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Abstract: The advances in vanadium chemistry over the past 15 years are discussed in the
areas of solution chemistry, coordination chemistry, and bioinorganic chemistry and will be
presented using the perspectives of “What exists in solution?”, “What is its structure?”, “How
does it react?”, and “What are its biological effects?”. Current and future challenges will be
described briefly. 
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INTRODUCTION

Vanadium is an early first-row transition metal and forms colorful compounds in its many different ox-
idation states. It undergoes a wide variety of chemistry depending on the electronic and steric nature of
the coordinating ligands. In higher oxidation states, vanadium is very oxophilic, but at low oxidation
states, π-donating ligands such as dinitrogen and carbon monoxide are preferred. It is the only element
in the periodic table that is named after a goddess (the Nordic goddess Vanadis), and perhaps with this
legacy brings to the table a sense of some unpredictable and surprising chemistry. Two decades ago,
vanadium chemistry, particularly vanadium(V) chemistry, was significantly less developed than it is
now. Many aspects of vanadium(V) chemistry in solution that are now well known were about to be dis-
covered. A compendium of contributions dedicated to vanadium chemistry edited by Chasteen [1],
showed the number of publications in the area of vanadium chemistry increased dramatically from the
early to the late 1980s. This level of interest has continued unabated, thus leading to the much more ma-
ture field that exists presently. 

In this paper, I describe some key developments that have taken place in the past 15 years, and in
this manner celebrate state-of-the-art solution chemistry, advances in vanadium chemistry, and vana-
dium science as a result of this progress. The catalytic and material properties of vanadium compounds
and their effects in biological systems have long provided the impetus and fuel to studies of vanadium
science [1–17]. Thus far, my group and I have focused on fundamental chemical studies of the various
systems in which certain biological responses are observed or anticipated. The barriers between
bioinorganic and other areas of vanadium science are now less obvious; systems of interest to bio-
inorganic chemists have catalytic properties, and systems known for their catalytic properties have rel-
evance to bioinorganic chemistry [17]. Important aspects of our approach involved a series of funda-
mental questions: “What species exist in solution?”, “What are the structures of the species in
solution?”, “How do the species react?”, and “What are their biological effects?”. Our approaches to
these questions first involved a combination of structural chemistry with spectroscopic studies to char-
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acterize the solution speciation. With such information in place, we went to the next step and examined
how each species reacted and the possible effects they could induce in a biological system.

STUDIES PAVING THE WAY FOR EXPLORATION OF AQUEOUS VANADIUM(V)
CHEMISTRY

The spectroscopic characterization of the oxovanadates by Howarth and coworkers [18,19] and that of
alkylated oxovanadates, i.e., vanadate esters, as reported by the Gresser and Tracey team [20–22] were
key studies in the area of vanadium(V) solution chemistry. The first study showed that both ethyl-
vanadate and vanadate diethyl ester form when vanadate is in the presence of high levels of ethanol at
pH 7.5 (Fig. 1) [20]. In addition, these studies underlined the applicability of 51V NMR spectroscopy
and for the next decade we and other groups began to explore aqueous chemistry using this technique.
The Rehder group had been a proponent for applications of 51V NMR spectroscopy for some time, and
had shown that vanadium has a very large chemical shift window, that readily allows for the identifica-
tion of different compounds [23–25]. The vanadium nucleus is very sensitive to small structural varia-
tions, and is a very effective tool for investigation of vanadium compounds in solution. The radio fre-
quency for observation of vanadium is in a convenient range, and in fact, now 51V NMR spectroscopy
is a method of choice for many scientists working with vanadium(V) compounds.

Two decades ago, the nature of the oxovanadates forming in aqueous solution were not well char-
acterized [18,19], and each species reactivity was relatively unexplored under any conditions of inter-
est to life scientists. Spectroscopic studies using 51V NMR showed that the colorless solutions of oxo-
vanadates above millimolar concentrations at neutral and alkaline pH contain monomer (V1), dimer
(V2), tetramer (V4), and pentamer (V5) formed from pure vanadate salts [18]. At that time, the specia-
tion was less understood and the signal now assigned to V4, was believed by some to be a trimer be-
cause in some concentration ranges the distinction is not readily made [26–28]. A combination of
spectroscopy and titration did, however, show that the species forming the signal contained four
V-atoms [29,30]. Although studies investigating the speciation and simple oxovanadate systems were
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Fig. 1 51V NMR of 0.39 mM vanadate in the presence of increasing concentrations of ethanol at pH 7.5 in 50 mM
tris-acetate buffer. The signal for monomeric vanadate (at highest field), ethylvanadate (center signal), and diethyl
vanadate (at lowest field). Reprinted with permission from ref. [20]. Copyright ©1985 American Chemical Society.



reported in the early 1980s, high 3.0 M perchlorate ionic strength solutions were typically used to as-
sure a constant ionic medium for investigations. These high salt concentrations affect the speciation and
consequently modified the chemistry of the system, making them less relevant to physiological condi-
tions. Studies at lower ionic strength began to emerge and demonstrated quantitative differences, but no
qualitative differences in the speciation [29,31–33]. Combined potentiometric and NMR studies were
particularly powerful in detailing the properties of oxovanadates [29,30], which were critical for the
studies that explored the reactions of vanadium(V) in the physiological relevant pH range. Such stud-
ies were carried out by the Tracey/Gresser group [20–22], the Crans group [34–36], the Rehder group
[23,37,38], and others [39–41]. 

The question of how fast the oxovanadates and other systems in aqueous solutions reacted re-
mained open, although most considered the reaction fast because the systems under investigation had
equilibrated by the time of analysis. The possibility that some vanadium(V) complexes might be slowly
interconverting was generally not considered, even though it was recognized that decavanadate inter-
converted slowly above neutral pH. Early on, we tackled the question of the kinetics of oxovanadate in-
terconversions [36]. In solutions containing the simple oxovanadate mixture (V1, V2, V4, and V5) all
the oxovanadates interconvert on a millisecond time scale as shown in the EXSY 2D 51V NMR spec-
trum of a solution of vanadate at pH 8.6, Fig. 2. At neutral pH and at intermediate ionic strength, V2 is
the most reactive species, which presumably relates to this species’ structure. This oxometalate does not
enjoy the stabilization of a cyclic structure as do V4 ([V4O12]–) and V5 ([V5O15]–). Indeed, EXSY 2D
NMR spectroscopy is ideal for studies of these aqueous systems where many of the species are in equi-
librium, because the conversion of several species can be followed simultaneously. This method and
also 1H and 13C EXSY spectroscopy have been used successfully to investigate the reactions of a range
of vanadium(V) systems [42–47]. 

REACTION OF VANADATE WITH ORGANIC LIGANDS IN AQUEOUS SOLUTION

The reaction of vanadate with ethanol [20] was the first of a series of organic systems that included nu-
merous coordinating functionalities such as hydroxyl [20,21], carboxyl [35,48,49], amino
[35,38,50,51], amido [52–54], phospho [22,55], and bi- [21,35,38,49,56] and multidentate
[34,37,39,51,53–55,57–62] combinations of these moieties. The Tracey/Gresser team in the early stud-
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Fig. 2 51V 2D EXSY NMR spectroscopy of a 10 mM sodium vanadate solution at pH 8.6. The off-diagonal signals
reflect exchange between oligomers, whereas the diagonal signals represent the 1D spectrum. The assignments of
the signals are given on the vertical axis. Reprinted with permission from ref. [36]. Copyright © 1990 American
Chemical Society.



ies mapped out what types of complexes formed, the pH dependence of complex formation, and the
stoichiometry of the systems. This approach was followed in most subsequent studies. In general, vana-
date esters and vanadate carboxylates form weak complexes unless the functionalities are part of biden-
tate or multidentate ligand framework [20,21,35,48,49]. The complexes formed with amino and amido
groups are even weaker [35,38,50–54]. In contrast, complexes with phosphate groups are more stable
[22,55]. These early studies provided an important framework on which subsequent studies of these
complexes were based. For example, the complex formed between diethanolamine and vanadate shows
a Gaussian (bell-curve) stability profile, and correlate with the concentration of V1 and the ratio of
[VO2dea]–/[V1], Fig. 3. Thus, both the pKa of the ligand and the pKa of V1 (H2VO4

–/HVO4
2–) con-

tribute to give the optimal pH for complex stability [34]. 

