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1. INTRODUCTION

Although the generation of coordination compounds between metallic
cations and carbohydrates is a field of increasing interest,1–4 the chemistry of
metal-sugar interactions still remains unexplored in many respects. Sugars interact
with essential and toxic elements by acting either as reductants or chelators. De-
pending on the characteristics of the cation, as well as on the pH value of the solu-
tion, the complexing ability of sugars may involve deprotonated hydroxyl groups.
Additionally, in most cases, extra substituents are needed to anchor the metal ion
at low pH favoring the subsequent hydroxyl coordination in neutral or basic media.
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ORDER                        REPRINTS

The interaction of sugars with different vanadium species is of considerable
interest in vanadium biochemistry and especially in relation to its metabolism in
the higher forms of life5,6 and to its biological detoxification.6,7 On the other hand,
the fact that sugar residues are also present in numerous important biomolecules
generates additional interest in attaining wider insight into the interaction of sim-
ple sugars with vanadium species.

It is also well known that carbohydrates are efficient one-electron reducing
agents of vanadates (V)8–13 generating oxovanadium (IV), VO2�, probably the bi-
ologically most relevant vanadium species. Vanadates themselves are able to gen-
erate cyclic esters with many sugars and sugar containing biomolecules.14–18 As
some aspects of this chemistry have been recently reviewed,17,19,20 these systems
shall not be further considered and this review is essentially focused on complexes
of the oxovanadium (IV) cation.

Despite the aforementioned interest in vanadium/carbohydrate interactions,
in the most exhaustive review on metal coordination to carbohydrates published to
date (1993),3 less than ten references on systems of this type are given. However,
considering that many investigations have been performed in recent years, it is
timely to provide a general overview on the synthesis, properties, and physico-
chemical characterization of VO2� carbohydrate complexes.

A number of studies on these systems has been performed only in solution,
using different spectroscopic techniques but, in some cases, solid complexes of dif-
ferent compositions and stoichiometries could be also isolated and characterized.

2. MONOSACCHARIDE COMPLEXES

2.1. General Behavior in Solution

The interaction of oxovanadium (IV) with different simple sugars has been
investigated in neutral and basic aqueous solutions by Branca et al.,21 using EPR
and electronic absorption spectroscopy. This study provided a clear insight into the
main characteristics of these interactions. The following carbohydrates were used
in these studies: D-fructose, D-ribose, D-mannose, D-galactose, D-xylose, D-glu-
cose, D-lyxose, L-sorbose, L-arabinose, 2-deoxy-D-galactose, 2-deoxy-D-glucose,
2-deoxy-D-ribose, methyl �-D-arabinopyranoside, methyl �-D-xylopyranoside,
methyl �-D-galactopyranoside, phenyl �-D-galactopyranoside, methyl �-D-glu-
copyranoside, and methyl �-D-mannopyranoside.

These ligands can be categorized into two classes. The first one is comprised
of sugars where all adjacent hydroxyl groups are in trans positions relative to each
other and these ligands are ineffective for metal chelation. The second class is com-
prised of sugars having at least two adjacent hydroxyl groups cis to one other.

On the basis of EPR results it has been shown that this second group of lig-
ands interact with the VO2� cation generating mononuclear oxovanadium (IV)-
sugar complexes. Strictly speaking, two complexes (I and II) may be distinguished
in these cases. Complex I is the predominant species in solution with the VO2�:
sugar ratio of 1:1, whereas at 1:2 molar ratio, species II can be detected. The latter
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ORDER                        REPRINTS

complex is formed in the pH range 9–10, reaching a concentration maximum at pH
12, and is subsequently partially transformed into complex I. As ligand excess
strongly favors the formation of complex II, a species with 1:2 metal-to-ligand sto-
ichiometry is suggested.

On the basis of electronic absorption spectra the formation of a third complex,
not observed using EPR spectroscopy, is observed in the pH range 7–9. This
species is probably a dimeric dihydroxo-bridged complex which, being strongly
magnetically coupled, does not exhibit EPR signals. In more basic solutions this
complex is transformed into I, in which the VO2� cation is probably coordinated
to one doubly deprotonated sugar moiety and two hydroxyl groups. At higher pH
values, another sugar molecule displaces these hydroxyl groups generating com-
plex II, with the stoichiometry VO(sugar)2.

Analysis of these results conclusively demonstrated that simple sugars may
be effective chelating agents for oxovanadium (IV). The complexation is favored
in basic media and only occurs with sugars possessing couples of adjacent cis hy-
droxyl groups. The ability of cis OH� couples to chelate the cation has been related
to the structural rearrangements (essentially, the decrease of the OMCMCMO tor-
sion angle in the formed five-membered chelate rings) needed to allow the coordi-
nation by the sugar molecule.

