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Abbreviations 
 
2D EXSY  two dimensional exchange (nuclear magnetic resonance) spectroscopy 
ADP  adenosine diphosphate 
Alahis  L–α–alanyl–L–histidine 
Alaser  L–α–alanyl–L–serine 
Asp  aspartic acid 
ATP  adenosine triphosphate 
BB rats  a strain of rats, which is a model for spontaneous diabetes mellitus 
Cit3–  2–hydroxy–1,2,3–propanetricarboxylate, citrate 
db/db mice  diabetic mice (owing to a mutation in the leptin receptor gene) 
DNA  deoxyribonucleic acid 
E. coli  Escherichia coli (a common type of coliform bacteria) 
emf  electromotive force 
ESI–MS  electrospray ionisation mass spectrometry 
EPR  electron paramagnetic resonance (spectroscopy) 
EXAFS  extended X–ray absorption fine structure 
fa/fa rats  obese (fatty) rats 
FAB  fast atom bombardment 
FID  free induction decay 
G6Pase  glucose–6–phosphatase 
GSH  reduced glutathione 
His  histidine 
HIV  human immunodeficiency virus 
HMS  high mass serum constituents 
Im  imidazole 
IR  infrared spectroscopy 
IRE  insulin receptor 
IRS  insulin receptor substrate 
Lac–  S–(+)–2–hydroxypropanate, lactate 
Ma  3–hydroxy–2–methyl–4–pyrone, maltol 
MALDI  matrix assisted laser desorption ionisation 
MAPK  mitogen–activated protein kinase 
MAS  magic angle spinning 
MRI  magnetic resonance imaging 
NAD  nicotinamide adenine dinucleotide 
NMR  nuclear magnetic resonance (spectroscopy) 
ob/ob mice  obese mice (owing to a mutation in the leptin structural gene) 
P–  dihydrogen phosphate 
Pi–  2–pyridinecarboxylate, picolinate 
PP  pyrophosphate 
PTPase  phospotyrosine phosphatase 
streptozotocin  deoxy–[((methyl–nitrosoamino)–carbonyl)–amino]–D–glucopyranose 
STZ rats  rats with diabetes mellitus induced by streptozotocin injections 
TMS  tetramethylsilane 
Tris  tris(hydroxymethyl) aminomethane 
Tyr  tyrosine 
Ur  uridine 
X  peroxo ligand in complex notation 
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Populärvetenskaplig sammanfattning 
 
Diabetes mellitus, eller sockersjuka, är en av de vanligaste folksjukdomarna och förutspås 
dessutom öka kraftigt inom den närmaste framtiden. Världshälsoorganisationen, WHO, har 
till och med klassat diabetes som en epidemisk sjukdom, trots att den inte är smittosam. Det 
finns två huvudtyper av denna kroniska ämnesomsättningssjukdom, som leder till att 
sockernivån (glukosnivån) i blodet blir alltför hög. Typ 1–diabetes (även kallad 
insulinberoende diabetes och ibland också barn/ungdomsdiabetes) kännetecknas av att 
kroppens förmåga att bilda insulin gradvis minskar. Insulin är ett hormon som bildas i 
bukspottkörtelns beta–celler och som reglerar blodsockernivån. Vid typ 2–diabetes (även 
kallad icke–insulinberoende diabetes och ibland också vuxen/åldersdiabetes) bildas 
visserligen insulin, men känsligheten för insulin är nedsatt, varför insulinet inte räcker till för 
att hålla blodsockret i balans. Typ 2 är den vanligaste formen av diabetes (ca 90%). Diabetes 
(speciellt typ 2) är delvis en välfärdsjukdom, som beror av ett alltför stort och dåligt 
balanserat kostintag i kombination med alltför stillasittande livsföring. 
 
Typ 1–diabetiker behandlas alltid med insulin och det gäller även för många typ 2–diabetiker. 
Insulin har sedan upptäckten år 1922 räddat livet på och förbättrat livskvaliteten för många 
diabetiker. Fastän insulin är extremt värdefullt vid behandlingen av diabetes finns behov av 
ersättningspreparat, speciellt vid typ 2–diabetes. Dessutom kan insulin inte ges i tablettform, 
eftersom det är ett hormon som förstörs av den sura magsaften och det måste därför tillsättas 
kroppen med injektioner (medelst sprutor). Det mest ideala ersättningspreparatet bör vara 
effektivt i att uppnå symptomfrihet och minska risken för komplikationer, kunna ges i 
tablettform, lätt absorberas i kroppsvätskorna, vara specifikt verkande och inte vara giftigt. 
 
Vanadinföreningar, där vanadin kan ha olika valens (oxidationstal), har visat sig ha 
insulinliknande effekter både in vitro (på cellkulturer) och in vivo (på levande organismer). 
Denna effekt upptäcktes faktiskt så tidigt som 1899. De undersökningar och resultat som 
ingår i avhandlingen behandlar vanadin i sitt högsta oxidationstal, +5. Sådana 
vanadinföreningar kallas vanadater. Ännu mer lovande egenskaper erhålls ifall väteperoxid 
tillsätts så att så kallade peroxovanadatföreningar bildas. Väteperoxid själv förstärker effekten 
av insulin i viss utsträckning, men tillsammans med vanadin fås en synergieffekt. Detta 
innebär att peroxovanadinföreningar uppvisar en effekt som är tusentals gånger högre än 
summan av väteperoxidens och vanadinets. 
 
I denna avhandling har vanadat– och peroxovanadatföreningar studerats. Då båda typerna 
avses har beteckningen (peroxo)vanadat använts. 
 