The formation of ternary complexes has been a target of increasing interest over the past decade.
Precedence for the existence of ternary complexes with both monodentate [43] and bidentate [40] lig-
ands was established in early 51V NMR spectroscopic studies in aqueous solutions. Although com-
plexes formed with monodentate ligands were not as stable as those formed with bidentate ligands, the
spectroscopic data clearly showed that they do form.

The Crans group characterized some of these early systems by aggressively exploring the ques-
tions “What exists in solution?” and “What is its structure?”. In our first study, in which mainly
51V NMR spectroscopy was used, we described the complexes that form between vanadate and the
commonly used “good buffers” as well as a wide range of structurally related ligands [34]. This study
alerted others to the problems associated with studies involving buffered vanadate solutions. In addi-
tion, this study demonstrated the effects of subtle structural changes in ligand on complex formation*.
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Fig. 3 Concentration of [VO2dea]– (�), concentration of monomeric vanadate, V1 (x) and the ratio of
[VO2dea]–/[V1] (○) plotted as a function of pH. Reprinted with permission from ref. [34]. Copyright ©1988
American Chemical Society.

*The Gaussian stability curves for these complexes, and for similar dipicolinate complexes, suggest that the chemistry that is tak-
ing place above and below the pKa value of vanadate involves different properties of the ligands. Tracey has proposed that when
the primary ligand has a pKa below that of vanadate, then bidentate chelation with a heteroligand will be favored, whereas mon-
odentate chelation with the same heteroligand will be favored when the primary ligand has a pKa higher than vanadate. At pres-
ent, these considerations primarily seem to apply to five-coordinate complexes. Information on seven-coordinate complexes with
hydroxylamido and peroxo ligands follows a similar trend. However, insufficient information is available to test this proposal on
coordinatively saturated systems such as octahedral complexes. (Tracey, in preparation).



The systematic modification of ligand structure and its consequent effect on complex stability demon-
strated the preferred tridentate coordination of the diethanolamine ligand [34]. Some structural aspects
of the ligand can be modified without preventing complex formation. For instance, substitution of one
hydroxyl group with a carboxylate unit yields products, whereas the substitution of the center amino
group with an ether group prevented formation of a stable complex.

More recently, the Crans group investigated the effects of sterics and solvation in these complexes
by characterizing the thermodynamic parameters of the reaction [63]. The enthalpic contribution was
the major term determining the stability of the complex, and opposed by the entropic term. Alkylation
of the coordinating N-moiety was found to affect the stability of the vanadium(V) complex depending
on the size of the alkyl group. With small alkyl groups, no difference in complex stability was observed
and showed that the small electronic effect was countered by a small entropic effect. On the other hand,
if the alkyl group was an ethyl group the entropic term increased significantly and since it was only par-
tially countered by the enthalpic term, the overall result is a less stable complex. Addition of large bulky
alkyl groups can affect solvation depending on the geometry of the ligand [63]. This point was demon-
strated by enantiospecific substitution of two phenol groups on the diethanolamine ligand giving a chi-
ral diethanolamine-substituted ligand and a corresponding meso form [64]. The vanadium(V) complex
prepared from chiral ligand (C2-2,2'-diphenyliminodiethanol) possessed a much greater entropic term
resulting in an overall much less stable vanadium(V) complex than the complex formed from
meso-2,2'-diphenyliminoethanol. Very few thermodynamic studies of vanadium(V) systems, including
the simple vanadate system, have been reported [31,32]; no other study exists which examines a series
of structurally related complexes. The ethanolamine and even tris(hydroxylmethyl)ethane units in these
ligands are very common, and have become a common synthetic target, perhaps in part because of their
structural relationship to amino acids. 

The interactions of vanadate and aqueous vanadium(IV) with buffers, amino acids, peptides, and
proteins were investigated at micromolar concentrations [35]. This study was carried out at low con-
centration in order to investigate the chemistry of both vanadate and vanadyl cation in the absence of
oligomers and the affinity of both vanadate and aqueous vanadium(IV) for amino acids, dipeptides, and
selected proteins; a measurable affinity was demonstrated even at these low concentrations of vanadium
[35].

Recent efforts in the Crans group have been on the characterization of the vanadium–dipicolinate
systems. The spectroscopic studies of the vanadium(V) system have been combined with potentiometric
studies by the Kiss group and have included studies across oxidation states [47,65–68]. Thus, the de-
tailed speciation of the vanadium(IV) and (V) systems have been reported and an important compari-
son of the vanadium(IV) and vanadium(V) system was done [66]. The speciation of the vanadium(V)
system reflects the high stability of the [VO2dipic]– at acidic pH (Fig. 4). Upon reduction, the
V(IV)-dipic system ([VO(dipic)(H2O)2] or [VO(dipic)2]2–) exhibits higher stability near neutral pH.
Importantly, the vanadium(IV) system has both 1:1 and 1:2 complexes forming, with the 1:1 complex
being more stable at higher pH values. If the actions of vanadium compounds in biological systems are
to be understood, it is critical that we characterize systems across oxidation states in a quantitative man-
ner. Indeed, the Crans group, in collaboration with the Buglyo group, has recently carried out studies
of the corresponding vanadium(III)-dipicolinate system, and a detailed comparison across three oxida-
tion states is also available for the dipicolinato system [69]. Indeed, these studies suggest that vana-
dium(III) systems can be much more stable than is commonly recognized.
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Fig. 4 Speciation of V(V) and V(IV)-dipicolinate systems. (A) V(V)-dipic with 2.00 mM V(V) and 2.00 mM dipic-
ligand. (B) VO(IV)-dipic with 2.00 mM V(IV) and 4.00 mM dipic-ligand. (C) A gedanken experiment in which
formation constants for the V(III), V(IV), and V(V)-dipicolinate complexes were all combined to compare complex
stability across oxidation states, Vtot = 2.0 and 3.00 mM dipic-ligand. Reprinted with permission from refs. [65,66].
Copyright © 2000 American Chemical Society and 2002 Elsevier.



WHAT ARE THE STRUCTURES OF VANADIUM COMPLEXES IN SOLUTION? 

Characterizing the molecular structure is a critical component of understanding the properties of a com-
plex and the determination of X-ray structure remains an important endeavor in all areas of chemistry.
This section will describe results using the tools of solid state and modeling compounds to probe the
coordination chemistry of vanadium(V) complexes and in particular demonstrate the validity of the
vanadium(V)-phosphorus analogy. This is important, because in complexes where the metal ion is
prone to ligand exchange, dissolution of pure solid compound often results in a complex that has a co-
ordination geometry different from that of the solid. Although most inorganic chemists know this fact,
applications of these complexes in catalysis or in biology are commonly employed without considering
this fundamental inherent uncertainty in the analysis. This is partly because it is often difficult and not
experimentally trivial to determine if the complex undergoes a chemical change upon dissolution.
Furthermore, effects are more readily rationalized when a particular molecular structure is assumed.
When new classes of compounds are prepared, their introduction often contain some structural infor-
mation as part of their characterization [17]. Indeed, many new vanadium complexes are entered into
the Cambridge Crystallographic Data Centre on a yearly basis with 191 entries in 2000, 181 entries in
2001, 218 entries in 2002, 99 in 2003, and 100 through November 2004. Many of these systems have
been reviewed elsewhere, and are too numerous to be described here [1,3–5,10,11,13,14,16,17]. At this
time, studies in several groups target the question “What is the structure?” of the vanadium complexes
that form and exist in both aqueous and organic solution, and the background information for this level
of understanding will be reviewed.