2.2. Complexes of D-Ribose

The interaction of VO2� with D-ribose is of particular interest due to the pres-
ence of this sugar moiety in nucleotides. This sugar is present in all purine and
pyrimidine nucleosides, but not in thymidine in which it is replaced by 2�-de-
oxyribose.22,23

All the information accumulated thus far related to the interaction of the ox-
ovanadium (IV) cation with ribonucleotides is in accord with assigning the phos-
phate chain and the cis couple of C(2�), C(3�) deprotonated hydroxyls of ribose as
the effective VO2� binding sites.6, 23–31 In di- and tri-phosphate nucleosides the
former set is active in acidic media and the latter in alkaline solutions; both of them
may be jointly involved in the intermediate pH range.

Most of the experimental evidence also suggests that monophosphate nucle-
osides behave in a different manner,23,30,31 a behavior probably related to the less
effective donor capacity of the monophosphate moiety, compared with the di- or
tri-phosphate units.31 Accordingly, at low pH values, monophosphate nucleosides
form weak complexes involving the phosphate group. These complexes are rather
unstable to hydrolysis conditions and generate solid precipitates at pH values be-
tween 3 and 5, which redissolve as the pH increases. Finally, at pH values above
10, the VO2� cation is chelated again by ribose moieties.23,30,31 In the case of
AMP, the 1:2 metal-to-ligand stoichiometry of the complex generated at pH 11.0
was confirmed by spectrophotometric titration experiments. Similar experiments
performed with D-ribose alone gave identical results.30 Recent EPR studies also
support the formation of the previously mentioned 1:2 complex species.31
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It has been demonstrated that coordination of the VO2� cation with nucleo-
sides itself is also possible at high pH values. As expected, the interaction only oc-
curs with ribonucleosides and again implies the participation of two pairs of de-
protonated hydroxyls of the ribose moieties.23, 32

As 2-deoxyribose does not have the necessary adjacent cis-hydroxyl groups
to interact with a metallic center, the behavior of 2-deoxythymidine phosphates is
different. These nucleotides usually interact with VO2� in a way similar to the ri-
bonucleotides in acidic pH ranges, but in alkaline solution they are unable to bind
the cation and hydrolysis is observed.26 In fact, it appears that no interaction of 
2-deoxyribose with any metal cation has ever been observed.33

Solid VO2�complexes of D-ribose, with different stoichiometries, have also
been reported. A green solid of composition Na4[VO(D-Rib)2]�H2O was prepared
by reacting the di-sodium salt of D-ribose (prepared in situ by reaction of the sac-
charide with sodium metal in methanol) with bis(acetylacetonato)oxovana-
dium(IV), VO(acac)2, in methanol.34 The complex was characterized by electron
absorption, IR and EPR spectroscopic techniques. The results of these studies, to-
gether with the magnetic measurements, confirmed the formation of a mononu-
clear oxovanadium (IV) species. The hyperfine splitting parameters of the EPR
spectra indicate the presence of a VO2� unit in a VO(O)4 environment suggesting
an axially compressed d1

xy configuration.
Another species, of stoichiometry Na3[VO(D-Rib)2(OH)]�4H2O, was ob-

tained by mixing VOCl2 and D-ribose aqueous solutions, and adjusting the pH of
the solution to 12 with sodium hydroxide. Precipitation of the complex was ac-
complished by successive addition of methanol and ethanol and decantation of the
supernatant layers up to the generation of a green powder. The analysis of the elec-
tronic, IR and Raman spectra of this complex clearly confirmed the interaction of
VO2� with pairs of deprotonated cis-diol groups of D-ribose.35

A second mixed ligand complex, of stoichiometry Na2[VO(D-Rib)2(OH)Cl]
�CH3OH, was recently reported by Bandwar and Rao.36 It was obtained by reac-
tion of the disodium salt of D-ribose with VOCl2 in methanolic solutions. On the
basis of the spectroscopic analyses, and, as shown in Figure 1, the rather unusual
coordination number 7 was postulated for the cation in this complex.