Det är inte fullständigt klarlagt hur vanadinföreningar verkar för att härma eller förstärka 
insulin, dvs. de exakta mekanismerna i kroppen är inte kända. Det finns dock ingen tvekan om 
att vanadat, som är en fosfatanalog, kan ändra funktionen hos många viktiga enzymer. Fastän 
vanadinföreningar har ett flertal positiva effekter (som att t ex hjälpa cellerna att svara bättre 
till insulin), kan även oönskade effekter uppstå. Detta kan medföra besvärliga sidoeffekter 
inklusive förgiftningssymptom. Om å andra sidan vanadin kan bindas i en lämplig förening 
kan dessa problem kanske lösas. I sådana fall kan det som bundits till vanadinet fungera som 
ett ”förpackningsemballage”, som gör att det endast blir tillgängligt för de enzymer som det är 
avsett att samverka med och förhindra oönskade reaktioner, som leder till sidoeffekter. I ett 
idealt fall kan dessa ”emballageföreningar” också öka den önskade effekten. 
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I denna avhandling presenteras hur vanadin förekommer i närvaro av olika biologiskt och 
medicinskt viktiga föreningar i vattenlösning. Från dessa undersökningar kan man delvis få 
svar på viktiga frågeställningar av vilka kan nämnas: 
a) Vad händer med (peroxo)vanadatföreningarna då de introduceras i blodbanan? 
b) Kommer en tillförd (peroxo)vanadatförening att vara opåverkad i blodet eller kommer den 
att sönderdelas (förstöras) av de beståndsdelar som redan finns närvarande i blodet? Om 
föreningen sönderdelas, varför och hur sker detta? 
c) Hur reagerar vanadin med det aktiva stället i enzymet i fråga? 
Svaren på dessa frågor är viktiga för att kunna framställa en framtida medicin som innehåller 
vanadin och som helst skall kunna tas in via munnen. 
 
De föreningar som bildas då man till (peroxo)vanadat adderar mjölksyra, citronsyra, fosfat 
(förekommer i blod), alanylhistidin (dipeptid som finns i några enzymer) samt pikolinsyra 
(lovande diabetesmedicinkandidat) har undersökts. Strukturen hos några av de bildade 
föreningarna har också bestämts. Vidare har stabiliteten av peroxovanadatföreningarna 
studerats då katalas finns närvarande. Katalas är ett i blodet förekommande enzym, som 
sönderdelar den för cellerna skadliga väteperoxiden. 
 
De experimentella metoder som använts är kärnmagnetisk resonansspektroskopi (NMR), 
potentiometri (pH–mätning), elektronspinnresonans (EPR) och elektronsprej– 
joniseringsmasspektroskopi (ESI–MS). Alla undersökningar har utförts vid 25 °C och i 0.150 
M Na(Cl), som representerar jonstyrkan i mänskligt blod (s k fysiologiskt medium). 
 
De framkomna resultaten visar att vanadat inte binder till kväve i föreningar där kvävet ingår 
som en av atomerna i en aromatisk ring, men att däremot peroxovanadat (speciellt sådana som 
innehåller två peroxogrupper) binder starkast till sådana aromatiska kväveföreningar. 
Föreningarna som binder till (peroxo)vanadaterna kallas ligander. Modellering har visat att 
transferrin, ett protein i mänskligt blod som transporterar metalljoner och då huvudsakligen 
järn, i de flesta fall binder starkare till vanadat än de studerade liganderna gör. Det har också 
visat sig att vissa ligander delvis kan hindra katalas från att förstöra peroxiden i 
peroxovanadatkomplexen. Beroende av liganden bildas olika typer av komplex, men vissa 
sammansättningar är vanligare än andra. Exempelvis bildas komplex med sammansättningen 
VLigand (en vanadin och en ligand) med alla undersökta ligander. I peroxovanadatsystemen 
är sammansättningarna VXLigand och VX2Ligand vanligt förekommande (X betecknar en 
peroxogrupp). Med samma ligand bildas ofta komplex med samma sammansättning men 
olika strukturer (så kallade isomerer).  
 
Den huvudsakliga målsättningen med undersökningarna som ingår i denna avhandling har 
varit att bestämma koncentrationer och sammansättningar av samtliga komplex i de studerade 
(peroxo)vanadatsystemen. Detta kallas att bestämma speciationen. Från enbart dessa 
speciationsundersökningar kan man inte få direkt svar på varför (peroxo)vanadatföreningar 
har insulinliknande egenskaper, men de har avslöjat trender hos de olika komplexen som kan 
relateras till deras insulinförstärkande egenskaper. De erhållna resultaten kan därför ge 
värdefull information till diabetesforskningen i allmänhet. 
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1. Introduction 
 
