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Abstract

It is demonstrated that complexation between the ferric cation and the Z-chalcone of the naturally occurring anthocyanin

malvin takes place in acidic aqueous solutions. The ¯exible open cavity of the Z-chalcone best ®ts the steric and electronic
requirements of the ferric ion in water. # 1999 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Among the many metallic species occurring in plant

biological systems and known to interact with antho-

cyanins, only aluminium (III) was thoroughly studied

(Harborne, 1989; Elhabiri, Figueiredo, Toki, Saito &

Brouillard, 1997). Moreover, in the anthocyanin

family, only those members possessing an ortho-dihy-

droxy aromatic moiety or catechol group in their B

ring, like cyanin for instance, covalently bind to triva-

lent cations such as Al3+ and Ga3+, as it has been

regularly demonstrated over the past three decades

with aluminium (Elhabiri et al., 1997; Asen, Norris &

Stewart, 1969; Takeda, 1977). Aluminium±anthocyanin

complex formation provides colour stabilization and

variation to the pigment containing media.

Iron being one of the most important factors for the

growth of plant species, this prompted us to investigate

the possible interaction between iron (III) and the ¯a-

vylium form of some anthocyanins with a catechol

moiety. The result was surprising and, at ®rst sight,

rather disappointing: instead of the strong colour

stabilization and variation seen with Al3+, loss of col-

our was observed. We repeated the experiment using
an anthocyanin without a catechol group, malvin
chloride (Scheme 1) and again the presence of the fer-
ric cation resulted in loss of colour. We came thus to
the assumption that the Fe3+/anthocyanin bleaching
e�ect had little to do with the presence or the absence
of a catechol group in the anthocyanin. It is the aim
of the present work to establish the mechanism
accounting for the bleaching of malvin aqueous sol-
utions in the presence of ferric chloride.

2. Results and discussion

Malvin and ferric chlorides were made to react at
258C and an equilibrium state was attained after ap-
proximately 17 h (Fig. 1). From Fig. 1, two spectro-
scopic features emerge. One is the presence of two
isosbestic points at 284 and 362 nm, which strongly
suggests the existence of a chemical equilibrium,
apparently between the ¯avylium cation, the only mal-
vin stable form at pH 1, and an unknown molecular
species involving Fe3+. The other is a steady decrease
in the intensity of the ¯avylium visible absorption
band (colour loss) whose maximum wavelength
(518 nm) remains remarkably constant. This last obser-

Phytochemistry 50 (1999) 1391±1394

0031-9422/99 $ - see front matter # 1999 Published by Elsevier Science Ltd. All rights reserved.

PII: S0031-9422(98 )00427 -0

PERGAMON

* Author to whom correspondence should be addressed.



vation allows one to eliminate the ¯avylium cation as
being the malvin form interacting with ferric chloride.

Subtraction of ¯avylium and ferric ions absorption
contributions from the global UV-visible absorption
spectra (Fig. 1) leads to the spectra shown in Fig. 2.
The result indicates that at pH 1 a new species, with a
maximum of absorption around 340 nm, appears.
Moreover, when chlorogenic acid, a good malvin
copigment (Mazza & Brouillard, 1990), was initially
added to a solution containing malvin and ferric chlor-
ides, the reaction did not take place. Thus, it can be
concluded that covalent hydration of the ¯avylium
form is a key step in the appearance of the malvin
form interacting with Fe3+ in water. Kinetic and spec-
tral characteristics of malvin structural transformations
(Markham, 1982; Brouillard & Lang, 1990; Santos,
Turner, Lima, Figueiredo, Pina & Mac° anita, 1993)
suggest that the species interacting with the ferric ion
is the Z-chalcone (Scheme 1).