2.3. Other Monosaccharide Complexes

A number of solid VO2� complexes with other monosaccharides have been
prepared and characterized in recent years. Different synthetic strategies have been
employed. C.P.Rao and coworkers typically reacted VO(acac)2 or oxovanadium
(IV) chloride in methanolic solutions with a sodium salt of the saccharide (gener-
ated by reaction of the saccharide with metallic sodium in methanol).34,36,37 A ho-
moleptic VO2� complex with D-glucose, of stoichiometry [VO(D-Glc)2], could be
obtained by this procedure, but using VOSO4.2H2O as the vanadium source. Char-
acterization of the complex by different spectroscopic methods suggests the for-
mation of a five-membered chelate with participation of the oxygen atoms of the
C(1)MOH and the deprotonated C(2) hydroxyl group.38 In the other complexes
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ORDER                        REPRINTS

obtained by this procedure, using VO(acac)2 as the starting material, doubly de-
protonated saccharide moieties act as ligands. On the other hand, different coordi-
nation spheres are generated starting with VOCl2. In these cases, the chloride ion
together with one OH� anion may participate in bonding, as suggested in the case
of the D-ribose complex described in the preceding section (cf. Figure 1).

In our own group a different preparative route has been usually employed. In
this case 2 mmol of a saccharide was dissolved in a small amount of water and the
pH of the solution adjusted to 12 by addition of sodium hydroxide. One mmol of
VOCl2 was added to these alkaline solutions, maintaining the pH value. The solid
complexes were obtained by successive additions of absolute ethanol and discard-
ing the supernatant until a powdered solid was formed.39,40 Using this method,
each sugar moiety present in the coordination sphere acts as a dianionic chelator
and, due to the higher working pH value, the sugars are additionally deprotonated,
generating anionic complexes with higher charges than those obtained with Rao’s
procedure.

A very peculiar behavior is observed for the Na6[(VO)2(D-Fru)5]�4H2O com-
plex which, apparently, is a dimer formed by two VO(D-Fru)2 moieties linked by a
fructose bridge.39

The compositions of all the VO2�/monosaccharide complexes reported so far
are summarized in Table 1. All these complexes are formed as green powders,
which are usually hygroscopic and have very high water solubility.

OXOVANADIUM(IV) COMPLEXES 773

Figure 1. Structure proposed for the [VO(D-Rib)2(OH)Cl]2� complex.

Table 1. Composition of the Known Oxovanadium (IV) Monosaccharide Complexes

Complex Ref. Complex Ref.

[VO(D-Glc)2] 38 Na4[VO(L-Sor)2]�3H2 O 34
Na2[VO(D-Glc)2]�CH3OH 37 Na4[VO(D-Gal)2]�5H2O 40
Na3[VO(D-Glc)2(OH)]�5H2O 39 Na2[VO(D-Gal)2(OH)Cl]�0.5H2O 36
Na2[VO(D-Glc)2(OH)Cl]�H2O 36 Na2[VO(D-Gal)2]�CH3OH 37
Na2[VO(D-Fru)2] 37 Na2[VO(D-Gal)2(H2O)] 34
Na6[(VO)2(D-Fru)5]�4H2O 39 Na4[VO(D-Man)2 ]�8H2 O 40
Na2[VO(D-Fru)2(OH)Cl]�5H2O 36 Na3[VO(D-Man)2(OCH3)]�4CH3OH 37
Na2[VO(D-Xyl)2]�CH3OH 34 Na5[VO(D-Lyx)2(OH)]�6H2O 40
Na4[VO(D-Xyl)2]�5H2O 40 Na4[VO(D-Lyx)2]�2H2O 34
Na2[VO(D-Xyl)2(HO)Cl]�CH3OH·1.5H2O 36 Na2[VO(Ino)2] 34
Na4[VO(D-Ara)2]�CH3OH·3H2O 34 Na4[VO(D-Rib)2]�H2O 34
Na4[VO(D-Ara)2]�5H2O 40 Na3[VO(D-Rib)2(OH)]�4H2O 35
Na4[VO(L-Ara)2]�5H2O 40 Na2[VO(D-Rib)2(OH)Cl]�CH3OH 36
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ORDER                        REPRINTS

The electronic absorption spectra are almost identical with the reflectance
spectra obtained from the respective solids, suggesting the presence of similar
species in solution and in the solid state.

2.4. General Physicochemical Properties 
of Monosaccharide Complexes

Oxovanadium (IV) complexes coordinated by pairs of doubly deprotonated
sugar moieties usually display a very characteristic electronic absorption spectrum.
As an example, that generated by the interaction of VO2� with D-ribose, is shown
in Figure 2. The three band spectral pattern has been generally assigned to the ex-
pected d-d transitions in the frame of the Ballhausen and Gray schema34,37,39–41

(i.e. b2 → a1; b2 → b1 and b2 → e, going from higher to lower energies).42 Notwith-
standing, a different assignment may also be possible,41 and we currently are in-
vestigating this aspect.