In 1801, del Rio claimed to have discovered element 23 in a lead ore from Mexico, which he 
named erythronium (after first naming it panchromium).1 Unfortunately, four years later he 
withdrew his discovery, based on the (wrong) results from the French researcher Collett–
Desotils, thinking it was only chromium he had found in the ore. In 1830, the element was 
rediscovered by the Swedish chemist Sefström. He named it vanadin (later Latinised as 
vanadium) after Vanadis, the Nordic goddess of beauty, referring to its beautifully coloured 
compounds. Vanadium and erythronium were found to be the same one year later by Wöhler. 
The metal was first produced in acceptably clean form by Roscoe in 1867, by using hydrogen 
to reduce the metal chloride. Much of the early work on vanadium chemistry was also carried 
out by Roscoe. 
Vanadium is a soft silver–grey transition metal with an electronic configuration of [Ar]4s23d3, 
having two natural isotopes, 51V (99.76%) and 50V (0.24%). Although its formal oxidation 
states range from –III to +V, the most common ones are +III, +IV and +V. 
The estimated concentration of vanadium in the earth’s crust is about 0.014%, making it the 
19th most common element, or the 5th most common transition metal.2 Although it is a 
common element, it is widely scattered, with more than 60 different minerals but only a 
handful of concentrated deposits worldwide. Apart from minerals, vanadium can also be 
found in crude oil, especially in Venezuela and Canada. 
In seawater, vanadium is found in about 20–35 nM concentrations,1 which makes it the 
second most abundant transition metal in the aquasphere after molybdenum.3 Certain 
tunicates (ascidians or sea squirts) can accumulate vanadium up to 0.3 M concentrations.4 In 
addition, vanadium is found to be reduced from vanadium(V) in seawater to vanadium(IV) 
and vanadium(III) in these organisms. 
Vanadium is commonly used as an additive to steel and in different catalysts for various 
processes. This, together with the burning of fossil fuels, resulted in the enrichment of 
vanadium in the environment over the last decades. 

1.1 Aqueous bioinorganic chemistry of vanadium 
From the biological point of view, only the higher oxidation states of vanadium are of 
interest. Vanadium(III) can be found in e.g. ascidians and fan worms5, 6, 7 but is not present in 
higher organisms. Both the +IV and +V oxidation states are, on the other hand, of importance 
in the biomedical research with vanadium compounds. Their redox couple has a potential of 
about –0.34 V at pH = 7. The potentials of some biologically relevant redox couples, such as 
H2O ↔ 2H+ + ½ O2 and NADH+ + H+ ↔ NAD + 2H+ are approximately +1.24 V and –0.32 
V, respectively, at pH =7.1 Thus, interconversion between vanadium(V) and (IV) can easily 
happen under physiological conditions. 
When dissolved in water, vanadium in all three oxidation states undergoes hydrolytic, acid–
base, condensation and redox reactions. The chemistry of each oxidation state is remarkably 
different from those of the others, however. Since the present work focuses solely on 
vanadium(V), only its chemistry is discussed in more detail. However, a brief overview is 
given in the case of the other two biologically relevant oxidation states as well. 

1.1.1 Vanadium(III) 
This oxidation state is stable only over a limited potential and pH range in aqueous solution. 
Similarly to the other oxidation states, a large number of species can be formed in hydrolytic 
reactions, including monomeric ([V(OH)n(H2O)6–n](3–n)+, where n = 0 – 3) as well as higher 
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nuclearity (dimeric and trimeric) species.8 It is worth noting that all species are cationic or 
neutral, as opposed to the hydrolysis products of vanadium(V), which are almost exclusively 
anionic (section 1.1.3). In cases where the ligand is reducing enough, stable vanadium(III) 
complexes can form in aqueous solutions, and vanadium(III) is found in the vanadocytes of 
tunicates.4 In addition, vanadium(V) can in theory be reduced intracellularly to vanadium(III) 
in mammalian cells,9 and a few insulin–enhancing V(III)–complexes have been reported.10 

1.1.2 Vanadium(IV) 
The hydrolysis of vanadium(IV) yields cationic species, similarly to vanadium(III) and 
contrary to the mostly anionic species present in the case of vanadium(V). In acidic solutions, 
the hydrated vanadyl cation ([VO(H2O)5]2+ or VO2+, as it is often denoted) is by far the most 
stable. Hence vanadium(IV) species are often referred to as vanadyl species, while 
vanadium(V) species are frequently called vanadate species. The vanadyl cation is so stable in 
very acidic solutions that it can be stored even in the presence of air without being oxidised. 
With increasing pH, however, different oligomeric and polymeric species start to form (e.g. 
(VO)2(OH)2

2+ between pH 4 and 11). In addition, precipitation occurs owing to the very low 
solubility of some of the compounds, such as V2O4.11 This represents a challenge for 
speciation studies using EPR (section 2.4). On the other hand, vanadium(IV) has high affinity 
for most O–, N– and S–donor ligands,12 and thus complex formation can prevent 
polymerisation and consequently precipitation. Accordingly, vanadium(IV) compounds can 
be found in nature, ranging from porphyrin complexes in crude oil to amavadine in some 
fungi.13, 14, 15, 16 This latter one is especially interesting, since it demonstrates that vanadium 
can have a biological role and thus may be essential in certain organisms. In fact, VO2+ is 
known to act like a simple divalent metal ion in many respects, and thus can compete with 
Ca2+, Mn2+, Zn2+, etc., for binding sites in certain proteins.11 
Even more exciting is the research concerning the insulin–enhancing actions of vanadium 
compounds, including vanadium(IV), both as inorganic salt and in the form of different 
complexes. Vanadium compounds have been shown to enhance many of the actions of insulin 
(see section 1.4 and references therein for further details), and represent hope for a possible 
oral treatment of diabetes mellitus. Examples include the bis(maltolato)– and 
bis(picolinato)oxovanadium(IV) complexes, with which extensive and detailed chemical and 
pharmaceutical studies have been carried out.17, 18, 19, 20, 21 A derivative of the former one, 
bis(ethylmaltolato)oxovanadium(IV), denoted as KP–102, has reached the stage of phase I 
human clinical trials.22 As mentioned earlier (section 1.1), the vanadium(V) – vanadium(IV) 
interconversion is relatively easy to facilitate and thus both oxidation states are present under 
human physiological conditions, irrespective of which form has originally been introduced. 
Indeed, the oxidation state of vanadium does not seem to play an essential role in the insulin–
enhancing activity of the complexes.23 What seems to be an important criterion for insulin–
like actions, however, is that the ligand of the introduced complex has almost the same 
binding affinity for both vanadium(IV) and vanadium(V) at physiological pH.24, 25 