Con®rmation of that unexpected and somewhat
extraordinary result was given by monitoring the reac-
tion with the help of 1H NMR spectroscopy. Fig. 3(a)
shows a spectrum of a pure malvin solution, at 258C

in DCl/D2O with a pD value close to 1.50. In it, can
be observed the peaks corresponding to the ®ve malvin
forms at equilibrium in slightly acidic to acidic aqu-
eous solutions (Brouillard & Lang, 1993; Santos et al.,
1993). Adding a large excess of ferric chloride, at con-
stant pD, to the initial malvin solution leads to the
simpli®cation over time, of the ``complex'' initial spec-
trum. For instance, after 1 h [Fig. 3(b)], the two hemi-
acetals and the E-chalcone (Brouillard & Lang, 1993;
Santos et al., 1993) are still present but a new species
now exists in the solution while the ¯avylium ion and
the free Z-chalcone have practically disappeared from
the medium. Finally, after complete evolution of the
system toward equilibrium, NMR spectroscopy indi-
cates that the only stable species remaining in the sol-
ution is the Z-chalcone complex formed when FeCl3 is
added to the solution [Fig. 3(c)].

The 1H NMR experiment is in good agreement with
and completes what was observed using UV-visible
absorption spectroscopy: Fe3+ associates selectively
with only one of the ®ve malvin free forms and this is
the Z-chalcone. In the aromatic range signi®cant fea-
tures are: H-2 0 and H-6 0 are no longer equivalent; H-

Scheme 1.

Fig. 1. UV-visible absorption spectra, as a function of time, of mal-

vin chloride at pH 1, in the presence of an excess of ferric chloride.

T=258C.

Fig. 2. Spectra deduced from the spectra shown on Fig. 1 by sub-

traction of the ¯avylium and the ferric ions absorption contributions.

T=258C.
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2 0 is shielded and H-6 0 is deshielded. H-6 and H-8 are

still observed while H-4 is no longer observable. In the
absence of Fe3+, the transversal T2 relaxation time

values range from 1 to 2 s. Introduction of the ferric

ion lowers all those values down to ca. 0.3 s. This may

account for an iron anisotropic e�ect, which might

explain why H-4 is removed from the spectrum.

The 3D structure of the new iron complex (Fig. 4)

was visualized through molecular modelling using the

Hyperchem software in the ZINDO/1 semi-empirical

mode (Zerner, 1991). Parameters were taken from
comparisons between the properties of various ¯avy-

lium ions studied in our laboratory and a few crystal-

lographic data available from the literature (Ueno &

Saito, 1977a,b). ZINDO/1 results demonstrate that the
ferric ion is positioned between the B ring of the chro-

mophore and the glucosyl residue at C-5 of the agly-

cone (Fig. 4). Under the Fe3+ e�ect, it is thought that

the H-4 signal has been enlarged over an extent that

makes it impossible to be observed within the window

of our experiment. Moreover, the splitting of the signal

attributed to protons H-2 0 and H-6 0 into two well sep-

arated singlets may also be explained by a confor-

mation where the B ring rotation is precluded. The

presence of the ferric ion within the Z-chalcone open

cavity induces another interesting feature highly stabi-

lizing the Z-chalcone complex. This is the existence of

two hydrogen bonds, one between the hydroxyl at C-9

and the oxygen at C-3 and the other between the oxy-

gen at C-9 (acceptor) and the hydroxyl at C-2 of the

3-glucosyl residue (Fig. 4). No such hydrogen bonds

are to be found in the ZINDO/1 model of the free Z-

chalcone (Fig. 4). We also noted that for 3-deox-

yanthocyanidins and from UV-visible observations,

iron (III) complexation does not take place. This result

points to the importance of the unusual H-bonds

found in the model of the malvin complex.

More work is under progress in our laboratory

where we are investigating many systems made of

natural anthocyanins devoid of a catechol moiety and

exposed to ferric chloride. Preliminary results are

extremely encouraging. Iron is a common metal in liv-

ing systems frequently carried by siderophores (Blanc

et al., 1997). In the case of the malvin Z-chalcone fer-

ric complex, we found for its complexation constant a

value of 1105 (aqueous medium). This is larger than

the values determined for siderophores bearing cate-

chol groups like the enterobactin iron (III) complex

(Avdeef, Sofen, Bregante & Raymond, 1978; Harris

et al., 1979). The important role that anthocyanins

Fig. 3. 1H NMR spectra of malvin chloride without FeCl3 (a). 1H

NMR spectra of malvin chloride with FeCl3: after 1 h (b) and at

equilibrium after 1020 min (c). The peaks of the di�erent malvin

forms are indicated with the following symbols: (*) ¯avylium cation;

(w/*) R/S hemiacetal; (R) E-chalcone; (W) Z-chalcone and (q) Z-

chalcone-iron complex. T=258C.