The Crans group was the first group probing the solution structure of systems by generating the
solid-state data upon which a framework could be built [17,60,72]. The 51V NMR studies are neces-
sary to document the stoichiometry and the number of different types of species that exist in solution.
However, detailed structural analysis requires multiple approaches including X-ray crystallography of
solid-state materials as well as additional spectroscopic studies in solution probing connectivity and
ligand coordination. An early and particularly pleasing example of these types of studies is the inves-
tigation of the vanadate-triethanolamine and vanadate-tripropanolamine systems [34,44,60]. The ini-
tial 51V NMR studies on this system [34,44] was followed by the synthesis of the complex in both or-
ganic and aqueous solvent, X-ray crystallographic characterization of the solid material in addition to
multinuclear NMR studies in aqueous solution [60]. By 13C and 1H NMR spectroscopy and coordi-
nation-induced shifts (CISs), it was established that the species in aqueous solution had one
ethanolamine/propanolamine arm free and two coordinated to the vanadium atom. This structure (1)
was different from the structure in organic solvents and in the solid state ([VO(tpa)]) [60]. The two pos-
sible structures in aqueous solution are one with the cis-dioxo group in the same plane as the
tripropanolamine nitrogen atom, 2, and one with the two oxo groups trans to the tripropanolamine ni-
trogen and oxygen atoms, 3, respectively. Should the former structure exist in solution, 17O NMR stud-
ies would result in only one signal, whereas the second structure would result in two 17O NMR signals
for this structure. The solution spectrum, Fig. 5, shows two signals of equal intensity in the 17O NMR
spectrum. This demonstrated that the compound formed in solution has the structure depicted in 3 [60].
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For vanadium(V) alkoxides, (also referred to as vanadate esters in the literature) where an alkox-
ide is an O-ligated alcohol, the situation is more complex. These compounds are very reactive and sev-
eral species form in solution and furthermore, many scientists do not view vanadium(V) alkoxides as
vanadate esters and vice versa. Regardless of their classification, proper structural precedent did not
exist for either vanadium alkoxides or vanadate esters before the 1990s. As a result, demonstration of
the structural analogy between vanadium(V) and phosphorus was a goal that several groups focused on
for the next decade. This focus was justified by the potential use of vanadium compounds for probes in
biological systems, and the fact that the only vanadium(V) alkoxide structure known was an early,
poorly refined X-ray crystal structure which contained six-coordinate vanadium [70]. Thus, from a
structural perspective, the four- or five-coordinate vanadate ester suggested by the vanadium(V)-phos-
phorus analogy in the 1980s although assumed and widely accepted was not actually based on struc-
tural precedent of model compounds or other compounds isolated from either organic or aqueous solu-
tion. 

The Crans group and the Rehder group have investigated a wide range of vanadium(V) alkoxide
systems over the past 15 years. The first structurally characterized model systems showed the tendency
of vanadium(V) to form five-coordinate alkoxides [71–76]. A vanadium(V) alkoxide formed from the
reaction of pinacol with VOCl3 provided this structural precedent for the transition-state structure used
in biological studies (4) [72], modeling the vanadate-ribonuclease complex [77,78]. This five-coordi-
nate dimer provided an example of what is now recognized to be the characteristic diamond core found
in other alkoxide complexes [72]. The vanadium(V) chloroethanol alkoxide (5) from the Rehder group
was the first example of such a complex with monodentate alkoxide substituents [71]. Other groups
contributed, and a complex with a hydroxycarboxylic acid by Hambley and Lay was reported [79].
Some systems were found to support vanadium(V) alkoxides in six-coordinate environments were de-
scribed [80]. A particularly interesting complex formed from cyclopentanol and the diamond core here
contains dramatically uneven V–O bond lengths documenting some structural flexibility, Fig. 6 [73].
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Fig. 5 The 17O NMR spectrum recorded from solutions of 200 mM vanadate, 600 mM tripropanolamine
(tpa)-ligand in the presence of 15 % 17O H2O. The two signals of equal intensity rule out the possibility that 2 is
the structure of the complex in solution, although the possibility of a six-coordinate structure has not been
eliminated. Adapted with permission of the American Chemical Society [60].



A few early studies also provided precedent for four-coordinate vanadium(V) in model systems.
To a model chemist, a chloro group is a reasonable substitute for a hydroxy group in nonaqueous solu-
tions. Indeed this replacement used by the Zubieta group provided the first structural example of a
monomeric vanadium(V) alkoxide complex with four-coordinate vanadium [81]. A dinuclear complex
from ethylenediol demonstrated that four-coordinate vanadium(V) was a very stable alternative to the
five-coordinate form [76,82]. The vanadium(V) alkoxides associate in solution [83], but the high reac-
tivity could be decreased if bulky ligands were employed, and a variety of such systems have been re-
ported (see below for more details) [75,84]. A recent and important example of a four-coordinate vana-
dium(V) alkoxide has been reported with three 2,6-diisopropylphenoxide substituents (6) [85]. This
structure demonstrates that the vanadium(V) can indeed be four-coordinate, but that the sterics and the
electronics of this must be very finely tuned.

Many different classes of vanadium(V) alkoxides now exist, and the reader is referred to the
Cambridge Crystallographic Data Centre [1,3–5,10–14,16,17,86–90]. The Rosenthal group [91,92] has
recently reported an interesting example of this type of chemistry. The mixed vanadium(V) chloro-
alkoxides investigated are of interest for their application as catalysts, and their coordination chemistry
is showing a wide range of geometries with four-, five-, and six-coordinate vanadium(V) in mono and
dinuclear complexes with bridged chloro groups [91,92]. As more structures with bridging chlorides
such as shown in 7, and their reactivity become available, a better understanding of the structural pref-
erences in these systems will be forthcoming. 

Although many model compounds have been isolated from nonaqueous media, some model sys-
tems are coordination compounds that can be isolated from aqueous media. The most studied system is
that of vanadium(V) complexes with nucleoside ligands, which were found to be potent inhibitors for
ribonucleases [77,78]. This area will only briefly be summarized here since it has recently been re-
viewed in greater detail, describing the work by several groups probing the aqueous solution structure
of these potent inhibitors [17]. The studies required several problems to be overcome including a small
stability constant for the 1:1 complex, a large stability constant for the 2:2 complex, and overlapping
signals of the major 2:2 complex and the active 1:1 inhibiting complex [93]. Many model studies were
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Fig. 6 The X-ray structure for the tris(cyclopentanol)oxovanadium(V) showing the uneven character of the V–O
bonds in the diamond core. Reprinted with permission from ref. [75]. Copyright ©1992 Elsevier.



carried out, and some correctly predicted the coordination geometry around the vanadium atom in
aqueous solution [72,94]. The Tracey group recently reported an X-ray structure of a vanadium com-
plex with adenosine, Fig. 7 [71,72]; this structure shows a five-coordinate vanadium atom coordinated
to the nucleoside in the diamond core motif found in the earliest model system [95].