Circular dichroism studies with some of the complexes confirmed that the
ligands are bidentate and chelating,34 whereas 1H NMR spectra were not useful for
characterization purposes, as they showed the expected line broadening due to the
presence of a paramagnetic metal center.34,37

The IR spectra of all the complexes present were broad and scarcely defined
bands, with the loss of the fine structure usually found with the isolated saccha-
rides. The characteristic stretching vibration of the VBO group is found, in all
cases, at relatively low energies, between 920 and 960 cm�1 (cf. ref.34,37,39–41).
These rather low values have been explained on the basis of possible hydrogen-
bond interactions between free hydroxyl groups of the ligand molecules and the
oxo-group of the complex.34,37 It is very difficult to identify with certainty the po-
sition of the metal-to-ligand vibrations.

EPR spectra recorded for most of these complexes either in aqueous solutions
or in the solid state showed the characteristic eight-line pattern (I � 7/2) of the ox-
ovanadium (IV) cation21,34,37 and their g and A values are in agreement with the
presence of VO(O4) coordination spheres.

774 BARAN

Figure 2. Electronic absorption spectrum of a VO2�/D-ribose solution (1:2 relation) at pH 12.
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ORDER                        REPRINTS

The complexes are highly stable towards oxidation or degradation, as con-
firmed by the fact that samples dissolved in water or dimethylsulfoxide and stored
for about eight weeks, exhibited no changes in their EPR patterns.34,37

Investigations of the electrochemical behaviour of a great number of the men-
tioned monosaccharide complexes have been performed in aqueous solution, at
different pH values, by means of cyclic voltamperommetry using a hanging mer-
cury drop or a Pt working electrode and a Ag/AgCl reference electrode.34,37 An ir-
reversible reduction peak related to the V(IV) → V(III) transformation was de-
tected in all cases. Working at a scan speed of 100 mV/s, the reduction potentials
were found to lie in the range between �1.15 to �1.70 V.

Unfortunately, up to now it has been impossible to obtain single crystals of
any of the described monosaccharide complexes adequate for an X-ray crystallo-
graphic structural analysis.34,39,40 Notwithstanding, all the thus far accumulated
spectroscopic data for the simplest 2:1 sugar: VO2� complexes strongly support
the formation of bis-chelated species of the type shown in Figure 3. The anionic
charge of these species would be equal to 2 if only the pairs of coordinated hy-
droxyls are deprotonated, and become higher in the case of additional deprotona-
tion of OH-groups on the sugar moieties.

If additional ligands, such as an OH� group or a H2O molecule, were incor-
porated into the coordination sphere of the cation, they would be located in a trans
position in relation to the oxo group. The simultaneous incorporation of two addi-
tional anionic ligands generates a structure of the type proposed in Figure 1.

3. DISACCHARIDE COMPLEXES

Only four oxovanadium (IV) complexes with disaccharides as ligands have
been reported. These are the complexes of sucrose,39 turanose,39 and maltose,37,40

with the following stoichiometries:

Na3[VO(D-Suc)2OH]�H2O
Na3[VO(D-Tur)2OH]�3H2O
Na5[VO(D-Mal)2OH]�10H2O
Na3[VO(D-Mal)2]�CH3OH

The first three were prepared by reaction of aqueous solutions of VOCl2 and
the corresponding disaccharide in a 1:2 ratio and subsequent precipitation with ab-
solute ethanol.39,40 The last was obtained from VO(acac)2 and the disodium salt of
maltose, in methanolic solution.37 Magnetic susceptibility measurements confirm
the presence of an isolated VO2� center in all of them.

OXOVANADIUM(IV) COMPLEXES 775

Figure 3. Schematic representation of the VO2�/sugar interaction in simple 1:2 complexes.
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Also these complexes are hygroscopic and highly soluble in water. The su-
crose complex is rather unstable in solution.

The electronic spectra of the first three complexes show the typical three band
pattern characteristic of VO2�/saccharide complexes,39,40 whereas the fourth
species only presents two bands.37 Analysis of the IR spectra of the complexes
showed that the cation coordinated with the fructose unit in both the sucrose and
the turanose complexes.39 In the case of the maltose complexes, no definite inter-
action schema could be derived from the very complicated spectra.37,40 The char-
acteristic v(VO) stretching frequencies are found at 931, 924, 925 and 930 cm�1,
respectively for the sucrose, turanose, and the two maltose complexes.

Na5[VO(D-Mal)2OH]�10H2O shows a very interesting and complex thermal
behaviour. The ten water molecules are given off in four successive steps between
20 and 181°C, involving 2 � 2 � 4 �2 molecules.

