucoside). One Mg(II) is coordi-

nated bidentatedly to three different cyanin fragments

through the catechol moiety of each cyanin, arranged

(Fig. 1) in octahedral coordination geometry. On the other

hand, Al(III) is found in its ionic form in most kinds of

animal and plant tissues and in natural waters everywhere

[15–17], being the third most prevalent element and the

most abundant metal in the earth’s crust. Al(III) occurs in

most soils, but its availability to plants is highly pH

dependent and most aluminum toxicity is reported in

strongly acidic soils [15–17, 20, 21]. Moreover, it is known

that Al(III) toxicity is among the most widespread prob-

lems of ion toxicity stress in plants so it interferes with the

metabolism of essential metals like Mg(II) [22, 23].

We think that the geometry obtained for the crystal

structure by Shiono et al. (Fig. 1) can be taken as a good

starting point for our purpose. To the best of our knowl-

edge, this is the first theoretical study on metal-anthocyanin

complexes, and there is poor information about them. This

crystal structure leads us to consider diverse systems in

order to study metal complexation of anthocyanins. This

work does not only deal with both the theoretical study of

metal exchange processes of Al(III) in cyanin–Mg(II)

complexes, but with the description of metal–cyanidin

interactions through the characterization of metal–ligand

bonds from an electronic point of view. The latter will be

done using the quantum theory of atoms in molecules,

QTAIM [24, 25], which has proved to provide chemists

with a tool to interpret, understand, and predict diverse

experimental observations [26].

2 Computational details

The geometry obtained from the X-ray diffraction study of

the reconstructed protocyanin crystal [19], C366H233

O228Ca2FeMg, whose residual and weighted R factors for

the set of reflections judged as significantly intense were,

respectively, 0.083 and 0.211, allowed us to extract an

initial geometry for the models of metal complex studied in

this work (Fig. 1). Thus, we have studied the following

systems: metal, M, (Mg2? or Al3?) attached to one, two or

three bidentate ligand/s, L, (cyanin). The global charge of

each cyanin isolated ligand is -1, as it could be obtained

formally upon deprotonation of two hydroxyls (30 and 40)
of the corresponding cationic cyanin or cyanidin. Thus,

cavities formed by ligand/s display charges of -1, -2 and

-3 in each of the complexes here studied.

The complex we extract from the crystal consists of 3

cyanins acting each one as a bidentate ligand linked to

magnesium with global charge of -1 (Fig. 1). To construct
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Fig. 1 Substructure extracted

from the original crystal

structure [19] showing the 1:3

Mg(II)-cyanin complex (before

substituting glucoses by

methyls). It is also shown the

structural formula of cyanin and

labeling of selected atoms for a

better compression of the text
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the remaining magnesium complexes, with one or two

ligands, we change one or two original cyanins by two or

four water molecules, respectively. Because of the high

computational cost involved, we have only performed

complete optimization for 1:1 complexes. Both 1:2 and 1:3

complexes were computed with single point calculations at

the same level (see below), where M–O distances, for

ligands and water molecules, M–OL and M–Ow, were fixed

at the values obtained in the optimization of model com-

pounds, while the remaining geometry parameters are those

of the crystal. Model compounds (Fig. 2a–c) were con-

structed replacing cyanin ligands by dideprotonated 3,4-

dihydroxybenzyl cation, L0, whose global formal charge is

also -1. Furthermore, in this study, we can assume that the

effect of the glucose substituents in the metal–ligand bond

is negligible (see below). Thus, they were substituted for

methyls in order to reduce the computational cost. The

same procedure was done for aluminum complexes

(Fig. 2d–f).

Comparison of 1:1 complexes obtained for MgL, MgL0,
AlL, and AlL0 was used to estimate model reliability. We

have seen that M–O bond distances with both ligands

(L and L0) and water follow the same behavior. They do

never differ by more than 0.02 Å, excluding that of M–O40

(0.05 Å), and they always follow the same relative order.

