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a b s t r a c t

The interaction of the oxidovanadium(IV) cation with the sodium salt of prephenic acid was investigated
by electron absorption and electronic paramagnetic resonance spectroscopies in aqueous solution at dif-
ferent pH values. The study allows to demonstrate once more the effectiveness of oxidovanadium(IV) to
interact with carboxylate groups. The most probable binding modes of the solution complexes were
determined by EPR method. Two main coordination environments around the metal center were estab-
lished: one includes four-carboxylate moieties and the other the set probably involves alkoxide and
hydroxide groups.

� 2010 Elsevier B.V. All rights reserved.

1. Introduction

Commonly known by its anionic form prephenate, prephenic
acid (1-(2-carboxy-2-oxido-ethyl)-4-hydroxy-cyclohexa-2,5-diene-1
-carboxylic acid) is an intermediate in the biosynthesis of aromatic
aminoacids in plants, fungi, and bacteria [1–3]. This reaction
involves the intramolecular rearrangement of chorismate(I) to
prephenate(II). Chorismate mutase catalyzes the transformation
in the shikimate pathway (Scheme1) that leads to the biosynthesis
of phenylalanine and tyrosine [4].

Many hydroxyacids are important in plants metabolism and
nutrition. They have been identified as exudated from living leaves
and roots in agricultural weeds [5–10]. These phenolic compounds,
which have several functionals available for binding of biometals,
are widely recognized as antioxidants and they are involved in
metal transport processes. There is a great interest on the study
of the bioavailability of metals in plants, and on the inhibitory ef-
fects that the non-flavonoids compounds produce on deleterious
oxidative processes (cancer and atherosclerosis) [11,12].

Vanadium is a biologically ultramicrotrace transition metal and
its physiologically relevant oxidation states include mainly +4
(vanadyl cation VO2+) and +5 (vanadate species). These specie
can be classified as hard acids and can strongly interact with
biochemical donor groups specially containing oxygen and nitro-
gen atoms. Vanadium is present in rocks (5–250 ppm) and soils

(20–500 ppm) thus being more accessible to plants and animals
[13,14], and it is proved by the presence of vanadium in plants,
fungi and bacteria [15]. The uptake by higher plants has been con-
firmed by EPR measurements and it has also been shown that plant
enzymes and root growth are vanadium-dependent [15]. In fungi,
vanadium is accumulated in Amanita muscaria and it was demon-
strated that amavadin [15] involves carboxylate groups in the
coordination sphere of vanadium(IV) complex. In addition, some
vanadium complexes containing hydroxy-carboxylate ligands have
been reported to have potential pharmacological activities [16].

Taking into account that no previous reports exist about this
system, the aim of this work is to study the interaction between
vanadium and prephenate anion as ligand using EPR and UV–Vis
spectroscopies.

2. Experimental

The barium salt of prephenic acid (Sigma) and VOSO4�5H2O
(Merck) were used as reagents. The experiments were performed
under nitrogen atmosphere to avoid oxidation phenomena. The
electronic absorption spectra were measured with a Hewlett–
Packard 8452 diode-array spectrophotometer using 10-mm quartz
cells. Base line corrections, normalization, curve-fitting and calcu-
lations were carried out by means of Grams/32 (Galactic Industries
Corporation, USA) software. The EPR spectra were obtained using a
Bruker ESP300 spectrometer operating at X-band with standard
Oxford low temperature devices (ESR900/ITC4). Anisotropic X-
band EPR spectra of frozen solutions were recorded at 140 K, after
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addition of 5% of DMSO to ensure good glass formation. All com-
puter manipulations (simulation and difference) of the EPR spectra
were performed using the program SimFonia (WINEPR SimFonia
v1.25, Bruker Analytische Messtecnik GmbH, 1996).

3. Results and discussion

EPR spectra of the aqueous solution (1:1 and 2:1 L/M ratio) at
140 K were recorded at different pH values in order to assist in
the identification of different vanadium specie and the correspond-
ing geometries, particularly equatorial ligand donor set and the
overall charges.

For the 2:1:prephenate/VO2+ system at pH 2.5 (Fig. 1), the EPR
signal shows the characteristics line-wide trends for free
[VO(H2O)5]2+ ion denoting that no interaction occurs in high acidic
medium. By adding NaOH 1 M aqueous solution, the increase of the
pH value to 3.4 and 4.2 induces important variations on EPR fea-
tures (Fig. 1) and a new resonance line appears together with the
signal belonging to free vanadyl aquoion. In order to identify the
specie, difference spectra were performed. The experimental and
the simulated spectra at pH 4.2 are shown in Fig. 2. The simulation
predicts that the new observed signal is originated by a V-chromo-
phore with the spin Hamiltonian parameters of gz = 1.943, gx

= 1.977, gy = 1.980 and the hyperfine coupling constant of
Az = 171 � 10�4 cm�1, Ax = 60 � 10�4 cm�1 and Ay = 65 � 10�4

cm�1 (giso = 1.966, Aiso = 98.67 � 10�4 cm�1). Based on the calcu-
lated parameters, the experimental spectrum at pH 4.2 has been
simulated and found fitting in good concordance with the experi-
mental one (Fig. 3A).

