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Abstract

The discovery of vanadium’s insulin-like behaviour in vitro, and later of the orally
available glucose- and lipid-lowering capability of these same compounds in vivo, has
stimulated renewed interest in vanadium coordination chemistry. Besides the anti-diabetic
effects for which it is now so well known, vanadium also exhibits a number of other
therapeutic effects including anti-tumour and anti-inflammatory activities. In this review,
emphasis will be on the most recent developments in the coordination chemistry of
vanadium(III), (IV) and (V), as related to development of these compounds for pharmaceu-
tical use. How best to measure bioactivity and the pharmaceutical relevance of accompany-
ing increased oxidative stress will also be considered. © 2001 Elsevier Science B.V. All rights
reserved.

Keywords: Vanadium complexes; Diabetes mellitus; Cancer; Pharmaceutical agents; ESEEM; Structure—
activity relationships; Bioactivity

1. Introduction

Vanadium, element number 23, atomic weight 51 Da, exists in a variety of
oxidation states, from — 3 to + 5 [1]. In vivo, given the constraints of standard
physiological conditions (pH 3-7, aerobic aqueous solution, ambient temperature)
oxidation states +4 and + 5 prevail, with thermodynamically plausible species
including vanadate, a mixture of [HVYO,]*~ and [H,VVO,]~, and vanadyl, V'VO*+
[2]. Coordination complexes of vanadium which may have pharmacological rele-
vance, however, include not only vanadate [VYO,L,] and vanadyl [V'VOL,]
complexes, but also the peroxovanadates [VYO(O,)(H,O)(L-L)]"~, n=0,1; and
[VYO(O,)(L-LY"~, n=1, 2, 3 [3].

In this review, the emphasis will be on recent developments in the coordination
chemistry of vanadium relevant to all its potential medicinal uses. This will, of
necessity, exclude a great deal of current research on other aspects of vanadium
coordination chemistry, for which the reader is referred to a number of recent
comprehensive reviews [4—7]. In addition, the focus will be on the coordination
chemistry of the latest compounds having pharmaceutical potential which have
been completely characterized structurally; for more complete coverage of other
aspects of vanadium and diabetes [8,9], vanadium essentiality [10], and toxicity of
vanadium in mammals [11], readers are directed to the suggested reviews, and to
several complete volumes on vanadium and its biological role(s) [12—15].
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2. Inorganic pharmaceutical agents
2.1. Desirable properties of metallopharmaceuticals

Desirable qualities of compounds intended for use as pharmaceutical agents
include neutral charge, low molecular weight, thermodynamic and hydrolytic
stability, oral bioavailability, and, where possible, bi-functional capability [16]. A
candidate therapeutic agent must be able to cross biological membranes, both for
the initial absorption process, and for intracellular uptake. Very few metal ions
have inherent active or facilitative transport mechanisms, exceptions being essential
metal ions such as copper, zinc and iron [17]. Vanadium’s essentiality is still
debatable, and it has no known active transport mechanisms in mammalian cells
[18]. Most other non-essential metal ions are assumed to cross cell membranes by
passive diffusion, which requires that the metal complex have low molecular weight
and no positive or negative charge, as well as a fair degree of resistance to
hydrolysis [19]. A high synthetic yield and known non-toxic metabolic products are
also advantageous. Because biological membranes contain a high proportion of
lipids, lipophilic complexes can be expected to cross cell membranes more readily
than hydrophilic ones [20].

Ligands can potentially be tailored to modulate systematically redox potential,
electron-transfer rate, and magnetic moment of the bound metal ion [21]. One can
also theoretically predict the steric strain within coordination metal complexes [22]
and modulation of electronic characteristics of the metal ion by complexation [23].
Other properties, such as solvation and stability of binding with commonly
encountered biomolecules, may be harder to anticipate, based on empirical consid-
erations [24].

An ability to tailor the physical properties of the ligand with regard to hy-
drophilic/lipophilic balance is of particular importance with respect to transport of
metal ions across biological membranes [25]. A stronger affinity between ligand and
metal would be expected to alter the in vivo substitution chemistry with endogenous
ligands of both low molecular mass (e.g. citrate, ascorbate and glutathione) and
high molecular mass (e.g. transferrin and albumin) [26]. An available strategy for
improving biological functionality may be to include sulphur coordination for
potentially useful enzyme binding in vivo [27], or to introduce carbohydrate
moieties for preferred membrane transport [17].

2.2. Unique features of vanadium

Vanadium is one of the most redox active elements, and forms both cationic and
anionic complexes in the pH range likely to be encountered physiologically (pH
2-8) [28]. In vivo, the key redox interplay is between V(V) and V(IV), with the two
oxidation states coexisting in equilibrium both intra- and extra-cellularly [29].
Vanadium’s redox balance is mediated in vivo by oxygen tension, acidity and the
presence of endogenous reducing agents such as ascorbate, glutathione and cate-
cholamines [5,28]. Although vanadium has been proposed as an in vivo regulator of
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cell metabolism [2] (particularly with regard to Na*, K*-ATPase inhibition), it has
as yet no proven biochemical function in mammals [10]. In certain marine organ-
isms, vanadium is a required cofactor for a number of haloperoxidases [30]. In rats,
an extremely low vanadium diet, coupled with high dietary iodine, results in clear
aberrations in thyroid hormone metabolism [18]. In vitro, vanadium’s effects on
various components of the intracellular signaling cascade are manifold [31]. At
higher concentrations (1-5 mM), vanadium’s insulin-like stimulatory or inhibitory
effects on specific glucose- and lipid-related enzyme systems have also been amply
demonstrated [32].