Finally, the differences between Al–O and Mg–O bond

lengths are nearly the same in the 1:1 complexes formed

with L and L0.
All calculations were carried out with the Gaussian03

package [27]. It has already been established that density

functional methods give reliable results in most chemical

systems [28, 29]. Density Functional Theory (DFT)/Har-

tree–Fock (HF) hybrid methods are particularly appealing

for the present investigation since they correct the pure

DFT overestimation of the bond dissociation energies [30]

as was validated by Johnson et al. [31]. We have chosen the

B3LYP hybrid DFT approximate functional [32] for this

work, which consists of the B3 exchange functional [33],

Fig. 2 1:1, 1:2, and 1:3 MgL0

models (a, b and c,

respectively), 1:1 complex in

the optimized geometry in

aqueous solution simulated with

the PCM model (d), and the

geometries studied for 1:2 and

1:3 AlCy complexes (e and f,
respectively). Similar pictures

were obtained for the

corresponding 1:1, 1:2, and 1:3

MgCy complexes
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the LYP correlation functional [34], and a 20% of exact HF

exchange. This density functional implementation has

generally been shown to perform quite reliable results for

most chemical systems, and the scope of this work is not

out of the range where B3LYP have been extensively

tested [35, 36].

Frequencies, the corresponding zero-point vibrational

energy (ZPVE) corrections, thermal corrections to energy

(ETRV), and entropies at 298.15 K were calculated for 1:1

complexes at this level of theory using standard statistical

mechanical expressions [37]. The enthalpy and Gibbs

function changes for the complexation were evaluated at

298.15 K as follows:

M(H2O)x
6 þ nLy ! MLnðH2OÞxþny

6�2n þ 2nH2O

DrH ¼ DrEelec þ DrETRV þ DrZPVEþ ð2n� 1ÞRT

DrG ¼ DrH � TDrS

Gas phase energies for 1:1 complexes were recalculated

on the B3LYP/6-31??G(d,p) optimized geometries at the

B3LYP/6-311??G(2df,2p) level of theory and corrected

with the ZPVE and thermodynamical data calculated from

the B3LYP/6-31??G(d,p) results. The energy of the

remaining complexes was computed at the B3LYP/6-

311??G(2df,2p) level on the non-optimized geometries

described above.

Aqueous phase optimizations were carried out using the

self-consistent reaction field method (SCRF), with the

polarizable continuum model (PCM) [38–40] procedure at

the B3LYP(PCM)/6-31??G(d,p) level. Solvation free

energies were also recalculated at the B3LYP(PCM)/6-

311??G(2df,2p) level of theory for 1:1 complexes, while

the same procedure described above was employed for the

rest of the complexes. Continuum models of solvation

constitute one efficient way to include condensed-phase

effects into quantum mechanical calculations, by means of

using a self-consistent reaction field (SCRF) approach for

the electrostatic component. Previously, it has been shown

that for the specific cases of Al(III) and Mg(II), PCM does

yield reliable results [41]. Gas phase corrections were

employed to estimate the aqueous phase thermodynamic

properties as found in the literature [41, 42], since the

calculation of vibrational frequencies in liquid phase is

computationally demanding and not very accurate, and

corrections are expected to be very similar [43, 44].

Finally, electron densities, q(r), obtained at the B3LYP/

6-311??G(2df,2p) level in both phases, were studied with

QTAIM as implemented in the AIMPAC package [45]. We

analyze the main properties of q(r) evaluated at the bond

critical points (BCPs), like its value, q(rc), and atomic

properties obtained by integrating q(r) over atomic basins,

X, as electron atomic population, N(X), and atomic energy,

E(X), and their respective variations upon complex for-

mation, DN(X) and DE(X). We mainly focus on BCPs

involved directly in the metal–ligand bond paths, M–OL.

With regard to DN(X), we focus on that of the metal, N(M),

those of oxygens of the ligand directly bound to the metal,

N(OL), and those of oxygens of water molecules of the first

hydrated shell of metal, N(OW). The accuracy obtained in

the determination of the integrated properties was checked

using standard criteria. Thus, all atoms considered were

integrated with absolute values of L(X) [24, 25] below

2 9 10-3 au, and summations of atomic electron popula-

tions and atomic energies differ from those of the corre-

sponding molecule always by less than 1.6 9 10-3 au and

1.7 kJ mol-1, respectively.