4. COMPLEXES OF CARBOHYDRATE DERIVATIVES 
AND OF POLY-SACCHARIDES

A number of oxovanadium (IV) complexes with some carboxylate deriva-
tives of carbohydrates (uronic acids and lactobionic acid) and sugar phosphate es-
ters, as well as with polysaccharides, has been also investigated in solution and in
the solid state. This is also a field of increasing interest and much work rest to be
done regarding this type of ligands.

4.1. Complexes with Carbohydrate Acids and Esters

D-galacturonic acid (Figure 4a) reduces vanadates (V) to oxovanadium (IV)
in acid solution, with generation of formic acid.43 The interaction of VO2� with D-
galacturonic acid has been investigated in solution by means of spectroscopic and
potentiometric methods.44–46

Coordination is initiated at pH � 3 by the carboxylate group (pK � 3.28)45

to yield a VO(galact)2 complex. With increasing pH-values, one or two sugar hy-
droxyl groups, those at C(4) and C(3) atoms, are deprotonated and involved in co-
ordination. Mononuclear complexes of the types [VO(D-galact)2]2� and [VO(D-
galact)2]4�, containing the di-negative and tri-negative anions, respectively, are

776 BARAN

Figure 4. D-galacturonic acid (a) and polygalacturonic acid (b).
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formed. The first of these complexes involves coordination through the carboxy-
late and the deprotonated C(4) hydroxyl and the second one is bis chelated by the
two deprotonated OH groups.44,45 The last species again presents an electronic
spectral pattern which closely resembles that shown in Figure 2.45

In contrast, and at high pH values, the EPR and ENDOR spectra of concen-
trated solutions of oxovanadium (IV) and D-galacturonic acid shows the formation
of a dinuclear species.46 A metal-metal distance of about 5 Å, and bonding through
the carboxylate group and the deprotonated C(4), C(3) and C(2) hydroxyls is as-
sumed. This implies the adoption of an open-chain structure stabilized by the dimer
complex formation. This result is very interesting due to the fact that the abundance
of the open-chain form in sugars is usually very low in comparison to the two
closed anomeric � and � forms. In the present case, the formation of a very stable
dimeric complex is evidently the driving force for the sugar rearrangement. The
open-chain form behaves as an analogue of tartaric acid, yielding a dimeric species
of comparable stability.46,47

D-glucuronic acid (Figure 5) also interacts with oxovanadium (IV), but the
different configuration of the C(4) hydroxyl group, compared to D-galacturonic
acid, generates a different behaviour. As discussed above, in the case of D-galac-
turonic acid, the first chelate complex is formed by simultaneous coordination of
the carboxylate and the deprotonated C(4) hydroxyl.

Although the carboxylate group of glucuronic acid has a comparable pK-
value (3.07),45 the coordination to the C(4) hydroxyl is sterically less favourable
and an increase of pH is needed to generate a second deprotonated hydroxyl group
in order to produce a [VO(D-glucur)2]4� species with two pairs of deprotonated
sugar hydroxyls coordinated to the metal center. This behaviour implies that in this
case the di-negative anion is not formed. However, on the other hand, spectro-
scopic results suggest the formation of a polymeric species at pH 	 5 which, ap-
parently, is different from the dimeric species found in the case of D-galacturonic
acid.

A green microcrystalline solid of composition Na4[VO(D-galact)2]�8H2O
could be prepared by reaction of aqueous solutions of VOCl2 and D-glucuronic acid
in a 1:2 ratio, at pH 12, and subsequent precipitation by successive additions of
ethanol and methanol.48 The electronic reflectance spectrum of the solid shows
again the typical three-band pattern with maxima at 740, 500 and 425 nm. The
characteristic v(VO) IR-band is found at 941 cm�1 and the detailed analysis of this
spectrum suggests the involvement of the deprotonated hydroxyl groups of C(1)
and C(2) in bonding.48

OXOVANADIUM(IV) COMPLEXES 777

Figure 5. D-glucuronic acid.
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The interaction of VO2� with D-glucuronic acid has been also investigated by
differential IR spectroscopy in solution and some details of the bonding at differ-
ent pH values could be deduced from these measurements.49 Interestingly, at pH 5,
in which the previous studies showed the formation of a polymeric species, partic-
ipation of the carboxylate group in bonding was confirmed and two independent
v(VO) bands, at 991 and 980 cm�1 were found, suggesting the presence of two
structurally nonequivalent VO2� cations.49

Lactobionic acid (Figure 6), an oxidation product of lactose, is another car-
bohydrate acid which can generate stable metal chelates. Its interaction with oxo-
vanadium (IV) has been investigated by Kozlowski et al. by means of potentio-
metric and spectroscopic techniques.50,51 It was shown that five complex species
are formed starting at very low pH values (
3).