The structures of the various oxovanadates [mononuclear (V1), dinuclear (V2), tetranuclear (V4),
pentanuclear (V5), and decanuclear (V10) systems] in solution are of fundamental interest. In addition,
their structures may affect which complexes can form from solutions containing oxovanadates.
Information on these anions is within the area of polyoxometalates and the areas of materials science
interested in vanadium oxides. Information is available on the structures of the simple oxovanadates ex-
isting in solution [18,26,96]; more than 100 X-ray structures have now been reported for different
cation–anion combinations involving some form of the V10O28

6– anion. Information in this area im-
pacting reactions of oxovanadates with ligands has been summarized recently [17], but more structural
information is available directly from the Cambridge Crystallographic Data Centre. Studies probing
vanadium alkoxide systems often result in the characterization of small- to medium-sized clusters
capped by alkoxide ligands. Examples of some such systems will be summarized below from the point
of view of reactivity of the vanadium compounds in solution. 

HOW DO VANADIUM COMPLEXES REACT IN ORGANIC SOLVENTS? 

How compounds react remains a central chemical question because the answer to this question dictates
the applications of the compounds and thus their overall importance. Reactivity will always be very sen-
sitive to whether the system is in an organic or aqueous environment, and if such differences are inves-
tigated, this is helpful for understanding the solution reactivity of these compounds. The difference be-
tween the chemistry of vanadium(V) alkoxides in organic solvents and the corresponding studies for the
vanadate esters in aqueous solutions will be described here.

Vanadium(V) alkoxides associate to form dimers (eq. 1) and oligomers at millimolar and higher
concentrations in organic solvents and in liquid form. The reaction is easily monitored by 51V NMR
chemical shifts, which change upon association [83]. Association has even taken place to form charged
derivatives in alcoholic solutions containing base (eq. 2), Fig. 8 [97]. Association with alcohols has also
been observed for other classes of compounds in which the vanadium is less than six-coordinate (eq. 3)
[60], and an equilibrium between five- and six-coordinate species is established. At submillimolar con-
centrations, the vanadium(V) alkoxides are monomeric, and any studies carried out at low concentra-
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Fig. 7 The X-ray structure of the vanadium(V)-adenosine complex. Highlights in this structure include the five-
coordinate vanadium atom and the diamond core connecting the 2:2 complex. Reprinted with permission from ref.
[95]. Copyright © 1995 American Chemical Society. 



tions will describe the monomeric species exclusively. Bulky ligands have been shown to reduce asso-
ciation of the vanadium(V) alkoxides in organic solvents. No change in the chemical shifts for com-
pounds such as tri(t-butoxide)oxovanadium(V), tri(adamantyloxide)oxovanadium(V), and tri(norbony-
loxide)oxovanadium(V) are observed in the 51V NMR spectra. This implies that no association takes
place in solution even at 10 mM and higher concentrations of vanadium(V) alkoxide [75,84]. Steric bulk
can also slow down hydrolysis reactions [84], and it becomes possible to observe vanadium(V) alkox-
ides in which one or two of the alkoxide groups have been replaced with an OH group. For example, a
species attributed to the hydrolysis product for the tri(adamantoxide)oxovanadium(V), presumably
di(adamantoxide)(hydroxo)oxovanadium(V), was observed by 51V NMR spectroscopy in ethanol [84].

The reactions of vanadium(V)-alkoxide systems are very sensitive to subtle changes in ligand
geometry and their electronic properties. The chloro-substituted vanadium(V) alkoxides are an inter-
esting group of compounds that have been successfully investigated. The vanadium(V) chloro-alkox-
ides that form from 1,2-diols associate and generally form dimeric complexes, both in the solid state
and in solution [72,79,82]. Calculations probing these geometries revealed that the coordination pref-
erence could not be attributed to the electrostatic properties of the vanadium, but rather to the subtle lig-
and effect often referred to as the gem-dimethyl effect [76]. Upon substitution of a second alkoxide
group with a chloro group, a monomeric four-coordinate vanadium(V) dichloro-alkoxide complex
forms [91] suggesting that the addition of the second chloro group shifted the favored geometry. 
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Fig. 8 51V NMR spectrum of a solution containing [VO(O-iPr)3] and NaO-iPr in HO-iPr. Reprinted with
permission from ref. [97]. Copyright © 1987 Elsevier.



Substituting the 1,2-diol with a 1,3-diol increases the distance between the ligand oxygen atoms
and affects the ligand arrangements around the vanadium atom. In such cases, clusters are often isolated
where the ligand is either flexible as in the saturated diol case [74], or rigid as in the 1,3-acac arrange-
ment [98]. If the chloro group is replaced by an alkoxo group in the vanadium(V)-chloro-alkoxides, the
materials containing 1,2-diols can be insoluble, presumably reflecting their polymeric nature [80]. 

Vanadium(IV) acetylacetonate ([VO(acac)2]) is a commonly used precursor for the synthesis of
many vanadium complexes. In polar solvents, [VO(acac)2] will associate with the solvent [99–101], and
studies by EPR spectroscopy have recently shown that both a cis and a trans isomer form when the polar
solvent is water, Fig. 9 [102]. The major complex has the solvent molecule entering trans to the oxo
group, whereas in the minor complex the solvent molecule enters cis to the oxo group. A minor distor-
tion of the vanadium out of the plane toward the oxo group is sufficient to make the geometric arrange-
ment with the incoming solvent molecule trans to the oxo group very attractive. Substituting the acac
ligand with a pyridone ligand (e.g., maltol) in a vanadium(IV) alkoxide complex also resulted in the for-
mation of two complexes in solution Fig. 10. However, the stability pattern reverses, and the favored
complex for [VO(malto)]2 is the cis-[VO(malto)]2 adduct [103]. The application of [VO(acac)2] as an
oxidizing agent in organic synthesis is presumably linked to its ability to associate with organic sub-
strates, which is then followed by electron transfer [6,7].
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Fig. 9 Reactions of [VO(acac)2] with H2O to form the trans adduct (A), the cis adduct (B) and the 1:1 hydrolysis
product. Reprinted with permission from ref. [102]. Copyright © 2000 American Chemical Society.



Vanadium(V) alkoxides of acac [98] and pyridones [104] have been reported. The vanadium(V)
complexes for both the acac and the maltol ligand favor only the formation of complexes with an in-
coming solvent molecule cis to the oxo group [98,104]. The vanadium(V)-acac system while maintain-
ing the alkoxide cis to the oxo unit, can form mononuclear, dinuclear, trinuclear, and tetranuclear com-
pounds in solution as shown in Scheme 1. These studies were based on the less frequently used
precursor [VO2acac], first reported by Bartecki and Kaminski [105,106]. By substituting the ligand,
often with a solvent molecule, it was possible to isolate complexes with different nuclear cores as shown
in Scheme 1 [98]. The steric bulk of the isopropanol is sufficient to allow the isolation of monomeric
complexes with [VO2acac]. Dissolving the [VO2acac] in a simple alcohol such as methanol allows the
isolation of a dinuclear species and tetranuclear species with the methoxide bridging. When no co-
solvent is used, the isolation of the dinuclear complex with a higher V:alkoxide ratio was achieved. The
addition of acetonitrile as a cosolvent led to the isolation of a tetranuclear species with fewer alkoxide
units per vanadium(V) and the typical tetranuclear core cluster is formed. Finally, in the presence of a
tridentate ligand, tris(hydroxymethyl)ethane, the cluster is capped so that a linear trinuclear core results.
The vanadium(V) alkoxides that form with acac deviate from the mono and dinuclear complexes ob-
served with 1,2-diols. Aqueous studies show a much more limited reactivity pattern for vanadium(V)
with acac (unpublished) or maltol [107] than the corresponding vanadium(IV) compounds. Although
we are only now investigating the chemistry of simple alcohols with vanadium(IV), there is no evidence
that vanadium(IV)-acac systems generate clusters [102] as in the corresponding vanadium(V)-acac sys-
tem [98].
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Fig. 10 Ambient-temperature EPR spectra show that [VO(malto)2] forms adducts with H2O. Reprinted with
permission from ref. [103]. Copyright © 1996 American Chemical Society. 