3 Results

3.1 Energies

Molecular energies computed at the B3LYP/6-

311??G(2df,2p)//B3LYP/6-31??G(d,p) level for both 1:1

metal–Cy complexes in both phases, as well as for ligand

and hexahydrated metal ions are given in Table 1. For

Table 1 Gas phase and water solution molecular energies, E (in au) at the B3LYP/6-311??G(2df,2p)//6-31??G(d,p) level for 1:1 complexes,

hydrated metals, ligand, and water

Optimized geometry Eelec
GAS Eelec

PCM Crystal structurea Eelec
GAS Eelec

PCM

Cy:Mg (1:1) -1613.27699 -1613.39383 Cy:Mg (1:1) -1613.12414 -1613.24027

Cy:Al (1:1) -1655.33601 -1655.61255 Cy:Al (1:1) -1655.18768 -1655.44969

Mg(H2O)6
2? -658.52467 -658.85606 Cy:Mg (2:1) -2567.52694 -2567.63868

Al(H2O)6
3? -700.29981 -701.02969 Cy:Al (2:1) -2609.76671 -2609.88527

H2O -76.46257 -76.47178 Cy:Mg (3:1) -3521.82607 -3522.03139

Cy:Al (3:1) -3564.17819 -3564.28997

Cyanidin -1107.34391 -1107.28203 Cyanidin -1107.17509 -1107.30831

For remaining complexes, molecular energies were obtained at the B3LYP/6-311??G(2df,2p) in both phases
a See text for the description of the geometries
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remaining complexes, those enclosing two or three bidentate

cyanidins, molecular energies were obtained from single

point calculations at the B3LYP/6-311??G(2df,2p) level

(Table 1) on the geometries described above. For all stoi-

chiometries, the most stable metal complex is that formed

with Al(III) both in gas phase and in PCM modeled aqueous

solution.

3.1.1 Metal-binding affinity

Metal-binding affinities of cyanidin to Mg(II) and Al(III)

were evaluated by calculating the energy variation of the

following reaction:

M(H2O)x
6 þ nLy ! MLnðH2OÞxþny

6�2n þ 2n H2O

where x and y are the charges of the metal cation, L and M

stand, respectively, for the bidentate ligand and the metal,

and n corresponds to the number of cyanidins bound

bidentatedly. This reaction defines the metal-binding

affinity as the water/ligand substitution from the first

hydration shell of the metal, where all the exchanges occur

simultaneously.

Looking at Table 2, we notice there is a significant

difference between binding energies obtained for opti-

mized 1:1 M:Cy complexes and those obtained for 1:1

M:Cy in the geometry of the crystal. Nevertheless, we

observed that the relative binding energy between Al:Cy

and Mg:Cy with both geometries is very similar, e.g., it

differs by less than 0.5 kcal mol-1 in gas phase. This fact

leads us to believe that our model is reliable enough to

compare binding energies of all Al and Mg complexes.

From these values (Table 2), we observe that both

metals display favorable binding affinities, Al(III) dis-

playing always the most negative one in the same phase

and stoichiometry. The complexation reaction seems to be

driven primarily by favorable charge–charge interactions,

between the positively charged metal complex and the

negatively charged cavity that regulates this affinity

(increasing with the charge in absolute value). This is

particularly remarkable in the case of Al(III), where

binding affinities go from -400.31 to -708.17 kcal mol-1

in gas phase and from -39.16 to -117.65 kcal mol-1 in

solution. The evolution of binding affinities with the

number of ligands is not homogenous as can be expected

when considering the repulsions among negatively charged

ligands in 1:2 and 1:3 stoichiometries. We also notice that

binding energies are substantially reduced in solution with

regard to gas phase, what can be related to the destabili-

zation of bulky compounds by the contribution coming

from cavitation energies, i.e., the M:Cy complexes with

regard to the solvated uncoordinated ligands.

Consecutive ligand-binding energies, corresponding to

the following reactions:

MLnðH2OÞxþny
6�2n þ Ly ! MLnþ1 ðH2OÞxþðnþ1Þy

4�2n þ 2H2O

can be obtained as differences between values shown in

Table 2. These differences indicate that increasing the

number of cyanins leads always to more negative binding

energies in both phases. Thus, the subsequent replacement

of two water molecules by cyanin ligands is 39.16, 48.93

and 29.56 kcal mol-1, respectively, for the first, second,

and third replacement in Al(H2O)6
3? in aqueous solution.

This qualitative trend is also true for Mg(II).