1.1.3 Vanadium(V) 
Contrary to the oxidation states +III and +IV, the hydrolysis of vanadium(V) produces almost 
exclusively anionic species. (The only exception is the pale yellow pervanadyl ion, VO2

+, in 
very acidic solutions.) There are frequently used terms in vanadium chemistry that can be 
somewhat misleading. One example is the expression “metavanadate solution”, referring to 
the solutions of NaVO3. The metavanadate ion, (VO3)n

n–, however, exists in the solid state 
only, and when the compound is dissolved in water, it forms a mixture of mono– and 
oligovanadates, depending on pH, vanadium total concentration and the ionic strength of the 
medium.1, 26 
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As mentioned earlier, the only cationic hydrolysis product of vanadium(V), VO2
+, is the 

dominating species in the most acidic solutions. By increasing the pH to between 3 and 6, 
depending on the total concentration, the orange coloured decavanadates dominate. These 
decavanadate species are described by the general formula HnV10O28

(6–n)–, where n = 0 – 3, 
and are often abbreviated as V10. All the vanadium atoms are octahedrally coordinated in 
decavanadates, and they can be classified according to their position in the structure as 
capping (4 atoms), corner (4) or central (2). Accordingly, they produce three distinct peaks in 
51V NMR spectra, denoted as V10’’, V10’ and V10, with intensity ratios 4:4:2 (or 2:2:1), 
respectively. At the neutral pH range, sometimes referred to as the “metavanadate” range, 
colourless mono–, di– and cyclic oligovanadate species are formed. These species (H2VO4

–, 
H2V2O7

2–, V4O12
4–, V5O15

5–, often denoted as V1, V2, V4 and V5, respectively) carry a charge 
of –1 per vanadium, and in all cases vanadium is tetrahedrally coordinated to oxygen. 
Increasing the pH further, at pH > 8, linear tetrameric (HV4O13

5– and V4O13
6–; l–V4) species 

form, together with the singly deprotonated dimer, HV2O7
3–. The main species in alkaline 

solutions, however, are the monoprotonated monomer, HVO4
2–, and its dimer, V2O7

4–. At 
very alkaline pH (above 12), the only existing species is the vanadate ion, VO4

3–. 
There are four additional species that can form: trivanadates (HV3O10

4–, V3O10
5–; V3),27, 28, 29,30 

hexavanadate (V6O18
6–; V6)31 that is observed at high ionic strengths only, and 

tridecavanadate (H12V13O40
3–; V13),32 which is a very short–lived species and only forms in 

very acidic solutions with high vanadium total concentrations. In addition, the presence of a 
cyclic trimer (V3O9

3–) has also been proposed on the basis of Raman spectra in alkaline 
solutions.29  It is also worth noting that, although sometimes inferred,33 there is no direct 
evidence of an uncharged monomer, H3VO4, i.e. the protonation of H2VO4

– yields VO2
+ 

virtually in a single step.31, 34, 35, 36 Thermodynamic evidence suggests that the higher stability 
of VO2

+ is owing to the increased coordination number of its hydrated form as compared to 
H3VO4.34 
Equilibria are usually fast, most of the main species in solution interconvert on a millisecond 
timescale. The only exception is the decavanadates: their formation is generally fast, but their 
decomposition can require more than 24 hours in the neutral pH range. Consequently, special 
care has to be taken to avoid their formation when shorter equilibrium times are required. This 
can be achieved by various means, such as by using a sufficient excess of the ligand or low 
total vanadium concentrations. In certain cases, the order of the addition of the components 
proved to be critical to avoid decavanadate formation (examples are the (peroxo)vanadate – 
lactate and – citrate systems in sections 4.3 and 4.4, respectively). 
It is clear from the above paragraphs that the speciation in the binary H+ – H2VO4

– system is 
rather complicated. In addition, the relative amounts of the species are not only dependent on 
pH and vanadium total concentration, but also on the ionic medium. It follows that high 
concentrations of the cation in the medium should favour polyoxoanions of higher negative 
charge.37 The medium dependence of the speciation, however, cannot be attributed to the 
effects of ionic strength alone. It has been shown that complexation of sodium ions to the 
vanadate species also occurs.38 Hence the nature of the cation is also of significance, not only 
its concentration. Therefore, in order to obtain formation constants that are valid under human 
physiological conditions, it is important to use a medium that represents the human blood. 
Accordingly, all studies presented in the thesis have been performed in 0.150 M Na(Cl) 
medium (section 2.1). The fact that often several species have the same charge per vanadium 
atom limits the use of potentiometry in vanadium(V) speciation considerably. Fortunately, 
51V NMR spectroscopy (section 2.3.1) is a very powerful technique for elucidating both 
stoichiometries and structures of vanadium(V) species. Even small differences in the chemical 
environment around the vanadium nuclei are observable in 51V NMR spectra, and species 
usually have distinct peaks at unique chemical shift values. 
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The biological relevance of vanadium in its +V oxidation state is partially attributable to the 
fact that vanadate is a structural and electronic analogue of phosphate.39, 40, 41, 42, 43 Assuming 
tetrahedral geometry for VO4

3–, as indicated by 51V NMR, it is similar to PO4
3– in its ground 

state. We can also consider a trigonal bipyramidal geometry for vanadate, i.e. a water 
molecule is also coordinated to the central vanadium atom, as suggested by UV–VIS and 
magnetic circular dichroism spectra44 and found in many vanadium(V) – complexes. 
Vanadate in this case is analogous to phosphate in the transition state of the enzymatic 
splitting of a phospho–ester bond. Thus, the analogy extends to both the ground state and the 
transition state of phosphate.40 Beside the similarities in structure and pKa values, however, 
there are considerable differences too. At neutral pH and low total concentrations, for 
example, phosphate is (partly) present as HPO4