Reactions with polydentate O-functional ligands have demonstrated a variety of reactivities. The
Zubieta group has undertaken studies with the ligand tris(hydroxymethyl)ethane, and a range of de-
camers and other oxometalates have been capped with this ligand and structurally characterized
[108–111]. These complexes are important not only because they document the electronic properties of
such derivatives, but also because they show, for example, that a decamer, which is a very stable sys-
tem in aqueous systems, readily undergoes substitution reactions on the oxometalate surface in the ab-
sence of water. Such reactivity is likely to be important for the catalytic properties that vanadium com-
pounds exhibit. The Crans group has also examined reactions of tris(hydroxymethyl)ethane in organic
solvents [112]. In nonaqueous solution, the chemistry of this system is equally diverse. In one case, this
ligand shows the selective substitution of one alkoxide over another, Scheme 2 [112]. The Tracey group
showed that in aqueous solution this ligand also forms a complex, but it is much less stable [58]. Indeed,
these studies demonstrate the versatility of vanadium chemistry and build a framework on which the
complex aqueous systems of biological relevance can be understood. For example, the Salifoglou group
have characterized in detail a series of vanadium(V)-citrate complexes [113], and compared the isolated
solid-state species with those observed in solution [114,115]. The reactivity and presumed selectivity of
the reactions of these clusters may prove to follow similar guidelines and selectivities as those observed
in the complex shown in Scheme 2. Such studies could point to how these very intriguing vanadium-
citrate complexes react with metabolites and proteins under physiological conditions. 
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Scheme 1 Proposed relationships between mononuclear and oligomeric vanadium(V) species in organic solvents
based on [VO2acac] as the starting material. Reprinted with permission from ref. [98]. Copyright © 1998 American
Chemical Society.



The synthetic utility of vanadium(V) alkoxides as electron-transfer reagents have been explored
for many years by the Hirao and Conte groups [6,7]. The versatility of these compounds in organic syn-
theses continues to be explored. As recently reported by the Rosenthal group, vanadium(V)-alkoxide
chemistry now shows potential utility in polymer catalysis [91,92]. These studies demonstrated coordi-
nation chemistry of mixed vanadium(V) chloro-alkoxides with four-, five-, and six-coordinate vana-
dium(V) complexes with bridging chloro groups [92]. Since the catalytic efficiency of systems with dif-
ferent coordination chemistries appears to be similar, this variation in the vanadium coordination
number may not impact the catalytic mechanism in these systems. Of course, such a conclusion as-
sumes that the mononuclear and dinuclear forms of these complexes fail to interconvert, which, based
on the available information for similar systems, may not be a realistic expectation.

HOW DO VANADIUM COMPLEXES REACT IN AQUEOUS SOLUTION?

How vanadium complexes react in water depends on the complexes’ thermodynamic stability and how
fast and by what mechanism they hydrolyze and/or undergo redox chemistry. Data on the thermo-
dynamic stability of vanadium(V) complexes in water has been determined for a wide range of systems,
and this information provides a good starting point for the consideration of the kinetic and mechanistic
properties of vanadium complexes. The summary presented here will focus on studies of vanadium(V)
and (IV) coordination complexes in aqueous solution.

Kinetic studies, using rapid mixing techniques, of vanadium(V) complexes over a wide pH range
are not common, in part because many of these complexes are colorless, and in part because the com-
plexes have a limited pH stability as shown in speciation studies. Furthermore, there are relatively few
examples of systems that have been investigated using a range of techniques and where intermediates
of vanadium(V) complexes have been characterized by spectroscopy. Most kinetic studies have been
carried out in acidic aqueous solutions, where the major vanadium(V) species is the VO2

+ (presumably
[VO2(H2O)4]+) cation [117,118]. Ligand-exchange reactions have also been investigated using NMR
spectroscopy [18,119], and for this class of compounds, NMR-based methods have been more inform-
ative than absorption spectroscopy as illustrated in Fig. 11 [44,54,60,80]. 

1H and 13C NMR spectroscopy have been very useful techniques for studying the solution struc-
ture of vanadium(V) complexes [12,14,16,17,41,44,60,72,74,75,80,88,90,95,114]. Both 1D [54] and
2D NMR methods have been very informative with regard to the formation of reaction intermediates
[44,120]. For example, the intermolecular exchange between free ligand and complexed ligand can be
observed in an EXSY experiment as indicated by the solid lines in Fig. 11. In addition, the intra-
molecular exchange of the coordinated hydroxymethyl arm with one of the free hydroxymethyl arms in
the complex that forms between vanadate and tricine (N-[tris(hydroxymethyl)methyl]glycine) is ob-

© 2005 IUPAC, Pure and Applied Chemistry 77, 1497–1527

Fifteen years of dancing with vanadium 1511

Scheme 2 Specific alkoxide exchange reactions on the surface of a tetranuclear vanadium(V) alkoxide
([V4O4{(OCH2)3CCH3}2(OCH3)6]) in the presence of CH3OH. Reprinted with permission from ref. [116].
Copyright © 1997 American Chemical Society. 



served as the additional off-diagonal signals shown in Fig. 11. This method has been used to follow the
conversion of one enantiomeric vanadium(V) form to the other by observation of an off-diagonal sig-
nal. This is observed even though the enantiomeric forms of the complexes have identical chemical
shifts [55]. 

Few kinetic studies have been carried out on complexes at neutral pH when the major vana-
dium(V) species in solution is H2VO4

– or HVO4
2– at lower concentrations and V4O12

4– at higher con-
centrations. EXSY spectroscopy can be used to obtain quantitative information and accordingly can be
used to determine approximate rate constants. A comparison of a series of different vanadium(V) com-
plex formation reactions was made possible by using EXSY spectroscopic measurements and the nor-
malization of rate constants to 25 °C (summarized in Table 1) [44]. Although the reactions considered
are very different and include vanadate dimerization, complex formation with mono- and bidentate lig-
ands, and complex formation with an enzyme, all the rate constants were observed to be of approxi-
mately the same magnitude. The observation that the rate constants for all these complexes lie within
the narrow range of (0.8–5) × 104 M–1 s–1 suggests that these reactions near neutral pH are governed
by a dissociative mechanism [44]. Since at neutral pH the ligand exchange will require several proton-
transfer steps before ligand exchange can occur, a direct comparison of these substitution reactions with
those at low pH, when VO2

+ is the vanadium species, may not be appropriate. A detailed comparison
of the observed rate constants for the reactions studied at various pH regions still needs to be carried
out. 
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Fig. 11 A 2D 13C EXSY NMR spectrum recorded at 75.4 MHz at 310 K of a solution containing 412 mM vanadate
and 500 mM Tricine ligand at pH 7.2. This solution shows exchange between the 398 mM of [VO2(tricine)]– in
solution and the 102 mM of free tricine as indicated by the line connecting diagonal points with off-diagonal points.
Intramolecular exchange between free and coordinated hydroxyl arms is indicated by the much lower intensity off-
diagonal signals. Reprinted with permission from ref. [44]. Copyright © 1991 American Chemical Society.



Table 1 Second-order rate constants for vanadate complex formation near neutral pH
[44].