From a coordination chemistry point of view, vanadium is remarkably flexible.
V(V) has particularly non-rigid stereochemical requirements and can form coordi-
nation complexes in geometries ranging from tetrahedral and octahedral to trigo-
nal- and pentagonal-bipyramidal. V(IV) is much less flexible, with square pyramidal
or, if a sixth position is occupied, distorted octahedral geometries [6,7]. Complexes
may show widely varying thermodynamic stability and kinetic inertness [33].

2.3. Vanadium complexes: toxicity, potency and relative efficacy

In common with other minerals, essential and non-essential, vanadium has a
range of usual dietary intakes; a (not yet established) least observed adverse effect
level (LOAEL [34], a toxicological measure of exposure); and an (intermediate)
window of potential therapeutic effect, with a concentration range (or ranges) that
may be disease-specific [10,34]. Complexation with ligands may alter this window,
due to competitive binding, additional redox stability, or cooperative effects [35].
Overcoming vanadium’s inherently low gastrointestinal absorption (generally less
than 1% of an oral dose) [10] is an important avenue for increasing pharmacologi-
cal potency, a measure of drug response for a given dose [36]. Another mode of
decreasing the likelihood of toxic side effects, by preserving the oxidation state, may
improve drug efficacy, a measure of the degree and consistency of symptom
alleviation [37].

Testing relative efficacy (and potency) has proven to be a particularly contentious
issue in the development of vanadium compounds as pharmaceutical agents [38—
40]. It is generally conceded that the ‘best’ compound is the one, of a series, which
is effective at the lowest dose, for the same functional endpoints. It is now
abundantly obvious, however, that comparison between compounds, rated accord-
ing to different measures of efficacy, does not tell the complete story. One
compound may be more effective in terms of in vitro lipolysis inhibition, for
instance, while another may be optimally effective when administered at a low dose
orally for a prolonged period, and yet a third may show maximal potency when
administered as an (one-time) oral gavage dose. Functional endpoints commonly
chosen in diabetes drug candidates include glucose-lowering (from an initial hyper-
glycemic level), protein-tyrosine phosphatase (PTPase) inhibition, free fatty acid
(FFA) release, and/or improved insulin sensitivity [16]. For anti-neoplastic and
spermicidal potency, the relative efficacy may be strongly dependent on generation
of heightened oxidative stress levels intracellularly, and the dosages required to
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achieve these effects are of a different order of magnitude from those which elicit
vanadium’s anti-diabetic effects [41—-43].

3. Vanadium-containing insulin enhancing agents

Many compounds have been proposed as ‘insulin mimics.” This term may be
somewhat misleading, in that vanadium can never entirely replicate insulin’s
plethora of effects [31]. Vanadium can mimic some, but not all, of insulin’s actions
and, most notably, does not function in this capacity in the complete absence of
endogenous insulin. Thus, some investigators prefer to think in terms of ‘insulin
enhancement’ for characterization of vanadium’s anti-diabetic effects [44]. Herein
we use these terms somewhat interchangeably, with this proviso in mind.

3.1. VAV) insulin enhancing agents

3.1.1. Pyronates and pyridinonates

As ligands for the design of vanadium complexes appropriate for use as insulin
enhancing agents, 3-hydroxy-4-pyrones have proven to be exemplary. Maltol
(Hma) and derivatives tend to possess moderate intrinsic bioactivity and a low
toxicity profile [45]; thus, they are very good spectator ligands in biological
applications [46]. Both maltol and ethyl maltol are by themselves approved food
additives in many countries. In addition, Hma is well known for formation of
stable, neutrally charged metal complexes which have an optimum combination of
water-solubility, reasonable hydrolytic stability, and significant lipophilicity [23,46—
48]. Pyrones and pyridinones can act as anionic chelating, bidentate 0,0’ ligands
towards a number of biologically active metals [46—50].

Ligands structurally related to maltol include kojic acid (Hkoj), and Hdpp
(1,2-dimethyl-3-hydroxy-4-pyridinone), both of which have substituents that can
alter selectively the water-solubility, hydrolytic stability and lipophilicity of their
metal complexes [49].

o o o) o
OH OH OH OH
|| | ] » ||
o o o N
OH [

Hma Hema Hkoj Hdpp

Bis(maltolato)oxovanadium(IV), BMOV or VO(ma), (1), consists of vanadyl
([VO?*)) bound to the anion of maltol (3-hydroxy-2-methyl-4-pyrone, Hma) [50].
Interest in maltol and close analogues, such as (the mis-named) ethylmaltol
(3-hydroxy-2-ethyl-4-pyrone, Hema) and kojic acid (5-hydroxy-2-hydroxymethyl-4-
pyrone, Hkoj), is partly due to their ability to deprotonate readily (pK, values for
Hma = 8.38, Hema = 8.78, Hkoj = 7.72) [51].
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In the solid state, BMOV has a square pyramidal structure with the two
maltolato ligands in a frans arrangement around the base of the square pyramid
and the V=0 unit axial. The V—-(O)(hydroxo) and V-O(keto) distances (1.959(8) and
2.024(8) A, respectively) were significantly different from one another and were
much better resolved than their analogues in the other ma~ ligand [51].