2–, whereas vanadate is mainly in the H2VO4
– 

form. In addition, H3PO4 is highly stable, while the corresponding neutral vanadate species, 
H3VO4, is not, as discussed earlier. Another major difference lies in the stability and 
energetics of the anhydride bonds. Vanadate oligomers readily undergo exchange in aqueous 
solutions, but pyrophosphate and other corresponding oligomeric phosphates are kinetically 
inert. One of the most important differences, especially with respect to the insulin enhancing 
properties of vanadium compounds, is that under physiological conditions, vanadates can take 
part in redox processes, whereas phosphates do not. This allows vanadium complexes to enter 
the cells via different transportation routes and channels, either as ions (negatively or 
positively charged) or as neutral species, depending on their oxidation state and (the charge 
of) the ligand. The ability of vanadium to undergo redox reactions while complexed to its 
ligands is an interesting quality and is of importance in drug design. This redox activity is also 
responsible for the fact that both vanadium(IV) and (V) are present in humans. To exemplify, 
vanadium has been found in its +V oxidation state in mammalian lung and heart tissues,45 
whereas it appears to be present (either totally or partly) in its +IV state in kidney, liver and 
erythrocytes.45, 46 It has also been suggested that extracellular vanadium exists primarily as 
vanadium(V),47 while being almost exclusively vanadium(IV) inside the cells. The basis of 
this hypothesis is the assumed intracellular reduction of vanadium(V) to vanadium(IV) by 
reduced glutathione (GSH).48 The validity of this, however, has been questioned, as reduced 
GSH had been found unable to effectively reduce vanadium(V) at physiological pH values.49 
In addition, vanadium(IV) is efficiently oxidised to vanadium(V) at neutral pH by 
endogenously formed H2O2.24, 50, 51 Thus, at present it seems that both oxidation states can 
exist in both milieus. In blood, for instance, the distribution of vanadium between the 
oxidation states depends not only on the reductants present (such as ascorbate, cysteine and 
catecholamines in the plasma or glutathione in erythrocytes) but also on the flux of the metal 
in and out of the cells and on the oxygen tension,52 which differs considerably for venous and 
arterial blood. 
Vanadates exhibit numerous biological activities, including inhibition of many enzymes,43, 53 
among others ATPases (such as the sodium–potassium pump54), phosphatases (for example 
human liver and potato acid phosphatases55, 56), and numerous other types of enzymes e.g. 
certain lyases,57 synthases,58 hydrolases,59 reductases60 and peroxidases.61 Vanadates can also 
activate numerous enzymes, either directly or indirectly.43, 62 These processes include the 
stimulation of the enzymatic reduction of glycolate as well as the promotion of protein 
association by vanadate.63 Their insulin–enhancing property has already been briefly 
mentioned and is discussed in more detail in section 1.4. Mostly, monomeric vanadates are 
considered in biological studies, since the oligomers cannot be present at common 
physiological concentrations of vanadium. Nevertheless, they may also be important if 
vanadium accumulation occurs, for example in special cell compartments or in the case of 
overdose / poisoning. Accordingly, several enzyme inhibitory actions of V2, V4 and even V10 
have been reported.64, 65, 66, 67, 68, 69, 70 
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1.2 Aqueous bioinorganic chemistry of peroxovanadates 
The peroxo complexes of vanadium(V), commonly referred to as peroxovanadates, are 
interesting in many respects. Apart from their use in a wide range of organic syntheses as 
oxidising agents, they are relevant in various catalytic processes, ranging from industry to 
biology.71, 72, 73, 74, 75 Their significance as insulin–enhancing vanadium compounds is 
discussed in section 1.4. 
Although there had long been interest in the speciation in peroxovanadate systems,76, 77, 78, 79, 

80, 81, 82 the first complete and detailed study providing pH–independent formation constants 
for all species in the physiological medium of 0.150 M Na(Cl) has only been published in the 
year 2000.83 In that study, altogether 10 peroxovanadate species have been found over the pH 
range 0 – 11, with half of them being mononuclear and the other half binuclear in vanadium.83 
In acidic solutions (pH < 2), only three peroxovanadate species are present, with compositions 
VX+ (denoted as *VX+, see below), VX2

– and V2X3, where X represents the peroxo ligand to 
shorten the formulae. Each of these species gives rise to a single peak in 51V NMR spectra, 
which is straightforward for monovanadium complexes. In the case of the neutral V2X3 
species, however, either symmetry or dynamics renders the two vanadium atoms 
indistinguishable, and thus one signal is observed. In the pH range 3 – 6, practically the only 
peroxovanadate that exists is VX2

–. However, from neutral to alkaline pH, many minor 
species can be present. These include the dimers V2X2

3– and V2X3–, which give rise to two 
51V NMR peaks each, indicating vanadium atoms in different electronic (and thus chemical) 
environments. The former is comprised of a “V” and a “VX2” moiety, having its peaks in the 
respective areas of the spectrum, i.e. one is close to that of the inorganic vanadates and the 
other close to the peak of the VX2 species. Similarly, V2X3– contains “V” and “VX” moieties, 
with its peaks positioned accordingly. Other dimers are present as well, with the compositions 
*V2X2

3– and V2X4
3–. The asterisk denotes that the species has the same composition as the 

already mentioned V2X2
3–, but has a different structure. Both species give rise to one 51V 