3.1.2 Metal exchange reaction

The metal exchange reaction is defined as follows:

MgLnðH2OÞð2�nÞþ
6�2n þ Al(H2O)3þ

6

! AlLnðH2OÞ 3�nð Þþ
6�2n þMg(H2O)2þ

6

The energy balance of this reaction, exchange energy,

indicates the likelihood for hydrated Al(III) to replace a

Mg(II) already attached to a binding site in a cyanidin

molecule. In general, the exchange reaction is energetically

very probable to occur from a thermodynamical point of

view. In gas phase, it can be as favorable as 362.05

kcal mol-1 (Table 3). The charge of the cavity plays a

major role in the thermodynamics of the reaction. The

more positive charge of Al(III) makes the exchange much

more favorable as the ligand cavity becomes more

negative. When solvation effects are included with PCM

Table 2 B3LYP/6-311??G(2df,2p) energies for metal binding

affinity (in kcal mol-1) for the diverse complexes studied here, in the

gas phase and in water solution

DEGAS DEPCM

Cy:Mg (1:1)a -210.81b -19.49b

-210.57c -19.25c

-204.91d -10.85e

Cy:Al (1:1)a -389.58b -46.28b

-388.92c -45.86c

-380.91d -35.12e

Cy:Mg (1:1) -219.34 -16.70

Cy:Al (1:1) -400.31 -39.16

Cy:Mg (2:1) -315.25 -42.31

Cy:Al (2:1) -606.81 -88.09

Cy:Mg (3:1) -346.12 -64.34

Cy:Al (3:1) -708.17 -117.65

a From fully optimized structures (see text)
b From electronic energies corrected with ZPVE
c DH including ETRV at 298.15 K
d DG values at 298.15 K
e DG values at 298.15 K computed for PCM modeled aqueous

solution
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calculations, the exchange energy reduces drastically. This

relates to the higher solvation energy of Al(H2O)6
3?,

compared to Mg(H2O)6
2?.

3.2 Characterization of metal–cyanidin bonding

3.2.1 Characterization of metal–cyanidin bonding in terms

of bond critical points

We remark that all q(rc) values corresponding to M–L

bonds are significantly smaller than those of usual covalent

bonds and much larger than those displayed by closed-shell

interactions (Tables 4, 5), as previously found in other

metal complexes [46, 47]. Such values were classified by

Bader in the low end for shared interactions [46]. Never-

theless, all r2q(rc) values of M–L BCPs are small and

positive, what has been considered as a hallmark of closed-

shell interactions [48]. This combination of BCP indices,

relatively low values for q(rc), small positive values for

r2q(rc), and small negative values for the total energy

density at the BCP (data not shown), coupled with signif-

icant electron delocalization (see below) has been consid-

ered unique to bonding to a metal atom [49–51]. In general,

the interatomic surface for all the metal interactions falls in

the region of the outer shell of charge depletion of the

metal atom. This imparts to metal bonding the above

described hallmarks.

The main properties of q(r) evaluated at the metal–

ligand, M–L, BCPs for 1:1 Cy–Mg complexes (Table 4)

built with and without O-glucose substituents show that the

presence of these groups has no significant effect on the

properties of these bonds. In fact, the largest difference

between q(rc) values does not exceed 2 9 10-5 au.

Comparing M–OL bond lengths in the optimized

geometry of 1:1 MgCy complex and in the geometry

extracted from the crystal structure, we notice that the

longest bonds are Mg–40OL in the former (by 0.045 Å) and

Mg–30OL for the latter (by 0.026 Å) (Fig. 1; Table 4).

Moreover, all M–OL distances obtained from the simpler

models provided the same trend: shorter M–30OL (with

higher q(rc) values) and longer M–40OL (with lower q(rc)

values) bond lengths. Differences in M–OL bond lengths

with regard to those found in the crystal structure could be

due to crystal structure packing. Even stacking interactions

with other polyphenols responsible of the final structure of

the crystal [19] may affect the behavior of OL.

Comparing both 1:1 optimized Al:Cy and Mg:Cy com-

plexes, we notice that the former shows shorter M–OL and

M–OW bonds than the latter (Tables 4, 5). This tendency is

observed for the remaining stoichiometries studied, due to

the weaker electrostatic interaction between the lower-

charged Mg(II) and the ligands when compared with

Al(III), and also due to the bigger ionic radius of the

former.