BMOV is the most widely and intensively tested of the many proposed insulin
mimetic vanadium complexes [38,39,50—55]. In addition to lowering glucose- and
lipid-levels in vivo, BMOYV delays or prevents long-term diabetes-induced pathology
(including cardiomyopathy) and attenuates hyperinsulinemia and hyperlipidemia in
genetically diabetic rats. The longest residence times for vanadium in vivo following
oral administration of “*V-BMOV were in bone (31 days), followed by liver (7 h)
and kidney (4 h) [55]. On average in these three tissues, vanadium uptake is 2-3
times greater after oral “*V-BMOV administration, compared to the same dose of
“#V0S0,. Bis(ethylmaltolato)oxovanadium(IV), BEOV, VO(ema), [56], with
slightly greater hydrolytic stability and lipophilicity, has longer turnover times in
vivo, especially in bone and liver. Solubility decreases only slightly, and stability to
oxidation remains unchanged from BMOV. BEOV successfully completed phase I
clinical trials in early 2000.

3.1.2. Picolinates

Other compounds of the form V'VOL,, where L is a bidentate monoprotic ligand,
have also proven effective in modifying insulin activity in vivo. One example is
bis(pyridine-2-carboxylato)oxovanadium(IV), VO(pic), (2), the synthesis of which
was first reported in 1964 [57], but which was only recently characterized struc-
turally (by analogy with the V(V) analogue) [58] and tested biologically [58,59].

Its V(V) analogue, the [VO,(pic),]~ anion, consists of a cis-VO5 centre (V=0 =
1.637(2), 1.632(2) A, with an O=V=0 angle of 104.3(1)°) and two picolinate ligands
bound at an interplanar angle of 97.25° [58]. Extensive intramolecular hydrogen
bonding was seen in NH,[VO,(pic),]-:2H,0, with one V=0 hydrogen bonded to a
water molecule. Bonding of a ligand hydrogen to an additional water molecule
occurred through the electron deficient carboxylate trans to a V=0 [58].
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A methyl analogue of VO(pic),, bis(6-methylpyridine-2-carboxylato)oxovana-
dium(IV), VOMPA, has also been synthesized. It has been characterized biologi-
cally [60], potentiometrically [61], and by a new blood circulation monitoring-EPR
method (BCM-ESR) [62] but, unfortunately, not structurally.

The tridentate chelating ligand pyridine-2,6-dicarboxylate (dipicolinate dianion,
dipic*>~) can also chelate oxovanadium(IV) forming a six-coordinate complex,
VOI(dipic)(H,0),]-2H,0, with a distorted octahedral coordination geometry around
a central V(IV) atom [63]. A nitrogen donor atom was coordinated frans to the
vanadyl oxygen and the V=0 moiety had a shorter V-O distance (1.592(3) A) than
in VO(pic), [63].

The insulin enhancing effects of picolinato chelates of oxovanadium(IV) have
been clearly shown to be dependent on dose as well as delivery method. VO(pic),,
0.2 mmol kg ! orally for 2 days, then 0. mmolkg ' for 11 days, normalized
plasma glucose in streptozotocin (STZ)-diabetic rats, a model of insulin-dependent
diabetes (IDDM) [64]. Plasma insulin levels increased significantly during this trial
[64]. By comparison, when VO(pic), was given to STZ-diabetic rats as a 2.4 mM
solution (drinking water substitute), the calculated dose averaging 1.0
mmol kg =!'d~! was accompanied by consistent glucose-lowering and no insulin
elevation, but with considerable evidence of gastrointestinal irritation [58]. In-
traperitoneal (i.p.) administration of VO(pic), at doses of 0.2, 0.1, and 0.06
mmol Vkg~—'d~! [58,64] also lowered plasma glucose levels, accompanied by
increased bilirubin at the highest dose. In comparison to its methylpicolinate
analogue, the picolinate complex had a less sustained response and was less
effective as an inhibitor of FFA release in vitro; thus VOMPA was chosen for
continued investigation [60,62,64]. On the other hand, comparing VO(pic), with
BMOYV [58], the picolinate complex had lower solubility and more gastrointestinal
irritation for an equivalent dose, suggesting that there is room for further structural
improvement in order to increase bioavailability and lessen side effects.

3.1.3. Acetylacetonates

Synthesis and characterization of bis(2,4-pentanedionato-0,0)oxovanadium(IV),
VO(acac), (3), were first reported nearly a century ago [65]; however this, and
several analogues have only recently been considered as potential insulin mimetic
agents [39,66]. Both the 3-methyl- and 3-ethyl-2,4-pentanedionato vanadyl com-
plexes, VO(Me-acac), and VO(Et-acac), (4), respectively, have been structurally
characterized [66].

R=H, 3; CH3; Csz, 4

The vanadium atoms in these mononuclear complexes lie in distorted square
pyramidal coordination environments. Both compounds have oxygen atoms coordi-
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nating in the equatorial plane; apical coordination by the oxo group completes the
square pyramidal geometry in each case. As with the parent compound VO(acac),,
X-ray structure analysis shows that the vanadium atom is lying above the basal
plane. The shorter V=O bond length for VO(acac), (1.561(10) A) compared with
these in VO(Me-acac), (1.592(2) A) and VO(Et-acac), (1.603(2) A) suggests that
Et-acac™ and Me-acac™ ligands have greater electron-donating abilities than
acac—. These distances are all much shorter than the V=0 length in VO(ma), (also
a VO(O,) coordination sphere, vide supra).