NMR peak each. V2X4
3– consists of VX2

– and VX2
2– moieties and consequently has its 

maximum concentration at the pKa of VX2
– (pH = 7.67). VX3

2– can form if a high excess of 
peroxide is present; however, no species with higher than 3 : 1 peroxide : vanadium ratio have 
been observed.83 Another species that can be present at neutral to alkaline solutions is the 
VX2– monomer. This complex is much weaker than the diperoxo–species, and if peroxide and 
vanadium are present in equal total concentrations, a substantial proportion of vanadium 
remains as binary vanadate (V1, V2, V4 and V5). The chemical shift of VX2– at pH < 8 shows a 
slight change that can indicate protonation, but the corresponding protonated VX– species 
could not be identified. Neither could be the other “missing link”, the neutral VX complex. 
Thus, there is a gap between the acidic VX+ and the alkaline VX2–. To indicate that these two 
species are not just differently protonated states of the same peroxovanadate complex, the 
former one is denoted as *VX+. Interestingly, *VX+ is found to be considerably stronger than 
VX2–; it is the dominating species at pH < 2 and stoichiometric ratios. It is also worth noting 
that similarly to VX2–, a change in the chemical shift of the peak of VX2

– indicates 
protonation of the species at very acidic pH, and the resulting neutral VX2 complex has been 
observed at pH < 0.81 However, since we have not studied the systems at pH < 0, this neutral 
diperoxo vanadate has not been included in the present work. 
As far as the structures of peroxovanadate complexes are concerned, the peroxo ligand(s) are 
bound almost exclusively side–on. Usually, the geometry around vanadium is either 
octahedral or pentagonal bipyramidal, with varying numbers of water molecules or hydroxide 
ions coordinated, depending on the number of ligands and pH. Protonation can occur either on 
one of those hydroxides in the coordination shell of vanadium, or on a peroxo oxygen, 
resulting in an increased distance of that oxygen atom from vanadium.82, 84 



 9

The formation of peroxovanadates is very fast in acidic solutions, requiring less than a 
minute. It is slower at higher pH, but even in alkaline solutions 15 minutes of equilibration 
time is sufficient. On the other hand, the decomposition of the complexes and the loss of 
peroxide are much more pronounced in acidic solutions, where NMR measurements must be 
carried out within 15 minutes to obtain reliable data. At alkaline pH, measurements can 
exceed 45 minutes with no problems of peroxide loss.83 One complication, however, is the 
formation of decavanadates in weakly acidic solutions, since their decomposition is extremely 
slow in the pH range 3 – 7, requiring more than 24 hours. During that time, peroxide loss can 
be substantial. To avoid this problem, excess of peroxide should be applied and/or the order 
of addition of components should be carefully planned, adding acid only as the last 
component. 

1.3 Physiological effects and toxicology of vanadium 
Vanadium is present in most organisms, usually at very low concentrations, except for certain 
tunicates.4 In humans, it is an ultratrace element, amounting to tissue concentrations of about 
0.03 – 150 ng/g of fresh weight.85 However, since still no defined biochemical function of 
vanadium is known in higher animals, it is not indisputably accepted as an essential nutrient. 
Safe and adequate daily vanadium intake should probably be within 10 – 50 μg,85 which is 
easily achieved by normal diet, and thus there is no report of vanadium deficiency in humans. 
Foods that are rich in vanadium include parsley, dill seed, black pepper and certain types of 
mushrooms,86, 87 and the vanadium they contain can be both in a +IV or +V oxidation state. It 
is believed, however, that in the stomach, most vanadium is transformed into vanadium(IV), 
and it remains in that form when passing into the duodenum and excreted in the feces.88 
Generally, the absorption of ingested vanadium is very low, normally being around 1–3% 
from natural types of food, but there are several factors affecting it. Apart from the effect of 
the other dietary components being present in the stomach, the speed of vanadate reduction is 
also of importance, as vanadium(V) is absorbed three to five times more effectively than 
vanadium(IV). Relatively little is known about the exact mechanism by which vanadium is 
absorbed and transported in the body and about the factors that affect its retention. It seems 
that vanadium is targeted to cells that are rich in iron,89 such as liver and spleen, and its 
retention depends on age as well as on diet, occupational exposure and several pathological 
conditions, such as manic–depressive illness, multiple sclerosis, etc. Vanadium is retained e.g. 
in the bones and kidneys and is also present in breast milk and saliva. Excretion occurs both 
via the urine and the feces. 
Although there are well established roles of vanadium in algae, bacteria, fungi and tunicates, 
including the haloperoxidase72, 73 and nitrogenase90, 91, 92 enzymes as well as amavadine15, 16 
and the vanadium binding proteins, vanabins,93, 94 the physiological impact of vanadium in 
mammalian cells has not yet been clearly established.95 However, pharmacological 
administration of vanadium compounds clearly has effects on biological functions, mostly by 
affecting the activity of different enzymes.96 Beside their insulin–enhancing actions, which 
are discussed in more detail in section 1.4, vanadium compounds have been reported to have 
various other therapeutic effects. These include among many others antitumor,97, 98 dual anti–
HIV and spermicidal effects99 as well as activity against mycobacteria.100 The 
pharmacological effects of vanadium and its compounds derive from their influence on 
numerous cellular processes, such as cellular H+ and Ca2+ transport, apoptosis, free radical 
production, promotion of cell transformation, inhibition of cell adhesion, stimulation of gene 
expression and DNA synthesis, oxidative phosphorylation, etc.95, 101, 102, 103, 104 Most of these 
effects are generally explained by the vanadate – phosphate analogy and/or by the redox 
properties of the compounds. 
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Vanadium is a relatively toxic element for humans, with various symptoms of acute and 
chronic poisoning. These include alterations in the respiratory system, cramps, green tongue 
as well as salivation, vomiting, free discharge of feces, lowered temperature, etc. Since the 
adsorption of vanadium through the skin is low, its respective toxicity is also low. Poisoning 
by ingestion is of small risk as well, again owing to the low absorption of vanadium. Inhaling, 
however, is more hazardous, and vanadium is very toxic when administered intravenously. 
Furthermore, toxicity also varies considerably depending on the nature of the compound. 
Generally, vanadium(V) is considered to be more toxic than vanadium(IV),105, 106 possibly 
owing to its better absorption and higher activity in cellular processes. However, recent in 
vitro tests on fibroblasts with numerous vanadium(IV) and (V) coordination compounds have 
indicated lower toxicity for the compounds where vanadium has been in its +V oxidation 
state.107 This clearly demonstrates the complexity of the biochemical actions exerted by 
vanadium and underlines the importance of the nature of the ligand in determining the toxicity 
and effectiveness of the compound. 
There are a vast number of studies on the toxicology of vanadium available in the literature,108 
especially with rodents and chickens. The reported effects of vanadium overdose include 
reproductive and developmental toxicity,109 genotoxicity,106 growth pattern modification,110 as 
well as various renal effects,111 leukocytosis,112 respiratory113 and cardiovascular system 
dysfunction.114 
Interestingly, vanadium in the form of VOSO4 is widely used by body builders in the United 
States as a diet supplement to enhance performance and muscle growth. However, a study 
involving a placebo and VOSO4 on over thirty weight–trained athletes has failed to find any 
benefit at a dosage more 1,000 times of the nutritional dose.115 