Water molecules included in complexes are placed at

distances from M obtained from our optimized simpler

models and span in the range indicated in Tables 4 and 5.

In all cases, these distances are longer than M–OL ones and

display smaller q(rc) values. According to q(rc) values, a

clear trend can be established where M–OL and M–OW

bond strength of both Al(III) and Mg(II) complexes redu-

ces as the number of ligands increases. Moreover, these M–

OW distances are always larger than in the corresponding

hexaaquo complexes. Thus, metal–cyanin bonds are rein-

forced undermining metal–water ones.

As far as the variation of the main properties of BCPs in

atoms of cyanidin implied in metal complexation (Table 6),

we also observed, as one could be expected, that C–O30 and

C–O40 bonds in B ring shorten and C30–C40 lengthen as a

consequence of bonding to Mg(II). The same is true for

Al(III) where variations are larger. Correspondingly, where

bonds shorten q(rc) values increase and where bonds

lengthen they decrease.

3.2.2 Atomic electron population analysis

The analysis of QTAIM atomic electron populations, N(X),

reveals that both cyanidin and metals are altered signifi-

cantly upon metal binding. Cyanidin loses an important

amount of electron density upon complexation (more than

0.2 au). It is remarkable that the electron density lost by

cyanidin is removed from its AC bicycle, which loses

0.682 au upon formation of 1:1 MgCy, while the B ring

electron density enlarges significantly (0.481 au). In

MgCy- formation, most of the electron density taken from

AC is provided by the carbon atoms of this cycle

(0.449 au), whereas that lost by their attached hydrogens

(0.126 au), the methyl groups replacing O-glycoside units

Table 3 B3LYP/6-311??(2df, 2p) energies for metal exchange

reaction (in kcal mol-1) for the diverse complexes studied here, in the

gas phase and in water solution

DEGAS DEPCM

Cy:Mg (1:1) ? Cy:Al (1:1)a -178.13b -28.93b

-178.35c -27.88c

-180.28d -25.53e

Cy:Mg (1:1) ? Cy:Al (1:1) -180.97 -22.46

Cy:Mg (2:1) ? Cy:Al (2:1) -291.56 -45.78

Cy:Mg (3:1) ? Cy:Al (3:1) -362.05 -53.31

a From fully optimized structures (see text)
b From electronic energies corrected with ZPVE
c DH including ETRV at 298.15 K
d DG values at 298.15 K
e DG values at 298.15 K computed for PCM modeled aqueous

solution
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(0.087 au), 7-OH (0.029 au), and O1 (which increases its

electron population by 0.011 au), are much smaller. Global

variations of electron populations in AC and B systems

indicate that 70% of the electron density removed from AC

is transferred to ring B. Nevertheless, this transference does

not affect all the atoms of ring B. In fact, only those atoms

directly involved in metal binding (O30 and O40 and the

corresponding carbon atoms, C30 and C40) increase their

electron populations (Fig. 1; Table 7), whereas the

remaining atoms also lose electron density (0.247 au in

MgCy).

We can also observe that the metal atom is not the main

electron density acceptor, e.g., Mg(II) only receives

0.029 au upon MgCy formation, as most of the electron

density removed from cyanidin goes to the four water

molecules attached to Mg(II) (0.104 au in total, that is

0.026 au per water molecule) and to the two water mole-

cules expelled from Mg(H2O)6
2?, which recover 0.029 au

Table 4 B3LYP/6-311??G(2df,2p) electron density, q(rc), and its laplacian, r2q(rc), in au multiplied by 103 and by 102, respectively, for the