In an in vitro study, VO(acac),, 5—100 uM, was more effective than vanadyl
sulphate (VS) in stimulating lipogenesis in isolated fat cells, and had identical
effectiveness in stimulating activity of a cytosolic protein kinase (CytPTK) [67].
Intraperitoneal injection (25 umolkg~') of VO(acac), lowered slightly plasma
glucose levels in STZ-diabetic rats, though not to normal glucose levels; VO(Eta-
cac), at the same dose was ineffective [39]. BMOV, VO(acac),, and VO(Etacac),,
0.4 mM orally, were equally (mildly) effective in glucose-lowering when given in the
drinking water over an 8-week treatment period, but were significantly different
from VS at the same dose. In fact, the only clearly relevant physiological difference
in this comparative group was between the ratio of vanadium intake/plasma
vanadium levels, with VS having a remarkably higher ratio compared to all
oxovanadium(IV) complexes tested [39].

3.1.4. Dicarboxylate ester—oxovanadium(IV) complexes

Originally investigated as models for the interaction of vanadium(IV) with
bioligands, complexes of oxovanadium(IV) with a series of dicarboxylate ligands
(oxalate, glutarate, succinate, malonate) proved effective orally as insulin mimetic
agents [68]. Only the cysteine methyl ester—oxovanadium(IV) complex, VCys (5),
was characterized by X-ray structure analysis [69].

0
0
HeCO NQ?\U,<
S/ H2 OCH3
)
5

The geometry around the oxovanadium(IV) in VCys appeared to be penta-coor-
dinate around the central vanadium atom, square pyramidal with two-fold symme-
try and each pair of nitrogen and sulphur atoms mutually trans. Bond distances
V-S (2.322 A) and V=0 (1.616 A) were comparable to those in other vanadyl—
dithiolate complexes. The V-N bond distance (2.132 A) was short compared with
other oxovanadium(IV) complexes. The bond angles O=V-N and O=V-S of 98.06
and 114.13°, respectively, suggest the expected out-of-plane placement for the
vanadium atom.

At the doses tested for bioactivity (0.06 and 0.20 mmol V kg —!), VCys and the
bis ligand analogues of malonate, tartarate, and salicylaldehyde were indistinguish-
able from one another in terms of glucose-lowering ability in STZ-diabetic rats. The
higher dose appeared to be significantly more effective than the lower dose in all



K.H. Thompson, C. Orvig / Coordination Chemistry Reviews 219-221 (2001) 1033-1053 1041

cases. An oxalic acid analogue, bis(oxalato)oxovanadate(IV) dianion, was less
effective than the others; significant glucose-lowering was seen only at the 0.20
mmol V kg ~! dose [68].

3.1.5. Peptide bound complexes

Replacement of two bidentate ligands with one tetradentate ligand can be
expected to increase stability constants of resulting complexes via the chelate effect
[70]. Hydrated oxovanadium(IV) complexes of the N-alkylated derivatives of
glycine and methionine (VO(XeX)(H,0)], where XeX = N,N'-ethylene bis-a-amino
acid, have been synthesized and characterized [71]. Blue [VO(GeG)(H,O)] (6),
GeG = N,N'-ethylene bis-glycine, a.k.a. EDDA, has a distorted octahedral coordi-
nation. The V=0 bond length (1.595(1) A) is close to that in VO(acac),, and the
V-N bond lengths are similar to those determined for VO(pic), (vide supra), with
V=N =2.330(1), 2.106(1) A. A novel, S-containing tetradentate complex of this
type, [VO(MeM)(H,0)], MeM = N,N'-ethylene bis-(S)-methionine, was also char-
acterized [71]. The distorted octahedral structure has a V(IV) atom in the equatorial
plane, with a mean deviation of 0.351 A, with one N and one O atom apical, and
V=0 somewhat lengthened compared to that in [VO(GeG)(H,0)] (1.602(2) A). The
V-N bonds are also somewhat lengthened in [VO(MeM)(H,O)]: V-N = 2.370(2)
and 2.1402) A [71].

)

Insulin mimetic activity of these two complexes, compared against vanadyl
sulphate (VS), was evaluated only in vitro, by determination of free fatty acid
release (FFA) from fat cells, a common assay which measures the degree of
inhibition of lipolysis [71]. At the concentrations tested (0.1, 0.5, and 1 mM), VS
was not significantly inhibitory, and [VO(MeM)(H,O)] was only slightly inhibitory
(compared to control). In contrast, [VO(GeG)(H,0)] did inhibit FFA release
substantially, in a dose dependent fashion, within the concentration range tested.

An extension of this study varied the amino acids (and derivatives) incorporated
in XeX ligands, including methylglycine, L- and D-alanine, L- and D-valine, L- and
D-methionine, and L- and D-proline [72]. Effects of chirality on ICs, (vanadium
complex concentration required to inhibit FFA release by 50%) were compared
with the influence of partition coefficients in n-octanol/saline systems, the pK, of
the amino acids in the ligands, and the redox potentials of the complexes (with
respect to Ag | AgCl, determined electrochemically in 0.1 M phosphate buffer, pH
7.0) on this same measure of insulin enhancement [72]. Chiral amino acid-contain-
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ing oxovanadium(IV) complexes of the A-type configuration tended to inhibit FFA
release at lower concentrations when the complexes were more highly lipophilic and
had lower redox potentials or, within 9.0 < pK, < 10.4, when they had a lower pK,.
Achiral complexes showed no such dependence on lipophilicity, redox potential or
ease of deprotonation of the amino acid within the ligand.