Significant changes on the spectra are detected when the pH of
the solution is modified. The highest possible value for pH is 5.5
because precipitation (probably VO(OH)2) takes place. In this con-
dition (Fig. 3B) two distinct specie are possible to be observed once
more: the specie detected at pH 4.2 and a new one. For the new
signal, the calculated EPR parameters are gz = 1.951, gx = 1.977, gy

= 1.982 and the hyperfine coupling constant of Az = 156 � 10�4

cm�1, Ax = 60 � 10�4 cm�1 and Ay = 65 � 10�4 cm�1 (giso = 1.970,
Aiso = 93.7 � 10�4 cm�1) suggesting both the formation of a new
complex with some modification of the equatorial coordinated
groups. Calculated EPR spectrum at pH 5.5 is in good concordance
with the experimental one (Fig. 3B). Upon increasing the pH of the
solution, the relative intensity of the signals decreases (not shown),
precipitation takes place and probably oligonuclear specie start to
be predominant, leading to extinction of the signal [17].

For the 1:1 prephenate/VO2+ system the same species have been
detected. It is known that parallel component of the hyperfine cou-
pling constant is sensitive to the type of donor atoms on the equa-
torial positions of the coordination sphere. The following empirical
relationship is frequently used in order to determine the identity of
the equatorial ligands in V(IV) complexes: Az =

P
ni Az,i, (ni: num-

ber of equatorial ligands of type I, Az,i: contribution to the parallel
hyperfine coupling from each of them) [18–20]. Considering the
contributions to the parallel hyperfine coupling constant of the dif-
ferent coordination modes of the ligand (COO� = 42.72 [17–19],
ArO� = 38.6 and OH� = 38.7 � 10�4 cm�1 [20], respectively) and
using the additivity rule for the detected species at pH 4.2, the
empirical parameter was calculated. Very close to the Az =
171 cm�1 obtained from the simulated EPR spectrum, the obtained
value of Az = 170.9 cm�1 is consistent with the species which could
be interpreted assuming an equatorial ligand interaction via four –
COO� moieties with O atoms in the planar donor set as schemati-
cally shown in Fig. 4 [21]. Comparable values are predicted consid-
ering other complexes with similar donor sets, and the calculated
parameters fit well in the corresponding gII versus AII diagram
[22]. The reduction of Az with increasing pH (Az calc = 155 � 10�4

cm�1) is attributed to changes in the coordination sphere of the
vanadyl moiety, probably including the dissociation and coordina-
tion of the alkoxide group of the ligand and the incorporation of
OH� to the coordination sphere [18,23,24]. At this pH value, spe-
cies containing one OH� around the oxidovanadium(IV) cation
were usually identified [25]. The calculated Az value matched
well with two possibilities (Az (2 ArO� + 2 OH�) = 154.6 and Az (1
ArO� + 3 OH�) = 154.7) which were consistent with the hypothesis
of the presence of the hydrolytic complex. Considering that unde-
tectable precipitation began, the oxidovanadium(IV) concentration

Fig. 1. X-band anisotropic EPR spectra (AII region, Low Field) of the 2:1 prephenate–
oxidovanadium(IV) system in frozen solutions (140 K) at differents pH values. Total
concentration VO2+: 2.5 mM, prephenate: 5 mM.
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Fig. 2. X-band anisotropic EPR spectra. Solid line represents difference spectrum for
the 2:1 prephenate–oxidovanadium(IV) frozen solutions (140 K) at pH 4.2 minus
the VOðH2OÞ2þ5 contribution. Dash line, simulation. Total concentration VO2+:
2.5 mM, prephenate: 5 mM.
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Scheme 1. Conversion of chorismate (I) to prephenate (II).
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in solution could be reduced. This possibly increases the probabil-
ity of the mayor formation of hydrolytic oxidovanadium(IV) spe-
cies. The results suggested that species with more than one
hydroxide in the coordination sphere would probably be present
in this conditions (pH 5.5), but being the EPR data the only source
of the information there was no complete certainty about this. The
formation of the ligand-free hydrolytic species could not be accu-
rately established (e.g. VO(OH)3(H2O)� [26]). Its occurrence is usu-
ally detected at higher pH values [26]. Besides, the calculated
hyperfine coupling constant is not correlated with its presence or
perhaps its occurrence in very low concentration was not possible
to detect in our experimental conditions.