Ligand Complex Rate constant Temp Reference
(M–1 s–1) (°C)

Vanadate monomer H2VO4
––HVO4

2– a 3.1 × 104 25 [28]
2 × 104 25 [36]

Alizarin (H2A) H2VO4
––HA 2.8 × 104 25 [121]

Tricine H2VO4
––Tricine (0,1,1) 0.76 × 104 25 [44]

EDTA H2VO4
––H2EDTA2– 3.2 × 104 25 [121]

Na,K–ATPase H2VO4
––ATPase 5.2 × 104 37 [122]

2.9 × 104 25 Estimatedb

aThe product of the dimerization is HV2O7
3–.

bThe rate constant at 25 °C (298 K) was calculated with use of the equation 
k2 = (k1T2/T1)e[∆G†/R(1/T1–1/T2)].

In aqueous solutions, complex formation with redox active ligands is often followed by electron-
transfer reactions [123–128]. Kustin documented the electron-transfer reactions for a series of vana-
dium compounds including catechols [129], aromatic diols [127], and ascorbate [128]. Other groups
have carried out studies on amino polycarboxylate systems [123–125,130] as well as on carbohydrates
[131]. Many of the electron-transfer reactions are presumed to take place by inner-sphere electron-
transfer processes, in part because systems characterized in the greatest detail show intermediate vana-
dium(V) complexes. However, several examples of outer-sphere electron-transfer processes have been
reported [124,132]. 

An intermediate vanadium(V) complex forms with ascorbate in the presence of vanadate and is
observed at 425 nm before the vanadium is reduced (Fig. 12). The Crans group has recently collabo-
rated with the Johnson group in further characterizing the reduction of the vanadium(V) by ascorbate
[133]. The new studies show that the reaction between ascorbate and vanadium(V) (VO2

+), character-
ized by Kustin [128] takes place over a much wider pH range. More importantly, however, the studies
at higher ascorbate concentrations found evidence for a second electron-transfer process [133] in com-
petition with the inner-sphere electron-transfer process reported previously [128]. Studies using EPR
spectroscopy were carried out and supported a mechanism possibly involving an outer-sphere electron-
transfer reaction. We find that ascorbate is competent to reduce vanadate at neutral pH in contrast to an
earlier report [134]. Our evidence includes the appearance of EPR signals, which we and others assign
to a vanadium(IV)-ascorbate complex and a complex with the oxidized ascorbate product
[133,135,136]. 
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A study by the Orvig group on the reduction of [VO2(malto)2]– by ascorbate and reduced glu-
tathione at pH 7.45 was reported and showed pseudo-first-order kinetics when the reductant was pres-
ent in large excess [137]. Examples of systems in which vanadium species in different oxidation states
react with each other have also been reported [138].

Information on the ligand exchange of vanadium(IV) compounds has been obtained using a range
of techniques [139–141]. Three types of oxygen ligands on the vanadium(IV) with different substitu-
tion rates have been identified [139,140]. Although early studies provided data that suggested an asso-
ciative mechanism may be in effect for these types of systems [118,142]. Kustin and coworkers re-
examined these studies, and when they included the deprotonation constant in their considerations, all
the rate constants approached each other consistent with a dissociative mechanism [143]. It is now gen-
erally accepted that a dissociative mechanism is involved in substitution reactions in vanadium(IV) sys-
tems. Studies of anation reactions with a series of vanadium(IV) amino polycarboxylic acid complexes
have been reported [118]. Formation of the [VO(malto)2] complex has also been described at pH 7
[144], and this study as well as that with [VO(dipic-OH)(H2O)2]– show that these are equilibrium sys-
tems (eq. 4) [68]. In [VO(dipic-OH)(H2O)2]–, the ratio kf/kr provides an expression for the Keq, which
decreases with increasing pH (Table 1) [68]. The increase in the thermodynamic stability under more
acidic conditions is counterintuitive since a protonated ligand would be expected to be a poorer ligand.
As seen from Table 2, the decreased stability at high pH is due to the increase in the dissociation rate
constant [68]. The pKa of the hydroxyl group on coordinated dipic-OH ligand ranges from 4 to 5 and
deprotonation of the OH group significantly decreases the ligand’s ability to remain coordinated to the
vanadium center as has been noted previously [66].

d[VO(dipic-OH)(H2O)2] /dt = kf [VO2+
aq][dipic-OH] + kr (4)
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Fig. 12 The absorbance spectrum of the vanadium(V)-ascorbate complex before reduction of the vanadium(V) and
oxidation of the ascorbate [128]. Reprinted with permission from ref. [128]. Copyright © 1973 American Chemical
Society.



Table 2 Kinetic data for VO2+ reacting with
H2dipic-OH at 25 °C and in 0.40 M KCl [68].

pH kf (M–1 s–1) kr (s–1) Keq

5.0 2700 6.2 430
4.1 2400 1.3 1850
3.0 1500 1.0 1500
2.5 1100 0.7 1570

Interestingly, the forward second-order rate constant for complex formation for [VOdipic-
OH(H2O)2] at pH 5 (see Table 2, [68]) is of the same order of magnitude as the rates obtained at neu-
tral pH for the vanadium(V) systems listed in Table 1. Given the differences in the reactions required
for ligand exchange on a vanadium complex in oxidation states +4 and +5, such a similarity in rate con-
stants would not be anticipated. As described above, both vanadium(IV) and (V) complexes undergo
dissociative ligand substitution reactions, and more mechanistic information is needed with regard to
the proton-transfer steps before loss of H2O, OH–, or O2– can take place. When such information is
available the possibility that the rate constants for vanadium(IV) and (V) systems are truly similar can
be addressed.

WHAT ARE THE EFFECTS OF VANADIUM SPECIES IN BIOLOGICAL SYSTEMS?

Two decades ago, all of the effects of vanadate were attributed to the action of the monomeric form of
vanadate (reviewed in ref. [145]). This presumption was developed based on several interesting reports
[77,146,147]. First, a vanadate-nucleoside was found to be a potent inhibitor for ribonuclease and the
transition-state analogy between vanadate and phosphate was proposed [77]. Second, vanadate was then
demonstrated to be as potent at inhibiting phosphatases as other oxoanions (e.g., arsenate and molyb-
date) [146]. Finally, the isolation of vanadate from a Sigma preparation of ATP was found to be a very
potent inhibitor of the (Na,K)-ATPase enzyme [147] fueled a great deal of interest in the vanadium-
phosphorus analogy. Although the existence of the oligomeric oxovanadates had been reported
[18,29,30,42], the possibility that the various forms of vanadium-compounds could have different bio-
logical effects had not been realized. Over a 10-year period, key discoveries were made which shaped
our current thinking and understanding of the effects of vanadium compounds. Scientists are now aware
that although vanadium species are rapidly interconverting, there is a large difference in their effects in
biological systems depending on which species is present. 