1.4 Insulin–enhancing effects of vanadium compounds 
Arguably the biggest contribution to the renewed interest in the bioinorganic chemistry of 
vanadium originates from the discovery of the insulin–enhancing properties of this transition 
metal and its compounds. Below is a short overview, which by no means intends to be 
exhaustive or complete, of the research in this field. 
Diabetes mellitus, with its explosively increasing incidence worldwide116 and many global 
and societal implications,117 is one of the most threatening and costly epidemics of our times. 
There are two main forms of this metabolic disorder. Type I is the absolute insulin deficiency, 
when there is no production of the hormone in the pancreatic β–cells, and thus patients must 
take exogenous insulin to prevent lethal ketoacidosis (insulin–dependent diabetes). In case of 
type II diabetes, there is insulin production in the body, but its secretion and/or cellular 
response to it is not sufficient. People with type II diabetes are not dependent on exogenous 
insulin as much as patients with type I diabetes, but may need it to control their blood glucose 
levels (insulin–independent diabetes). Type II contributes to more than 90% of all cases of 
diabetes globally.117  The recent rapid increase of the number of diabetic people worldwide 
(especially type II) can be attributed to a combination of overly rich nutrition with a sedentary 
lifestyle leading to increased obesity. Diabetes has now spread to such extent that it is often 
referred to as an epidemic. 
Insulin is the core of treatment for almost all type I and many type II diabetic patients. 
Without doubt, its discovery in 1922118 has been a major breakthrough in the fight against 
diabetes, and daily insulin injections have saved and improved the quality of many lives ever 
since. Insulin stimulates the uptake of glucose, fatty acids and amino acids from blood for 
storage or utilisation. It also inhibits other hormones that induce the production of glucose, 
fatty acids and amino acids from glycogen, lipids and proteins, respectively. 
Although insulin is extremely valuable in the treatment of diabetes mellitus, there is need for 
substitutes, especially when dealing with type II. In addition, being destroyed in the stomach, 
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insulin cannot be administered orally in mammals and the constant use of subcutaneous 
injections is inconvenient. Thus, the ideal substitute would be orally applicable and effective, 
particularly in the case of type II diabetes. It also should meet other criteria regarding its 
absorption, stability in body fluids, a desired high specificity and low toxicity.24 
Vanadium compounds have long been shown to exert insulin–like effects both in vitro and in 
vivo, the first example being documented as early as 1899.119 The in vitro experiments in this 
field are numerous and have been performed with many different compounds on a wide 
variety of cells, including the typical insulin–responsive cell types, such as muscle, 
adipocytes, hepatocytes, etc.107, 120, 121, 122, 123 In these tests, vanadium has been demonstrated 
to perform insulin–like actions in virtually all respects.124, 125, 126 Acute treatment has 
stimulated glucose uptake107, 127 and oxidation,120 glycogen synthesis,128 lipoprotein lipase 
activity,129 lipogenesis,130 and suppressed lipolysis.131 Via chronic treatment, even the long–
term effects of insulin have been evoked, including among others the modulation of cell 
growth and differentiation, down–regulation of the insulin receptor, etc.132, 133 The amount of 
vanadium needed to induce the required metabolic effects has been found to be in the range of 
micromolar to millimolar concentrations,107, 120, 122, 123, 134 depending not only on the nature of 
the compound but also on the time course of the management (generally lower doses are 
needed when long–term treatment is applied). 
In vivo tests are performed mostly on animal models, such as streptozotocin (STZ) – rats 
(corresponding to type I diabetes), and ob/ob or db/db mice as well as BB or fa/fa rats (the 
animal models of type II diabetes).24, 124, 135, 136, 137, 138, 139 A limited number of studies have 
been carried out on human subjects too.22, 140, 141, 142 Generally, beneficial effects have been 
observed on the blood glucose level, lipid metabolism, weight loss, etc. In addition, the 
abnormal activities of certain metabolic enzymes have been restored, and glucose disposal in 
peripheral tissues (inhibiting liver glucose production) has been improved by vanadium 
treatment. It is worth noting that usually longer time has been required during in vivo 
experiments to observe the desired insulin–like effects as compared to in vitro tests. On the 
other hand, the effects have mostly been long–lasting, even after stopping the administration 
of the compounds. These indicate a possible accumulation of the active component(s) in the 
body.124 It is also important to point out that plasma insulin levels have not been increased 
during the treatments. Thus, the glucose–lowering effects are not owing to a vanadium–
induced increase in insulin secretion.136, 139 Instead, experiments with rat adipocytes have 
shown that enhanced insulin binding and tyrosine phosphorylation is, at least partly, 
responsible for the insulin–enhancing effects of vanadium.130, 134, 143 The mechanisms for the 