BCPs found between metal, M, and ligand, OL, (cyanidin) in optimized complexes

System BCP GAS PCM

103q(rc) 102r2q(rc) R 103q(rc) 102r2q(rc) R

Mg(H2O)6
2? M–OW 32.5 21.84 2.110 34.9 24.14 2.082

Al(H2O)6
3? M–OW 56.9 32.13 1.942 62.5 37.80 1.902

Cy:Mg (1:1) M–OW_up 28.1 17.65 2.179 29.8 19.11 2.154

M–OW_dw 28.1 17.64 2.179 29.7 19.06 2.155

M–OW_O30 32.1 21.23 2.119 32.6 21.53 2.116

M–OW_O40 31.6 21.92 2.105 33.7 23.25 2.092

M–30OL 51.0 35.37 1.986 45.3 30.59 2.025

M–40OL 45.2 30.31 2.031 40.7 26.83 2.064

Cy:Al (1:1) M–OW_up 44.3 23.34 2.034 51.2 28.12 1.983

M–OW_dw 44.3 23.34 2.034 51.5 29.74 1.968

M–OW_O30 50.1 27.32 1.988 55.2 31.31 1.952

M–OW_O40 50.8 29.56 1.968 58.0 34.38 1.927

M–30OL 92.1 57.92 1.794 81.8 49.06 1.836

M–40OL 90.8 56.44 1.800 77.7 45.64 1.855

Cy:Mg (1:1)a M–OW_up 27.7 17.52 2.179 30.3 19.12 2.154

M–OW_dw 28.4 17.78 2.179 30.4 19.46 2.155

M–OW_O30 32.9 21.41 2.119 33.3 21.78 2.116

M–OW_O40 31.8 22.22 2.105 34.6 23.72 2.092

M–30OL 50.9 35.53 1.986 45.6 30.77 2.025

M–40OL 45.2 30.00 2.031 40.9 26.82 2.064

Cy:Al (1:1)a M–OW_up 44.4 23.30 2.034 51.1 28.46 1.983

M–OW_dw 46.0 23.30 2.034 55.0 30.12 1.968

M–OW_O30 51.4 27.55 1.988 56.7 31.70 1.952

M–OW_O40 50.5 29.76 1.968 57.2 34.61 1.927

M–30OL 92.7 58.40 1.794 82.0 49.15 1.836

M–40OL 90.7 56.41 1.800 77.8 45.65 1.855

Cy:Mg (1:1)b M–OW_up 27.7 17.52 2.179 – – –

M–OW_dw 28.4 17.78 2.179

M–OW_O30 32.9 21.41 2.119

M–OW_O40 31.8 22.22 2.105

M–30OL 50.9 35.53 1.986 – – –

M–40OL 45.2 30.00 2.031 – – –

They are compared with q(rc) of the BCP between M and the oxygen of water molecules, OW. Internuclear distances, R, in Å are also shown
a From single point calculation (see text for geometry description)
b From single point calculations on the same geometry, but replacing methyls by glucose substituents with the same geometry characteristics as

in the crystal
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Table 5 B3LYP/6-311??G(2df,2p) electron density, q(rc), and its laplacian, r2q(rc), in au multiplied by 103 and 102, respectively, for the

BCPs found between metal, M, and ligand, OL, (cyanidin) in complexes with diverse stoichiometries