One of these discoveries was the recognition that alcohols will form esters in the presence of
vanadate [20], and that these esters can be enzyme substrates [148], Figs. 13 and 14. For example, glu-
cose-6-vanadate (Fig. 13) can substitute for glucose-6-phosphate in the oxidation reaction catalyzed by
glucose-6-phosphate dehydrogenase (G6PDH) [148]. G6PDH was able to oxidize glucose much faster
in the presence of vanadate than in its absence (Fig. 13) [148]. The proposed mechanism for this reac-
tion involves formation of glucose-6-vanadate, binding of the substrate to G6PDH, catalytic oxidation
of the substrate, release of the oxidized substrate, and finally, hydrolysis of the vanadate ester. Since this
initial report, other enzymes have been found to accept vanadylated substrates as replacements for phos-
phorylated substrates [149] and cofactor analogs [150]. The cofactor analog NADV presumably has the
vanadate is in the 2' position (Fig. 14) [150,151] and can substitute for NADP in enzyme reactions. The
cofactor analog NADV has a more favorable Km/kcat than any other cofactor analog reported to date for
G6PDH [150,151]. These studies demonstrate that vanadate derivatives can be effective substrates
analogs in enzyme reactions. 
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A second discovery was that vanadate in the presence of hydrogen peroxide was found to be ex-
ceedingly potent in increasing protein tyrosine phosphorylation at the insulin receptor in tissue culture
studies [152,153]. This observation was very important, in that all those interested in studies of the in-
sulin-enhancing compounds*, realized that it was the peroxovanadium compound that exerted this ef-
fect and not simply the metal salt. A series of peroxovanadium compounds has since been investigated
[154,155]. Which vanadium species is exerting the insulin-enhancing effect is still being discussed, al-
though the emphasis has shifted from the peroxo compounds to simple coordination complexes
[156–160]. An important ongoing issue concerns whether the ligand’s sole role is to effect absorption
of the vanadium ion and thus indirectly facilitate the insulin-enhancing of the vanadium ion in diabetic
animals [156,157] or whether the ligand may actually take part of the mode of action of the vanadium
compound by for example remain coordinated while the vanadium binds to the protein [158–160].

A third discovery was that the inhibitory effects of vanadate could readily arise from different
oxovanadate species using the pentose phosphate shunt enzyme, 6-phosphogluconate dehydrogenase
[161]. By correlating the enzyme reaction rates with the oxovanadate species, it was recognized that
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Fig. 13 Effect of different G6PDH concentrations on the rate of NADP reduction in the presences of 1.0 mM
glucose with and without 0.0156 mM vanadate at pH 7.4. Reprinted with permission from ref. [148]. Copyright ©
1985 the American Society for Biochemistry and Molecular Biology and Highwire Press.

Fig. 14 Scheme showing the proposed reaction of glucose-6-phosphate with the cofactor analog NADV. The
reaction is catalyzed by G6PDH and the initial products are proposed to be 6-phosphogluconate (or the
corresponding lactone) and NADVH. Reprinted with permission from ref. [150]. Copyright © 1992 American
Chemical Society.

*Initially, the effects observed with vanadate were described as additive to the effects observed with insulin, and the term insulin-
mimetic was used for some time. However, since then, investigative studies with a few compounds has demonstrated that the ef-
fect is insulin-enhancing and not insulin-mimetic. At this time, there is no doubt that some level of insulin is needed in order for
these compounds to exert their maximum effect.



vanadate monomer (V1) was not the inhibiting species, as shown in Fig. 15. No linear relationships
could be observed between enzyme inhibition and the concentration of the V1 species as anticipated
with inhibitors, Fig. 15a. In contrast, the observed inhibition correlated with the concentration of vana-
date tetramer (V4), as evidenced by the linear relationship shown in Fig. 15b [161]. Although these
studies did not actually demonstrate that V4 was the active species, the studies did show that some com-
bination of four vanadium atoms (a tetramer, two dimers, one dimer, and two monomers, etc.) was
needed to show a correlation with the observed inhibition. 

Vanadate and other phosphate analogs, including arsenate, molybdate, and tungstate, are com-
monly known inhibitors of phosphatases [17,146,162]. Since vanadate is a very potent inhibitor for
phosphatases and other phosphorylases, significant amounts of inhibition are observed at submillimo-
lar concentrations, and below the vanadate concentrations when oligomers appear in solution. In
Fig. 16a, the correlation is shown of the inhibition of wheat germ acid phosphatase with V1 [163]. Since
the correlation is linear when plotting the reciprocal rate of substrate hydrolysis as a function of con-
centration of V1, the inhibition is attributed to the monomer. Thus, for phosphatases, it is generally safe
to assume that the inhibiting species is V1. However, for some classes of phosphatases such as the ser-
ine threonine protein phosphatase, the observed inhibition is moderate, and millimolar concentrations
of vanadate are needed to invoke inhibition. Human prostatic acid phosphatase is an example of a phos-
phatase that is less potently inhibited by vanadate [163]. Using 4-methylumbelliferyl phosphate as sub-
strate, the observed inhibition could not simply be attributed to V1, but required both the V2 and V1 con-
centration to explain all the observed enzyme inhibition, Fig. 16b. Studies with protein phosphatases
showed that on treatment with peroxovanadate, the active site thiol residue is oxidized, reflecting irre-
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Fig. 15 Two Dixon plots showing the reciprocal rate obtained in the reaction of 6-phosphogluconate with NAD
catalyzed by 6-phosphogluconate dehydrogenase from Torula yeast analyzed against two representative vanadium
species in solution. The reciprocal rates are plotted as a function of the concentration of vanadium atoms found as
monomeric vanadate (V1) in (a) and as tetrameric vanadate (V4) in (b). Reprinted with permission from ref. [150].
Copyright © 1992 American Chemical Society.



versible modification of the enzyme and possible modulation by redox [164,165]. Similar response was
not observed with vanadate, a less oxidizing vanadium compound. Studies with phosphatases contain-
ing a binuclear metal cluster with redox active sites was undertaken, and evidence for redox chemistry
under some conditions was obtained [166,167]. These fundamental studies with the enzymes, as well
as the many X-ray structures available with vanadate in the active site, are important [168,169] when
attempting to understand the insulin-enhancing properties of vanadium compounds as well as how
vanadium species can interact with proteins [160].

Based on the phosphate-vanadate analogy, the effects of vanadate have been investigated in tissue
culture. Since the insulin-like action of vanadate was discovered in adipocytes [170,171], effects of this
anion were tested in animals [172,173]. The ability of vanadium salts to lower elevated glucose levels
in STZ-induced diabetic Wistar rats was reported in the mid-1980s [172,173]. VOSO4 is sold as a nu-
tritional additive in food stores, and the therapeutic effects of VOSO4 and vanadate have been studied
in diabetic human subjects [174–176]. The first studies in animals were followed by the Sakurai group,
who showed that a wide range of vanadium(IV) complexes are able to lower elevated glucose levels in
diabetic animals [177–179]. The effects of some of these compounds have been reviewed [180,181]. An
in vitro assay to screen for vanadium compounds using the free fatty acid release has been developed
and used with success [180,181]. In 1992, the McNeill–Orvig team reported blood-glucose-lowering ef-
fect of the bis(maltolato)oxovanadium(IV) ([VO(malto)2]) complex [182], and this report was the first
of a long series of detailed studies on the effects of [VO(malto)2] [156]. As shown in Fig. 17, the glu-
cose-lowering effects of this compound in diabetic animals does not extend to normal subjects. Phase I
clinical trials with this compound have been completed, and details of this study will soon be reported. 
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Fig. 16 The reciprocal rates of (a) wheat germ acid phosphatases and (b) human prostate acid phosphates catalyzed
hydrolysis of 5 mM 4-methylumbelliferyl phosphate at pH 5.5 and 0.20 M acetate in the presence of various
concentration of vanadate. The legend for (a) is V1 (�); V2 (�), V4 (�); and the total V concentration (Vtot) (*).
The legend for (b) is V1 (�);V2 (�); and V4 (*). Reprinted with permission from ref. [163]. Copyright ©1989
American Society for Biochemistry and Molecular Biology and Highwire Press.