The coordination behaviour of lactobionic acid resembles that of D-galac-
turonic acid. The first formed species [VO(lactbion)2] involves chelation through
the deprotonated carboxylate (pK � 3.53)50 and the vicinal OH-group. The step-
wise deprotonation and metal coordination of one and two vicinal hydroxyl
groups yields [VO(lactbion)2]� and [VO(lactbion)2]2�, involving (COO�, OH;
COO�, O�) and (2COO�, 2 O�) binding, respectively. The formation of
[VO(lactbion)2]3�, and [VO(lactbion)2]4�, above pH � 8 suggests that the metal
can induce the deprotonation of two adjacent hydroxyls in each ligand molecule.
In the last complex, coordination occurs through a pair of deprotonated OH�

groups of each ligand. Circular dichroism spectroscopy rules out hydroxo bind-
ing, even at very high pH values, substantiating that only lactobionic acid is
bound to the cation showing that its coordination to four deprotonated hydroxyl
oxygen atoms is very effective and overcomes the tendency towards hydroly-
sis.50,51 The stability constants for the lactobionic acid complexes are two to four
orders of magnitude higher than those of D-galacturonic acid. This fact has been
attributed to the more flexible structure of the linear fragment of lactobionic acid
in contrast to the rigid cyclic structure of D-galacturonic acid. This higher flexi-
bility allows the formation of less hindered chelate rings and, consequently, more
stable complexes.50

The investigation of the chelating ability of phosphate esters of carbohydrates
has also generated interest in recent years. D-ribose-5-phosphate (D-Rib-5P) is a
ligand of special interest in relation to VO2�/nucleotide interactions6,30 and a num-
ber of simple complexes containing this phosphate ester have been recently char-
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Figure 6. Lactobionic acid.
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acterized.35 By mixing aqueous solutions of D-ribose-5-phosphate and VOCl2 in a
2:1 molar ratio (final pH-value 6), a light blue powder of composition Na2[VO(D-
Rib-5P)(OH)(H2O)2]�2H2O precipitates immediately. If this complex is redis-
solved by dropwise addition of 1M HCl up to pH 3, and subsequent addition of a
small volume of ethanol, another blue species of stoichiometry [VO(D-Rib-
5P)(H2O)3]Cl, can be isolated. The vibrational spectroscopic investigation shows
phosphate coordination in both cases and suggests that this group acts as a biden-
tate ligand in the first case and as monodentate in the second one. However, it is
not clear if the Cl� anion participates in bonding in the second case.35 The elec-
tronic spectra of these two complexes shows bands at 840�830 and 640�630 nm,
which are typical for phosphate coordination, whereas the characteristic v(VO)
stretching vibration is located at around 990 cm�1.

A different complex, of stoichiometry Na6[VO(D-Rib-5P)2]�6H2O, can be
isolated at pH 12. In this case, coordination of the oxocation takes place through
two pairs of deprotonated OH-groups of the sugar moiety and, as expected, the
electronic spectrum is totally similar to that of the D-ribose complex, Na3[VO(D-
Rib)2(OH)]�4H2O, described in Sect.2.2.35

The interaction of the VO2� cation with D-glucose-1-phosphate (D-Glc-1P)
has also been recently investigated in our laboratory.52 2:1 mixtures of this ligand
with VOCl2 in aqueous solutions generate two different complexes by adjustment
of the pH of these solutions to different values. At pH 4 a species of composition
Na[VO(D-Glc-1P)2 (H2O)Cl]�4H2O can be isolated, whereas at pH 6 a second
complex of stoichiometry Na3[VO(D-Glc-1P)2 (OH)]�6H2O is obtained. Infrared
spectra of these complexes clearly show interaction of the oxocation with the phos-
phate groups of D-Glc-1P, suggesting monodentate coordination in the first case
and bidentate coordination in the second one. The characteristic v(VO) stretching
vibration is found at 982 and 976 cm�1 respectively.

The thermal behaviour of these complexes is very interesting. The degrada-
tion of Na[VO(D-Glc-1P)2(H2O)Cl]�4H2O at temperatures up to 1000°C generates
a complex residue whose main component seems to be NaVOPO4.52–54 The ther-
molysis of the other complex produces a mixture of Na3PO4 and �–VPO5.55

It should be noted that interaction with OH-groups could not be observed,
even at high pH-values. This interaction is evidently hindered because of the lack
of a pair of cis-hydroxyl groups in the D-Glc-1P molecule.52

4.2. Complexes with Polysaccharides

These types of systems have been scarcely investigated. Information is so far
available only for two of them: polygalacturonic acid and chondroitin sulfate A.