A pseudo-tripod-type tetradentate variant on this theme, N,N’-ethylene-(S)-his-
tidine-(S)-tyrosine-oxovanadium(IV), [VO(HeY)], has been synthesized using a one
pot synthesis method to assemble the ligand at V [73]. The V(V) ion in this
complex lay in an equatorial least-squares plane, with a mean deviation of 0.001 A.
V=0 and V-N bond lengths were closely similar to those of [VO(MeM)(H,O0)],
V=0 = 1.603(3) A; V-N = 2.324(3), 2.127(3) A, but with a third shorter V-N bond
(2.111(2) A). Using the same concentration ranges as above, this complex did not
inhibit FFA release, but a related compound (not characterized by X-ray crystal-
lography) N-2-pyridylmethyl-(S)-histidine methyl oxovanadium(IV)perchlorate,
[VO(P™H)(CIO,)] (7), at 1 mM inhibited at the same concentration as did
[VO(GeG)(H,0)], but was ineffective at lower concentrations.

o N
05CIO_ || ,,N/ Y
Sn--- Voo

P

o

H
7

3.1.6. V(IV) SALEN derivatives

Various vanadium complexes of the dianionic tetradentate Schiff base ligand
salicylideneimine (SALEN) have been proposed for potential use as insulin mimetic
agents [70]. A complete overview of the coordination chemistry of such complexes
has appeared recently [70]. These ligands are of particular interest because they
provide coordination environments which efficiently stabilize different oxidation
states of vanadium, while still providing active sites capable of binding other
molecules. Dimensions around the V atom tend to be short (V=0 = 1.589(4) A,
V-0=1.9194), 1.917(4) 1&) for the V(IV) complexes, which had the expected
five-coordinate square pyramidal geometry. For a bidentate Schiff base V(III)
complex, tris(2-phenolato-N-(n-propyl)acetophenoneimine)vanadium(III), whose
X-ray structure was described [74], the geometry was six coordinate octahedral with
atomic distances in line with similar complexes.

el
XD

To date, only VO(SALEN) (8) has been tested for insulin mimetic activity from
among these complexes [75]. Unlike most biological testing for new anti-diabetic
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agents, this was carried out in alloxan-diabetic rats, in which blood glucose levels
decreased from hyperglycemic to hypoglycemic during oral intubation
(VO(SALEN), 0.15 mmol Vkg—!'d~! for 30 days). Withdrawal of treatment
brought an immediate reversion to hyperglycemia. Blood glucose levels were
reduced over the treatment period; liver hexokinase activity was restored, and other
carbohydrate metabolism enzymes in liver and kidney were normalized. Risk of
hypoglycemia, however, presents a serious drawback to potential use as an insulin
mimetic.

3.1.7. Sulphur-containing ligands

Higher oxidation states of vanadium are known to be relatively hard acids,
therefore preferring to bind with nitrogen or oxygen over sulphur atoms. Thiolate
vanadium complexes are then easier to reduce and harder to oxidize than their
nitrogen- or oxygen-coordinating analogues. V-S bonds average 2.35 A; V=0
bonds average 1.62 A. In the vanadium thiolate complexes which have been
structurally described so far, a slight lengthening of the V=0 bond, relative to other
penta-coordinate oxovanadium complexes, has been ascribed to =m-interactions
between the sulphur lone pairs and the metal d-orbitals, with increased delocaliza-
tion of the vanadium(V) d-electron [5]. VCys (vide supra), an oxovanadium(IV)
complex tested early for insulin enhancing potential [68], is an example of such a
compound.

(o]
O—U——S

s/

&J

9

The trigonal bipyramidal V(V) complex, 2-bis(ethylsulphenato)amino-4-
methylphenolatooxovanadium(V) (9), has an oxo ligand as one of the axial ligands
of the molecule [76]. The two thiolate sulphur atoms and one phenolate oxygen
make up the equatorial plane; coordination of the amine nitrogen to the oxo moiety
is trans. This n2,n>disulphenate complex, with a V(V) oxidation state, has O, S,
and N coordination and, as a structural analogue of active site thiols in protein-ty-
rosine phosphatase (PTPase) enzymes, is a good candidate for insulin mimesis, but
has as yet not been tested [76].

o)
A O\ " 0 z
l v |
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Bis(2-mercapto-3-pyridinol)oxovanadium(IV) (10) [77], and the closely related
bis(2-mercaptopyridine-N-oxide)oxovanadium(IV) [78] both appear to have poten-
tial as insulin mimetic agents, though neither has yet been tested for bioactivity.
The incompletely characterized bis(pyrrolidine-N-carbodithioato)oxovanadium(IV)
[37] and analogues [40], although they did lower plasma glucose and inhibit free



1044  K.H. Thompson, C. Orvig / Coordination Chemistry Reviews 219-221 (2001) 1033—1053

fatty acid release, also stimulated increased bilirubin production at therapeutically
relevant doses [40]. The more recently reported (but also not yet structurally
characterized), bis(1-oxy-2-pyridinethiolato)oxovanadium(IV) [79] appears to be
less prone to this adverse effect.