Fig. 4. Semi-empirical modelisation in the ZINDO/1 parametrization of the Z-chalcone iron complex (left) and the free Z-chalcone.
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could play as antioxidants in living systems may well
be explained by their possible regulation of iron
uptake and activity within the most complicated bio-
logical media. Could the raison d'eÃtre of anthocyanins
inside fruits, tubers and roots for instance, be related
to this until now unknown biological function?

3. Experimental

3.1. Materials

Malvin chloride (99% pure) was purchased from
Roth and ferric chloride hexahydrate from Aldrich.
Both were used as supplied.

3.2. Absorption spectra

Absorption spectra were recorded with a Hewlett
Packard diode-array spectrophotometer ®tted with a
quartz cell (d=1 cm) equipped with a stirring magnet.
A constant temperature of 2520.18C, measured with
a Comark thermocouple, was maintained in the spec-
trometer sample cell by use of a Lauda water-thermo-
stated external bath. Water used in sample
preparations was bidistilled.

3.3. Data analysis

UV-visible absorption data were recorded on a
Pentium P200 PC using the Hewlett Packard UV-vis-
ible Chemstation Programme. Mathematical treat-
ments applied to the data were carried out with the
Microsoft Excel 5.0 programme running on a
PowerMacintosh PM7200/90 machine.

3.4. Kinetic measurements

The mother solution of malvin chloride (1�10ÿ4 M)
was prepared in 0.10 M hydrochloric acid and left to
equilibrate in the dark for about 2 h. 1 ml of this sol-
ution was put into the spectrometer sample cell. Then
to it was quickly added 1 ml of ferric chloride
(1�10ÿ3 M), also prepared with 0.10 M hydrochloric
acid. Complete UV-visible spectra were immediately
recorded every 10 min until ®nal equilibrium was
reached. Some are shown in Fig. 1.

3.5. 1H NMR spectra

Malvin chloride was dissolved in DCl/D2O (ca.
0.1 M) to a concentration of 1.5�10ÿ4 M and a pD
value of 1.5. The ferric chloride initial solution

(1�10ÿ2 M) was also brought to the same free acidity
value using DCl in D2O. 1H NMR spectra were run
on a solution obtained by mixing given volumes of the
two above solutions. Spectra were recorded with a
Brucker AMX-500 spectrometer.

Assignments of the observed chemical shifts to the
di�erent aromatic protons of each species were made
according to (Santos et al., 1993). d/ppm: [(*) ¯avy-
lium cation] 8.97 (1H, s, H-4), 7.82 (2H, s, H-2 0 and
H-6 0), 7.10 (1H, s, H-8), 7.00 (1H, s, H-6); [(w/*) R/S
hemiacetal] 6.98/6.95 (2H, s, H-2 0 and H-6 0), 6.60/6.58
(1H, s, H-4), 6.44 (1H, s, H-6), 6.25 (1H, s, H-8); [(R)
E-chalcone] 7.20 (2H, s, H-2 0 and H-6 0), 6.70 (1H, s,
H-4), 6.04 (1H, s, H-6), 5.87 (1H, s, H-8); [(W) Z-chal-
cone] 7.33 (2H, s, H-2 0 and H-6 0), 6.80 (1H, s, H-4),
6.32 (1H, s, H-6), 6.22 (1H, s, H-8); [(q) complex] 7.79
(1H, s, H-6 0), 6.67 (1H, s, H-8), 6.61 (1H, s, H-6), 5.95
(1H, s, H-2 0).

3.6. Semi-empirical quantum mechanical calculations

Semi-empirical quantum mechanical calculations
were performed on a Pentium P200 PC using the
Hyperchem programme (version 4, Hypercube, Ont.,
Canada) in the MM+ and ZINDO/1 parametriza-
tions.
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