The interaction of polygalacturonic acid (Figure 4b) with VO2� and other di-
valent transition metal cations has been investigated by spectroscopic meth-
ods.44,56 The results suggest that the polymer interacts with the metal center only
through two carboxylate groups, which act as monodentate ligands. The coordina-
tion sphere is completed with water molecules.56
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Chondroitin sulfate A (CSA) is a well-known mucopolysaccharide present in
connective tissues and other mineralized systems, containing alternate units of D-
glucuronic acid and N-acetyl-D-galactosamine. The sulfate group is located on the
N-acetylgalactosamine residues. The array of regularly repeating carboxyl and sul-
fate groups generates a high negative charge on the polymer. The interaction of this
polysaccharide with VO2� was investigated in solution by electron absorption and
IR spectroscopy.57 Spectrophotometric titrations performed at pH 5.0 suggest the
formation of a VO(CSA)2 complex. This could be confirmed by vibrational spec-
troscopic analysis, which additionally shows that the bonding of the oxocation oc-
curs through the carboxylate group and the glycosidic oxygen of the D-glucuronate
moieties as depicted in Figure 7.57

In order to extend the results of this study and to confirm some details of the
VO2�/CSA interactions, we have also investigated the behaviour of the oxocation
towards the components of the mucopolysaccharide, D-glucuronic acid and N-
acetyl-D-galactosamine. The results with D-glucuronic were described in the pre-
vious section, those obtained with the other one are briefly mentioned here. Spec-
troscopic measurements were performed at different metal-to-ligand ratios and
pH-values. In all cases at pH 4.0, the reaction mixtures begin to precipitate with-
out complex formation. At pH 12.0 the precipitates redissolve and the solutions
show the typical electronic spectra of the oxocation coordinated to two deproto-
nated OH-groups of the sugar unit. A 1:2 metal-to-ligand stoichiometry was deter-
mined by spectrophotometric titration.49 D-galactosamine shows a totally similar
behaviour.49

5. COMPLEXES OF L-ASCORBIC ACID

L-ascorbic acid (Figure 8) is closely related to the carbohydrate chemistry dis-
cussed in this review58 and is also a very important species in relation to vanadium
biochemistry and detoxification.5–7

The stoichiometry and kinetics of the vanadium (V) reduction by L-ascorbic
acid have been determined.59 Its reducing ability has been found higher than those
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Figure 7. Proposed interaction between VO2� and chondroitin sulfate A, compatible with the spec-
troscopic results.
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of most of the common hexoses and pentoses.13 The VO2� cation generated in this
process interacts not only with an excess of L-ascorbic acid13 but, apparently, also
with dehydroascorbic acid.60–62 The redox behaviour of the acid is complicated by
the participation of simultaneous proton transfer reactions.63, 64

Two different solid complexes of VO2� with L-ascorbic acid were obtained,
using a general synthetic procedure developed by Jabs and Gaube for the synthe-
sis of metal ascorbates.65 Working at pH 3, a species of composition [VO(HAsc)
(OH)(H2O)2]�H2O was isolated whereas at pH 7 another complex of composition
Na2[VO(HAsc)2(OH)2] was obtained.66 In these complexes, the acid acts as a mon-
odentate ligand, through its deprotonated 3-hydroxo group, generating complexes
of very low stability, in agreement with the absence of chelate binding. The in-
frared and electronic spectra of these complexes have been investigated in detail.66

Other complexes, with the stoichiometries [VO(Asc)2], Na2[VO(Asc)2] and
[VO(Asc)(H2O)2] have been also mentioned in the literature.12,13 Some other
species, containing ascorbate and OH� ligands, could be recently isolated in our
laboratory after interaction of an excess of L-ascorbic acid with a metavanadate so-
lution.67

On the other hand, oxovanadium (IV) can also interact with the oxidation
products of L-ascorbic acid. As known,58,66 dehydroascorbic acid, generated as the
primary oxidation product, is also very unstable and undergoes a rapid series of
transformations. It degrades first to 2,3-diketogulonic acid, which can further be
degraded to a mixture of L-threonic and oxalic acids. Although all these species
could interact with the VO2� cation, a thorough investigation of this ligand system
showed that the primary complex generated by interaction of the oxocation with
dehydroascorbic acid is very unstable towards oxidation. It hydrolyzes irreversibly
with opening of the lactone ring generating 2,3-diketogulonic acid, producing a 2:1
ligand to metal complex, in which the enolized form of the mentioned acid acts as
a bidentate chelator.66 A solid sodium salt of this complex species, of composition
Na2[VO(C6H6O7)2]�3H2O, was isolated and characterized.66