Complexa BCP GAS PCM

103q(rc) 102r2q(rc) R 103q(rc) 102r2q(rc) R

Cy:Mg (2:1) M–OW_dw 28.1 18.67 2.159 31.1 19.75 2.146

M–OW_O40 23.2 15.72 2.194 29.0 19.68 2.138

M–30OL1 41.7 30.04 2.031 43.7 29.53 2.035

M–40OL1 32.5 21.09 2.128 32.3 19.75 2.152

M–30OL2 41.6 29.70 2.032 42.2 28.68 2.043

M–40OL2 32.9 20.37 2.138 34.4 21.14 2.131

Cy:Mg (3:1) M–30OL1 42.1 28.05 2.049 41.3 27.65 2.054

M–40OL1 28.0 16.18 2.208 30.3 18.17 2.175

M–30OL2 42.1 28.06 2.049 41.9 27.62 2.054

M–40OL2 28.6 16.26 2.208 30.9 18.41 2.175

M–30OL3 42.7 28.18 2.049 42.1 27.68 2.054

M–40OL3 28.8 16.37 2.208 31.2 18.36 2.175

Cy:Al (2:1) M–OW_dw 42.3 21.05 2.063 50.4 27.17 1.995

M–OW_O40 40.5 22.79 2.038 52.2 28.76 1.980

M–30OL1 80.6 48.54 1.840 76.4 45.33 1.858

M–40OL1 65.9 36.80 1.915 62.4 33.93 1.936

M–30OL2 79.2 48.84 1.839 73.4 43.57 1.869

M–40OL2 64.6 34.09 1.929 62.5 33.04 1.939

Cy:Al (3:1) M–30OL1 73.5 44.11 1.866 71.5 42.57 1.876

M–40OL1 52.2 25.81 2.005 54.4 27.78 1.987

M–30OL2 72.5 43.85 1.866 70.3 41.95 1.879

M–40OL2 52.1 25.65 2.006 54.8 27.87 1.986

M–30OL3 73.0 44.06 1.867 70.6 42.07 1.880

M–40OL3 52.8 25.93 2.005 55.0 27.94 1.987

They are compared with q(rc) of the BCP between M and the oxygen of water molecules, OW. Internuclear distances, R, in Å, are also shown
a From single point calculation (see text for geometry description)

Table 6 Variation of the main properties of BCPs in atoms surrounding M–OL bond, due to 1:1 metal complexation

BCP GAS PCM

Dq(rc) DH(rc) DR Dq(rc) DH(rc) DR

Mg:Cy(1:1) C30–O30 -0.0641 0.14054 0.081 -0.0201 0.04545 0.026

C30–C40 0.0363 -0.05737 -0.076 0.0523 -0.09815 -0.117

C40–O40 -0.0519 0.10549 0.064 -0.0235 0.04863 0.029

Al:Cy(1:1) C30–O30 -0.0885 0.19611 0.112 -0.041 0.06994 0.051

C30–C40 0.0539 -0.08979 -0.111 0.0345 -0.05843 -0.067

C40–O40 -0.0948 0.20072 0.121 -0.051 0.10864 0.065

Table 7 Variation of selected atomic properties: electron atomic population, DN(X), and atomic energy, DE(X), upon binding computed with

B3LYP/6-311??G(2df,2p) electron densities in cyanin–metal complexes (in au multiplied by 103 but DE(M) in kcal mol-1)

Compound RLDN(XL) DN(C30) DN(C40) DN(O30) DN(O40) DN(M) DE(M)

Cy:Mg (1:1) -201 266 213 119 130 29 -122.65

Cy:Al (1:1) -274 361 398 159 183 41 -251.43

The summation of DN(X) experienced by the atomic basins of the ligand, RLDN(XL), is also shown
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each. Looking at N(X) values in Mg(H2O)6
2?, we notice

that Mg(II) keeps a substantial positive charge in both

coordination complexes, ?1.79 in the former and ?1.76 in

MgCy(H2O)4
?.

The electron density reorganization involved in cyanidin

complexation to Al(III) is very similar to that described for

Mg(II). We just notice that the electron density transferred

from cyanidin is somewhat larger (Table 6). Although

Al(III) receives more electron density than Mg(II), again, it

is not the main electron density receptor, as the four water

molecules in AlCy(H2O)4
2? increase their electron popu-

lation in 0.025 au each (nearly the same amount observed

in the Mg(II) complex), and the other two water molecules

recover 0.065 au each, as they were attached to a more

electropositive atom in Al(H2O)6
3?. Again, electron den-

sity lost by cyanidin is mainly taken from the AC sys-

tem and only accumulates on C and O atoms directly

involved in metal bonding. Also, Al(III) keeps a substantial

positive charge in both coordination complexes (?2.61 in

Al(H2O)6
3? and ?2.57 in the final complex).

Overall, we notice that global charge transference from

ligand to metal is far from that usually assumed in some

qualitative models. Water molecules included in 1:1 com-

plexes are also electron density receptors, gaining even

more electron density than the coordinated metal.

3.2.3 Characterization of metal–cyanidin bonding in terms

of localized and shared electron pairs

As was indicated above, it has been claimed that one of the

hallmarks of metal bonding is the coexistence of values of

BCP properties that could be interpreted as due to closed-shell

interactions, rather low q(rc) values and small positive values

for r2q(rc), with significant electron delocalization, shown

by rather large 2-center delocalization indices [52], d(X, X0),
e.g., d(Cr, C) is 0.825 au in Cr(CO)6 and d(Ni, C) is 0.976 au

in Ni(CO)4 [46]. Nevertheless, we notice in this case, d(M, O)

values are significantly smaller (Table 8), falling out of the

range usually observed for covalent bonds, pointing to these

complexes are more stabilized by electrostatic interactions

than by electron pair sharing, as predicted by the Hard and

Soft Acids and Bases theory (HSAB) [53, 54].