Supplementary information was obtained from the electronic
spectrum. The best fit was obtained using the experimental data
at pH 3.4. The UV–Vis spectrum of prephenate–oxidovanadium(IV)
system shows a characteristic feature with two absorption bands:
a broad and strong one at 778 nm and a second band at 619 nm
(Fig 5). At this pH (Fig. 1) EPR spectrum displays two sets of reso-
nances, demonstrating the existence of two, distinguishable specie
in solution. In order to assign the experimental spectrum, the fit of
the spectrum and its components were provided. As can be seen in

Fig. 5, the fit shows bands at 850, 759, 605 and 582 nm. In order to
assign them, comparison with previously reported data was taken
into account. For oxidovanadium(IV) complexes, two bands are
predicted [27]: band I- 3dxy ? 3dxz, band II- 3dxy ? 3dx2�y2 d–d
transitions. The UV–Vis spectrum of VOðH2OÞ2þ5 species shows
the typical bands at 763 nm (band I) and 625 nm (band II)
[22,28], then the fitted bands at 760 nm and 606 nm to this species
were assigned by comparison. The bands with maxima at 850 nm
and 582 nm belong to the prephenate–carboxylate–oxidovanadi-
um(IV) complex detected at pH 3.4. This prediction is in accor-
dance with earlier experiments, in which carboxylate moiety
were involved in the coordination sphere of the metallic center
[16,27]. Coordination through carboxylate moiety leads to a bath-
ochromic effect from 763 nm to 850 nm for band I and hypsochro-
mic effect from 606 nm to 582 nm for the band II as been stated for
several carboxylate–VO2+ interactions [16,27–29].

4. Conclusions

The present results describe clearly the prephenate–vanadyl
interactions. The EPR spectra allow the identification of both new
chemical specie in solution. The binding modes of the species at
pH 4.2 was determined. At higher pH the detected species contains
mainly ArO� and OH� in the coordination sphere of the metal cen-
ter. They demonstrate again the ability of vanadium to interact
with oxo-functional groups and this fact would explain the possi-
bility that this type of interactions would be involved in the up-
take, transport and storage of vanadium(IV) in plants and fungi.

Acknowledgements

Authors thanks the supported by UNLP, CONICET (PIP-1125)
and Eusko Jaularitza/Gobierno Vasco MV-2004-3-39. EGF is mem-
ber of the Carrera del Investigador, CONICET.

References

[1] J.V. Gray, J.R. Knowles, Biochemistry 33 (1994) 9953.
[2] H. Goerisch, Biochemistry 17 (1978) 3700.
[3] L.O. Zamir, E. Jung, R.A. Jensen, J. Biol. Chem. 258 (1983) 6492.
[4] E. Jung, L.O. Zamir, R.A. Jensen, Proc. Natl. Acad. Sci. USA 83 (1986) 7231.
[5] W. Fiddler, W.E. Parker, A.E. Wasserman, R.C. Doerr, J. Agric. Food Chem. 15

(1967) 757 (and references therein).
[6] H. Kindl, Eur. J. Biochem. 7 (1969) 340.
[7] E.J. Baran, J. Inorg. Biochem. 80 (2000) 1.
[8] P.W. Linder, A. Voyé, Polyhedron 6 (1987) 53.
[9] R.A. Olsen, J.C. Brown, J.H. Bennet, D. Blume, J. Plant Nutr. 5 (1982) 433.

[10] V. Römheld, H. Marschnner, J. Plant Nutr. 3 (1981) 551.
[11] Y. Allegretti, E.G. Ferrer, A.C. González Baró, P.A.M. Williams, Polyhedron 19

(2000) 2613.

H (Gauss) H (Gauss)
2500 2750 3000 3250 3500 3750 4000 4250 4500 2500 2750 3000 3250 3500 3750 4000 4250 4500

Fig. 3. X-band anisotropic EPR spectra. (A) Solid line represents experimental spectrum for the 2:1 prephenate–oxidovanadium(IV) frozen solutions (140 K) at pH 4.2. Dash
line, simulation. (B) Solid line represents experimental spectrum for the 2:1 prephenate–oxidovanadium(IV) frozen solutions (140 K) at pH 5.5. Dash line, simulation. Total
concentration VO2+: 2.5 mM, prephenate: 5 mM.

V

O

OOC

OOC

COO

COO

Fig. 4. Proposed structure for the complex at pH 4.2.

λ (nm)
600 700 800 900

A
bs

or
ba

nc
e 

(a
.u

)

Fig. 5. Original UV–Vis absorbance spectrum (solid line) and UV–Vis absorbance
spectrum after curve-fitting (dash line: VOðH2OÞ2þ5 and dotted line: prephenate–
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