6. BIOLOGICAL ACTIVITY OF VO2�

CARBOHYDRATE COMPLEXES

It is well known that vanadium compounds present different biological and
pharmacological effects.8, 9, 68–70 In particular, their insulin-mimetic activity8, 69,

71–74 and the potential antitumoral activity9,68,69 of some of its compounds have
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Figure 8. Structure of ascorbic acid (H2Asc).
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generated great attention and interest in recent years. The biological activity of
some of the reviewed complexes has been also investigated in this context. A brief
summary of some representative studies is presented in this section.

It has been demonstrated that a mixture of vanadium (V), ascorbic acid and
H2O2, in the presence of phosphate, generates �OH radicals. In addition, the oxo-
vanadium (IV) produced in this reduction process can in turn generate alkyl and
alkoxyl free radicals from cumene-OOH (a model lipid hydroperoxide).75 As free
radicals derived from lipid hydroperoxides cause damage to cellular systems, it be-
comes evident that these types of radicals together with the reactive species origi-
nated during the ascorbate reduction of vanadium (V) to vanadium (IV), may be
significantly involved in the vanadium (V) induced cellular injuries.75

Other studies performed directly with some of the reviewed oxovanadium
(IV) complexes of ascorbic acid and monosaccharides show that these compounds
cause substantial single strand breaks in DNA and produce lipid peroxidation.12

The DNA cleaving ability is especially important in the case of the [VO(asc)2] and
[VO(asc)(H2O)2] ascorbato complexes. These complexes showed also the highest
activity of lipid peroxidation.12 Monosaccharide complexes did not show appre-
ciable cleavage of DNA in the absence of H2O2.12

Potent DNA cleaving, in the presence of H2O2, was also observed in the case
of the group of complexes of composition Na2[VO(sacch)2(OH)Cl].36 It was sug-
gested that the mechanism involve the generation of �OH radicals from H2O2 by a
Fenton-type reaction.

Some of the known monosaccharide complexes of oxovanadium (IV) also
present an interesting protective activity against the degradation of RNA because
they inhibited RNase activity.34 In contrast, they have no effect on DNase. This be-
havior suggests that these complexes closely mimic the substrate portion of the
RNase-catalysed RNA hydrolysis acting as transition-state analogues to RNase.34

On the other hand, the isolation of RNA from most animal cells is performed by
the inhibition of RNase using a mixture of VOSO4 and ribonucleosides.76

The isolation of vanadobin, a low molecular weight compound containing
oxovanadium (IV) and a reducing sugar as the vanadium-binding substance in one
species of tunicate, the ascidia Sydneiensis Samea, constitute an interesting exam-
ple of a natural system involving VO2� and a carbohydrate.77,78

Finally, it is worth remembering that ascorbic acid appears as the most effi-
cient detoxification agent for vanadium in humans.7, 69, 79 It is probably the least
toxic of all the drugs investigated for this purpose and can be orally administered
in large doses. Its mode of action may be related to its efficient reducing power
against vanadium (V), the more toxic oxidation state of the element.

7. CONCLUSIONS AND PERSPECTIVES

A large series of studies on the interaction of the VO2� cation with different
types of saccharides and closely related molecules have been performed in recent
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years bringing new insights into these systems which have important biological
significance and impact.

There are still a number of very interesting problems and aspects that remain
open to future research. Efforts should be particularly directed to the structural
characterization of oxovanadium (IV) saccharide complexes. If it is not possible to
attain single crystals adequate for crystallographic studies, at least EXAFS studies,
as those recently performed for iron-saccharide complexes,80 should be attempted.
Moreover, the synthesis and detailed characterization of new complexes, with dis-
accharides and saccharide derivatives, constitute another point of interest for wider
development of the field. Studies on the interaction of the VO2� cation with sim-
ple and complex (hyaluronan-type81) polysaccharides should be expanded, as these
systems are of particular biological importance.

Speciation studies and stability constant determinations of the different
VO2�/saccharide systems is also a field that should be explored more deeply. Ap-
parently, only two systems of this type have thus far been investigated in this re-
spect.45,50

The investigation of effects of vanadium/saccharide complexes on cells in
culture should be also extended, as this methodology is a valuable way to advance
in the knowledge of its biological effects (for a recent review cf. ref.82). Finally,
possible pharmacological effects of these complexes should be explored in more
detail, especially regarding their insulin-mimetic and antitumoral activities.
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