The Crans group initially got involved in this area by asking simple questions relating to the spe-
cific chemistry of the vanadium compounds. The possibility that simple ligands can be used was inves-
tigated in a collaboration with the Brichard group, where the [VO(acac)2] complex was found to show
very similar effects to the insulin-enhancing agent [VO(malto)2] [184]. The possibility that vanadium
compounds in oxidation state +5 could be active was demonstrated when Crans and Greco showed that
a NH4[VO2dipic] was effective in diabetic cats in lowering blood glucose levels [185]. This work was
substantiated with studies in the STZ-induced diabetic Wistar rat model system as shown in Fig. 18,
documenting that several vanadium(V) compounds are effective in lowering blood glucose [68]. 
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Fig. 17 Daily plasma glucose levels for the four treatment groups of male Wistar rats following chronic
administration with bis(maltolato)oxovanadium(IV) [VO(malto)2] in the drinking water. The initial dose was 0.5
mg/mL for 3 weeks and was then increased to 0.75 mg/mL for the remainder of the experimental period. There was
no statistical difference between the C (control group) and CT (control treated group) animals at any time. From
the initiation of treatment 1 week after STZ injection through to termination, group D (diabetic group) had
significantly higher plasma glucose levels than group C. Reduction in plasma glucose levels in DT (diabetic
treated) animals occurred within 24 h and was fully stable by week 2 of treatment. Reprinted with permission from
ref. [183]. Copyright © 1993 National Research Council Research Press (NRC Research Press).



Despite many attempts, it is still difficult to describe how the vanadium compounds act in bio-
logical systems. The problem is exacerbated by the fact that observations in tissue culture do not always
accurately reflect responses in animals. No doubt, the action of vanadium compounds in animal model
systems is much more complex than in tissue culture. Unfortunately, since responses at the cellular level
are often different when examining the effects in the cell culture and in the animals, tissue culture stud-
ies must involve close association with studies probing the effects in animal model systems. For exam-
ple, the Willsky group has found that vanadium compounds protect against diabetes-induced apoptosis
in muscle, whereas in cell culture studies these same compounds induce apoptosis (Willksy, Crans, un-
published). The Sakurai group, who were able to follow the metabolism of the vanadium compounds in
blood, presented a recent and very exciting development. These studies show that vanadium compounds
undergo a variety of conversions [186], some of which can be understood by speciation analysis [187].
The Sakurai group has been successful in demonstrating that ligand substitution is important and can
fine-tune the insulin-enhancing properties of the complexes [181].

In collaboration with the Willsky group, the Crans group has studied the effects of vanadium com-
pounds on gene expression using DNA microarray analysis [188]. The animals chosen for the gene
array studies with VOSO4 as the vanadium compound were male Wistar rats with STZ-induced dia-
betes. In these animals, vanadium treatment alleviated both diabetic hyperglycemia and hyperlipidemia
as monitored by a lowering of elevated blood glucose and serum cholesterol, triglyceride, and free fatty
acids. In these studies, 40 % of diabetes-induced changes in gene expression were corrected by oral
treatment with vanadyl sulfate. Among this group of genes, the major gene group was lipid metabolism
(Table 3). In addition, significant numbers of genes from oxidative stress pathways and diabetes-related
signal transduction pathways were also identified as having corrected gene expression as a result of
vanadium compound treatment.
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Fig. 18 The effect of [VO2dipic-OH]- on hyperglycemia in Wistar rats with STZ-induced diabetes. Compounds
were administered in the drinking water for the following groups normal, n = 3 (�), untreated diabetic, n = 5 (�),
VOSO4-treated diabetics, n = 5 (�), and [VO2dipic-OH]– treated diabetics, n = 8 (○). The concentration of
compound in the drinking water was varied from 1.6 to 3.3 mM to slowly bring the animals to the final treatment
level during the first week and so that the amounts of V ingested kg–1 per day would be between 1 and 2 mmol.
Data are presented as the mean ± SEM **P ≤ 0.01 vs. diabetic, ***P ≤ 0.001 vs. diabetic. Reprinted with
permission from ref. [68]. Copyright © 2003 Elsevier.



Table 3 Selected genes identified with diabetes-induced changes in gene expression in rat skeletal muscle
corrected by oral administration of VOSO4 [188].

Classification and gene description Mean fold Mean fold
change: change:

diabetic vs. VOSO4-treated
normal diabetic vs.

diabetic

Up-regulated by diabetes

Lipid metabolism genes 2,4-Dienoyl-CoA reductase 3.46 –4.44
Mitochondrial 3-hydroxy-3-methylglytaryl- 7.46 –10.27
CoA synthasea

Hormone-sensitive lipase 2.64 –1.87
Lipoprotein lipase 1.84 –1.99
Fatty acid binding protein 4 10.41 –1.54
Fatty acid translocase/CD36 4.96 –3.68
Aquaporin 7 2.46 –2.22
Carnitine palmitoyltransferase I 2.04 –2.13
Apolipoprotein E 2.83 –3.94

Oxidative stress-related genes Gluthathione S-transferase Yb subunita 4.32 –2.69
Glutathione S-transferase M5a 2.68 –4.17
Metallothionein-2 and metallothionein-1 genesa 2.66 –2.95
Lysyl oxidase 3.18 –3.58

Signal transduction genes Cbp/p300-Interacting transactivator 2.83 –2.14
Pineal specific PG25 2.73 –4.03
PHAS-I 3.94 –5.46
Ras-related protein (rad) 2.69 –4.17
Cardiac adriamycin responsive protein (CARP) 11.00 –7.06
RRRLIF1 R.rattus RL/IF-1 2.46 –3.43
Muscle LIM protein 4.14 –3.18

Protein degradation genes Cathepsin 4.78 –2.10
Lysozyme 7.11 –2.89
C4 complement protein 7.52 –2.51
Complement protein C1q beta chain 6.28 –3.25

Down-regulated by diabetes
5-Aminolevulinate synthase –2.66 2.87

aGenes whose product level or product has been specifically shown to be related to treatment with a vanadium compound.

Indeed, in collaboration with the Willsky group, the Crans group has embarked on a comparative
study that investigates the effects of ligand (unpublished), metal ion (unpublished), and metal ion oxi-
dation state [69]. The team has obtained chemical, biochemical, biological, pharmacological, and ge-
netic information on more than 20 compounds and their ligands. Through the analysis of the data gen-
erated for this compound profile, statistical analysis has identified traits in which chemical,
biochemical, and biological data correlate with the effectiveness in lowering of elevated blood glucose
and lipid levels. These results have provided parameters that have led the team to investigate vanadium
compounds that do not show similar profiles to those compounds, which are effective in animals. We
found that the redox properties of the compounds seemed to show a very strong correlation with their
effectiveness in the animal model system. All the vanadium compounds investigated underwent irre-
versible aqueous redox chemistry as determined by cyclic voltammetry. The hypothesis was developed
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that a vanadium compound with reversible redox chemistry would not show effectiveness as an insulin-
enhancing agent in vivo. As a result, the team identified amavadin-like compounds that, based on this
criteria, would not be expected to be effective insulin-enhancing agents. The Crans/Willsky team tested
one such compound in STZ-induced diabetic Wistar rats, and the results clearly show that the positive
control, VOSO4, had the blood-glucose-lowering effect observed previously, whereas the amavadin-like
compound did not show any anti-diabetic effects. We have, therefore, been the first group to success-
fully identify properties needed for insulin-enhancing effects and chose a vanadium compound that
showed the predicted lack of activity in an animal model system (Willsky, Crans, unpublished). The de-
tails of these studies will be reported in due course.

SUMMARY

As described above, the changes in the general outlook and understanding of vanadium chemistry for
the past two decades have been dramatic. Thus, although many interesting areas of vanadium chemistry
have not been described in this review, the fundamental questions and approaches taken in the areas de-
scribed have affected other areas of vanadium chemistry. Indeed, I hope that our success will inspire
others to venture into vanadium chemistry. Focusing on a fundamental understanding of the species in
solution, their structure and properties has had a very beneficial effect on understanding the effects dif-
ferent species can have in a biological system.
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