Computation of localization indices, k(X), and d(X, X0)
indices allow to obtain the delocalized electron population

for each atomic basin, Ndel(X), as Ndel(X) = [RX0d(X, X0)]/2.

Thus, we notice the whole electron density transferred from

ligands to M is completely employed as shared electron

density, as Ndel(X) exceeds the total amount of charge

transference [N(X) - (ZX - x)], where ZX is the atomic

number of X and x its formal oxidation state. Moreover, the

metal shares a small amount of its initial electron density

with the ligands (0.077 au in both Mg(II) optimized com-

plexes and 0.047 au in Al(III) ones).

Relative values of d(M,O) indicate electron sharing with

water ligands, and Cy is always larger with Al(III) than

with Mg(II). Also, Ndel(M) increases more from Mg(II) to

Al(III) than k(M), DNdel(M) representing 84% of the

increase in electron population experienced when Mg(II) is

replaced by Al(III). Thus, although both complexes are

basically formed by ion–dipole interactions, Al(III) gains

more electron density from the ligands than Mg(II) because

of the increase in the minority covalent character of M–O

bonds.

The replacement of two water molecules by bidentate

Cy results in larger d(M, OL) indices, while those of the

remaining water molecules decrease (Table 8). Overall,

Ndel(M) increases because of this replacement. This

increase is nearly equivalent to that experienced by the

total electron population of the metal, N(M) (0.028 au for

Mg(II) and 0.039 au for Al(III)). Thus, M–O bonds have a

more covalent character when established with Cy oxygens

than with water oxygens. Overall, we could say that the

minority covalent character of M–O bonds is increased by

two factors: replacement of Mg(II) by Al(III) and

replacement of H2O by Cy.

We also notice that replacement of water by Cy stabi-

lizes the metal, as shown by DE(M) values in Table 7.

Furthermore, the difference between this quantity for

Mg(II) and Al(III) (128 kcal mol-1) represents 72% of

metal exchange reaction energy (Table 6). This is the

largest of the atomic contributions to metal exchange

reaction energy, followed by C40 and C30 (-84.6 and

-45.0 kcal mol-1, respectively), and with those of O40 and

O30 and water molecules the only significant negative ones,

as most of the remaining atoms display positive contribu-

tions to this reaction energy, e.g., the set of carbons in the

AC system display 86.8 kcal mol-1. At least, two factors

may be involved to explain the metal exchange reaction:

(1) larger ability of Al(III) to polarize ligands and (2) larger

Table 8 Main parameters (in au) obtained from two-center electron

delocalization analysis of B3LYP/6-311??G(2df,2p) optimized

complexes

System k(M) d(M,Ow) d(M,OL) d(M,Xa) Ndel(M) N(M)

Mg(H2O)6
2? 9.921 0.090 – 0.002c 0.280 10.203

Al(H2O)6
3? 9.951 0.142 – 0.002c 0.440 10.392

Cy:Mg (1:1) 9.918 0.088 0.127a 0.003d 0.308 10.231

0.136b

Cy:Al (1:1) 9.949 0.117 0.235a 0.006d 0.479 10.433

0.228b

a M–O30

b M–O40

c Xa represents water hydrogens
d Average for d(M,O30) and d(M,O40) indices
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sharing of electron density in Al(III)-OL bonds. Further

calculations are planned to assess the relative weight of

both contributions.

4 Conclusions

According to our B3LYP/6-311??G(2df,2p) calculations

for the metal–cyanidin complexation, binding energies

show that Al(III) complexes are always more favored than

those of Mg(II), from a thermodynamical point of view.

This is also confirmed by the reaction energies for metal

exchange process.

QTAIM analysis reveals that cyanidin loses an impor-

tant amount of electron density (more than 0.2 au) upon

metal complexation that is transferred to the metal and

coordinated water molecules. The source for this elec-

tron transfer is AC bicycle, while the part of B ring

directly involved in complexation also increases its elec-

tron density.

We also conclude that both complexes are basically

formed by ion–dipole interactions. Nevertheless, there is a

minority covalent character in M–O bonds, which is larger

in Al(III) complexes than in Mg(II) ones. This leads to

Al(III) gains more electron density from the ligands than

Mg(II).
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