3.1.8. Hypoglycemic agents as ligands

Oral hypoglycemic agents currently on the market for drug use may also have
potential as ligands for vanadium complexation [80]. A synergistic, or at least
additive, effect would be a highly desirable outcome of this approach, allowing
minimization of any negative side effects of either the oral hypoglycemic or the
vanadium moiety. In a series of vanadyl biguanides [80], including vanadyl met-
formin, VO(metf),"H,O (11), no synergy was observed. The compounds tested (at
0.12 mmol kg = ! i.p. and 0.60 mmol kg ="' p.o.) were almost as effective as BMOV
and BEOV; however, the vanadium dose required for glucose-lowering was approx-
imately the same, and the glucose-lowering effect was not as sustained with vanadyl
metformin as it is with BMOV or BEOV [80].

NH

i~

Sem

11

Other VO(bg), complexes, where bg is a biguanide [80], as well as VO(oz), and
VO(thoz),, where oz is the anion of 2-(2'-hydroxyphenyl)-2-oxazoline, and thoz is
the 2-thiazoline derivative thereof [58], and some of the possible VO(Rpyr),, where
Rpyr is an N-functionalized 3-hydroxy-4-pyridinone (unpublished work), have been
synthesized and characterized (some structurally by X-ray crystallography). Low
aqueous solubility deterred further investigation of these compounds as insulin
enhancing agents.

3.2. V(V) protein-tyrosine phosphatase inhibitors

3.2.1. Mono- and di-peroxovanadates

Bidentate ligands, such as 1,10 phenanthroline, can stabilize oxoperoxovana-
date(V) compounds of the general type [VO(O,),(L)]~, as NH; or K™ salts. X-ray
structure analysis of potassium (5-nitro-1,10-phenanthroline-N*,N % oxodiperoxo-
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vanadate(V) dihydrate (12) [81] shows its pentagonal bipyramidal geometry, with
the pentagonal plane consisting of two slightly asymmetric peroxo groups and one
N-atom from the phenanthroline ligand. The V-O bonds were slightly shorter in
one peroxo ligand than in the other (average: 1.906(6) vs. 1.878(6) A).

In tripotassium oxodiperoxo(2,4-pyridinedicarboxylato)vanadate(V) [82], the
structure approximates a distorted trigonal bipyramid (if one assigns one coordina-
tion site to each peroxo ligand) with the inner coordination sphere of the vanadium
atom consisting of one nitrogen and six oxygen atoms. The closely related peroxo-
picolinato complex, K5[VO(O,),(OHpic)]-3H,0, more closely approximates a dis-
torted pentagonal bipyramid geometry, with the oxo ligand and the carboxylato
ligands in the axial positions. Peroxovanadates (pV) of this type are generally much
more efficient than vanadate at oxidative coupling of bio-molecules such as cysteine
and citrate [83,84].

In dipotassium (3-hydroxypyridine-2-carboxylato)(oxo)diperoxovanadate(V), co-
ordination is via the lone nitrogen atom and one of the carboxylate oxygens. Here
again, the geometry around the vanadium atom is a distorted pentagonal bipyramid
[83].

3.2.2. Peroxo-complexes with amino acids and analogues

Well before the 1990s interest in peroxo-vanadium compounds as possible insulin
mimics, peroxovanadium(V) complexes with polycarboxylato and amino polycar-
boxylato heteroligands were synthesized as potential model systems for interaction
of vanadium in various biological milieux [33,85,86]. More recently, a series of
oxodiperoxovanadate complexes containing coordinated amino acids, of the general
type K,[VO(0O,),AA]-2H,0, where AA = l-asparagine, l-phenylglycine, d,I-homo-
cystine, have been synthesized, partially characterized, and proposed (but not
tested) as suitable insulin mimetic agents [87]. All were highly soluble in water, but
also hygroscopic, and light and temperature sensitive, obviating much diabetes
therapy interest.

Histidine residues coordinated to vanadium atoms are central to the function of
the vanadium-containing haloperoxidases and some phosphorylases. A model of
this interaction, an imidazole peroxovanadium complex, has been synthesized and
characterized [88], demonstrating that V(V) in a peroxo compound can be six-coor-
dinate. Here the coordination environment of the vanadium atom was close to a
pentagonal pyramid, with the oxo group occupying the axial position, and the base
formed by an imidazole nitrogen and two peroxo groups. Imidazolium imida-
zoleoxodiperoxovanadate(V), was effective in vitro (1 uM V) at increasing insulin
receptor phosphorylation up to four times greater than maximal insulin stimula-
tion, and in increasing glucose uptake substantially (in rat adipocytes and epitroch-
learis muscle) in the presence of submaximal insulin [88].

Since hydroxylamine is isoelectronic with hydrogen peroxide, vanadium(V) com-
plexes of hydroxylamine analogues [89-91] might be expected to exhibit some
structural similarities to peroxovanadates. Nonetheless, hydroxylamine vanadyl
complexes appear to be much weaker oxidants of thiol groups than peroxovana-
dates and, although they are also potent inhibitors of some PTPases, the mecha-
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nisms for the two types of complexes appear to differ. If increased oxidative stress
is a desirable feature of vanadium inhibition (vide infra), then hydroxylamine
complexes can be expected to be less effective [92].

3.3. V{II) complexes

Mononuclear coordination complexes of V(III) are generally paramagnetic (two
unpaired electrons), six-coordinate, hydrolytically stable, axially symmetric, having
an octahedral or pseudo-octahedral geometry [5]. They are not commonly consid-
ered for therapeutic applications due to their known rapid oxidation to V(IV/V) in
aqueous solutions of pH > 3 [93,94].

The first synthesis and characterization of complexes of V(III) with maltol (and
analogues) as candidate anti-diabetic agents was accomplished only very recently
[95]. As with other metal chelates of these [96-98] and related ligands [99],
reasonable hydrolytic and thermodynamic stabilities were anticipated; the air
stability of V(ma); was an unexpected advantage. Treatment with either V(ma); or
VO(ma), resulted in glucose-lowering in STZ-diabetic rats of comparable and
significant magnitudes, both when administered by i.p. injection and orally, with no
overt toxicity other than gastrointestinal distress, and no fatalities [95].

13

Neither V(koj);-H,O nor V(dpp);-12H,O proved active as insulin enhancing
agents; however V(dpp);-12H,O (13) was characterized structurally by X-ray crys-
tallography [95]. In V(dpp);-12H,0O, there was a compression of the octahedron
along the trigonal axis, as evinced by a large exocyclic O-V-0 angle of 98° as well
as in a relatively small O-V-O bite angle of 81°.

14

Diaquadipicolinatopicolinatovanadium(III) (14) has the unusual feature of being
seven coordinate V(III) with a pentagonal bipyramidal structure [100]. The
monomeric complex contains two different o-N-heterocyclic carboxylate donors
around a V(III) acceptor centre. The dipicolinate dianion, with its two carboxylate
groups in ortho positions with respect to the pyridine nitrogen, is potentially
tridentate. The ligand has three protonation states, DPA%2~, DPAH~, or DPAH,
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with acidity constants pK,; =2.10 and pK,, =4.68 [100]. In this heterocyclic V(III)
complex, the geometry around the V(III) centre is a slightly distorted pentagonal
bipyramid with dipicolinate and picolinate ligands occupying the pentagonal equa-
torial plane and two coordinated water molecules in the two axial sites. The bite
angles around the vanadium atom range from 71 to 73° summing the in-plane
angles to 360.3°, illustrating the high planarity of the pentagon. The bond angle
involving the axial water oxygen atoms and the V atom is 177°, completing a
symmetric pentagonal bipyramid structure [100]. This complex has not been tested
for biological activity; however, based on the insulin enhancing capability of its
oxovanadium(IV) analogue (VO(pic),), there is every reason to anticipate that the
V(III) picolinate complex might also be pharmacologically interesting.

4. Other vanadium-based therapeutic agents
4.1. Anti-neoplastic agents and chemotherapeutic complexes

Besides insulin enhancing effects, other pharmacological activities of vanadium
compounds include inhibiting tumour growth and prophylaxis against carcinogene-
sis. Not only is redox state important, but the particular organic ligand which
coordinates the V atom also influences the anti-neoplastic potential of individual
vanadium(V) complexes [42,101,102]. In a comparison of 15 oxovanadium(IV)
complexes examined for their cytotoxic potential against 14 distinct human cancer
cell lines, the most important feature of the ancillary ligand for maximal potency
was dimethyl substitution on phenanthroline rings, with bis-chelated phen com-
pounds more active than mono-chelated phen compounds [102].

Based on their relative abilities to inhibit phosphotyrosine phosphatases, potas-
sium salts of peroxovanadium(V) bipyridine, [VO(O,),bipy]~, [VO(O),pic]*~
(bpV(pic)), and [VO(O,),(HOpic)]* ~ (bpV(HOpic), would be expected to be partic-
ularly effective as cytotoxic agents [103]. Peroxovanadate(V) complexes have long
been known for their anti-tumour activity (in this case, against L1210 murine
leukemia) [104], with the ammonium salt of peroxovanadate(V) iminodiacetate
showing remarkable resistance to decomposition, always an overriding concern
with peroxovanadates [104,105]. An X-ray structure analysis of NH,[VO(O,)IDA]
indicated that this peroxo heteroligand complex was polymeric in the solid state
[104].

Organometallic complexes of vanadium(IV) with cyclopentadienyl (CsH; =Cp™)
moieties, vanadocenes (VCp,), exhibit anti-tumour and anti-proliferative properties
both in vitro and in vivo, primarily via oxidative damage [106]. Of these, a recent
comparison test in the human testicular cancer cell lines, Tera-2 and Ntera-2, using
both 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays and apop-
tosis assays, led to the conclusion that the VCp,(NCSe), was most potent [101].

Amino acid complexes of vanadium have also been proposed as anti-tumour
agents [107]; a recently prepared V(III)-cysteine complex showed nearly additive
effects, compared with either VS or cysteine alone, against benzo(a)pyrene-induced
Leiomyosarcomas in Wistar rats [108].
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4.2. Vanadium compounds as spermicides and anti-inflammatories

Vanadocene complexes have also shown considerable potential as sperm-immobi-
lizing agents [41,107]. A vanadocene(IV) complex of diethyldithiocarbamate,
[VCp,(Et,dtc)|BF,, was characterized by X-ray structure analysis; the coordination
geometry around the central vanadium atom was roughly tetrahedral, with two
planar cyclopentadienyl rings and two dithiocarbamate S atoms coordinating V(IV)
[41].

Exposure of motile sperm to this and related vanadocene complexes (0.12—125
uM) resulted in sperm immobilization with EC5, = 1.1 uM for [VCp,(Et,dtc)|BF,
[41]. Other mono- and bis-ligated oxovanadium(IV) cationic complexes, with
ligands such as phenanthrolines, bipyridines, and acetophenones, had ECs, values
ranging 5.5-118 pM [109], with the most active being (aqua)bis(5-chloro-1,10-
phenanthroline)oxovanadium(IV) sulphate, [VO(Cl-phen),(H,0)]SO,, and the least
active, (diaqua)(2,2'-bipyridyl)oxovanadium(IV) sulphate, [VO(bipy)(H,0),]SO,. A
neutral functionalized acetophenone complex, bis(5'-bromo-2’-hydroxyacetophe-
none)oxovanadium(I'V)sulphate, VO(Br, OH-acph),, displayed intermediate activ-
ity in sperm immobilization, but was exceptionally rapid (7, = 38 s) [109]. More
recently, dichlorobis(pentamethylcyclopentadienyl)vanadium(IV) was shown to in-
duce sperm immobilization (7', <15 s) using a boar sperm model system which
has been proposed as a useful screen [110]. Because human sperm are extremely
sensitive to oxidative stress, the generation of reactive oxygen species by even very
short exposure to vanadocenes may result in spermidical and apoptosis-inducing
properties [109,111].

Activation of the nuclear transcription factor, NF-kB, is required for expression
of various inducible target genes related to immune and inflammatory responses
[112]. That some oxovanadium complexes may have differential effects with regard
to NF-«kB activation has been explored [53,60,112,113], with BMOV (compared
with pV(phen) and Na;VO,) showing evidence of NF-xB activation without
accompanying oxidative stress [53]. Use of various vanadium-containing phospho-
tyrosine phosphatase inhibitors as regulators of cell proliferation [114,115], includ-
ing as a method of treating arthropies such as arthritis, has been patented [116] or
published [117]. Nonetheless, to our knowledge, there have been no published
reports of experimental trials of this treatment method in the scientific literature.

5. Putative mechanism(s) of vanadium’s effects
5.1. Advantages and disadvantages of oxidative stress

Increased production of reactive oxygen species in diabetes is a contributor to
secondary complications; e.g. microangiopathy, atherosclerosis, renal failure, neu-
ropathy, which are major causes of morbidity and mortality in this metabolic
disorder [118,119]. Therapeutic agents that would tend to exacerbate an already
heightened oxidative stress are thus unlikely to be viable candidate compounds for
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chronic use in diabetes [53]. On the other hand, for anti-tumour potential, increased
oxidative stress could well have a positive effect; tumour cells are particularly
susceptible to oxidative stress [120]. Comparison of sodium orthovanadate, vanadyl
sulphate, BMOV and the V(V) analogue of BMOV, cis-bis(malto-
lato)dioxovanadate(V) anion (BMYV), suggested that BMV was the least cytotoxic
and the weakest inducer of morphological changes. All promoted phosphorylation
of tyrosine in several proteins, an effect that was more pronounced at low (10 pM)
doses than at higher doses (25 or 50 uM). Nonetheless, BMOV PTPase inhibition
was independent of oxidative stress production within lymphocytes, whereas
sodium oxodiperoxo(1,10-phenanthroline)vanadate(V) required increased intracel-
lular oxidative stress for activation of NF-kB and consequent PTPase inhibition
[53].

The favoured underlying mechanism of peroxovanadium compounds as anti-neo-
plastic agents is increased oxidative stress [108,114,115]. Peroxovanadium com-
plexes differ from vanadates in being stronger oxidizing agents than glutathione
[42,121]. The most immediate observed effect of relevance to the anti-tumour
potential of peroxovanadium complexes is DNA cleavage at low uM intracellular V
concentrations in vitro [122]. This redox capability is also important for use of
vanadium compounds as spermicides [110].

5.2. Other considerations of mechanism

The pleiotrophic effects of vanadium in vivo include numerous enzymatic effects
beyond inhibition of phosphotyrosine phosphatases and stimulation of tyrosine
kinases [121,123]. Peroxovanadates appear to facilitate their insulin-like effects
exclusively through receptor activation and IRS-1 phosphorylating pathways, un-
like oxovanadium(IV) complexes [31]. Stimulation of glucose transport and GLUT
translocation in response to oral administration of vanadium compounds mimic
insulin in direction; however, the mechanisms appear to be dissimilar [123].
Modulation of intracellular signaling may be mediated through sustained or
oscillatory Ca2* ion regulation, induced by supraphysiological levels of vanadium
intracellularly [124].

6. Summary and conclusions

Vanadium compounds are being developed for pharmaceutical use as insulin
enhancing agents in both insulin dependent and non-insulin dependent diabetes, as
anti-neoplastic agents, as spermicides, and for a variety of other uses as well. Design
of new vanadium-containing coordination complexes for these various applications
requires attention to the redox activity of vanadium, which can be either beneficial
or deleterious, depending on the intended use. The stereochemical flexibility of
oxovanadium(IV) and (V) compounds, and the tendency of V(III) compounds to
oxidize readily to V(IV) and (V) are unique features of vanadium which can be
applied to specific and innovative metallopharmaceutical design. Some oxovanadiu-
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m(IV) complexes are now in clinical trials, and with all of the potential uses being
developed, we can expect to see many more in future.
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