insulin–like activity of vanadium, however, are not yet completely elucidated. Certainly, 
vanadium compounds can act at various phases of the insulin signalling pathways. Among 
others, the activation of the insulin receptor (IRE),144 insulin receptor substrate 1 (IRS–1) and 
phosphatidylinositol 3–kinase (PI3–kinase),145 as well as mitogen–activated protein kinase 
(MAPK)146, 147 and ribosomal S6 kinase147 have been documented. Generally the downstream 
part of the signalling cascade is considered to be affected the most. This is supported by the 
fact that certain enzymes (such as MAPK, plasma membrane kinase, cytosolic tyrosine 
kinase) are directly activated by vanadium, independently of IRE, and that the vanadium 
stimulated glucose uptake remains unaltered even after removing the IREs from the cell 
surface.127, 148, 149 The insulin–enhancing property of vanadium compounds is therefore 
attributed to the inhibition of phosphotyrosine phosphatases (PTPases) rather than to the 
activation of the IRE tyrosine kinase.124, 146 Consequently, the mechanisms by which 
vanadium exerts its effects are many fold and different from those of insulin.24, 150 In addition, 
different vanadium compounds operate along (partially) different pathways, further 
complicating the picture.124, 149 
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A particular class of vanadium compounds deserves special attention. These are the peroxo 
complexes of vanadium(V), or peroxovanadates, both with and without additional ligand(s). 
Similarly to vanadium, hydrogen peroxide has also been shown to exert insulin–enhancing 
activity. Moreover, when hydrogen peroxide is applied together with vanadium, a synergistic 
effect is observed.151 This synergism is probably attributed to the formation of 
peroxovanadates, which can inhibit PTPases irreversibly by oxidising them, whereas the 
inhibition by vanadate alone is reversible.152 Peroxovanadates also inhibit glucose–6–
phosphatase (G6Pase) activity, which also has a glucose–lowering effect. Thus, the insulin–
like actions of peroxovanadates may partly derive from this direct interaction with G6Pase, 
rather than originating exclusively from PTPase inhibition.153 These findings have triggered 
diverse biological and medical research, and a large number of peroxovanadate complexes has 
been prepared, identified, structurally characterised and/or tested for insulin–enhancing 
activity in vitro as well as in vivo. Although these compounds have been reported to have full 
insulin–like effects and are often referred to as one of the most promising classes of drug 
candidates,144, 154, 155 some concerns still remain. The major concern is the stability of 
peroxovanadates in aqueous solutions. Many peroxovanadate complexes are hydrolytically 
unstable and redox active. This can lead to radical formation and consequently an increased 
probability of intracellular oxidative stress.156 On the other hand, too high stability of the 
peroxo group (i.e. its too tight binding to the central vanadium atom) may result in the loss of 
insulin–like effects.157 It is also worth mentioning that in case the compounds would not be 
orally active, transdermal administration may still be effective.158 
A great advantage of vanadium compounds is that virtually all of their important features, 
such as stability, oral availability as well as absorption, toxicity, etc. can in theory be fine–
tuned by means of proper ligands. Indeed, the use of different ligands has a great effect on the 
insulin–enhancing properties of peroxovanadates.21, 144, 157, 159, 160 Contrary, it has also been 
suggested that it is always the uncomplexed vanadium that is the active component, 
irrespective of the introduced species.161 In other words, the only role of the ligand could be to 
deliver vanadium to the place of action as efficiently as possible. In opposition to this 
hypothesis, different mechanisms of action have been suggested for different vanadium 
complexes, depending on the nature of the compound.124, 149 Whatever the case may be, 
ligands may still play an important role in facilitating the uptake and/or transport of 
vanadium, thereby reducing toxicity and side–effects and possibly increasing effectiveness. 
It is important to emphasise that vanadium compounds are particularly promising in the 
treatment of type II diabetes, when insulin is present in the body, but the cells are not 
responding to it properly. The reason for this is that vanadium compounds are enhancing the 
effects of insulin rather than completely mimicking it (although in the literature these terms 
are often used interchangeably). A good example is the synergism found when applying 
peroxovanadates and insulin together.162 This implies that in case of type I diabetes, the 
administration of insulin would still remain essential but could be accompanied by a possible 
future drug containing vanadium to increase effectiveness. 
Finally, it should be mentioned that the incidence of diabetes is increasing among pets too. 
The reasons are very similar: these animals, just like humans, are becoming more sedentary 
and more obese.163 Food supplies are not only ample, but often contain nutrients in much 
higher amounts than the natural diet of the animal would do. An example is the large amount 
of carbohydrates in certain commercial cat foods, although the natural diet of cats (being strict 
carnivores) is based mostly on protein and fat and very little carbohydrates.164 This is serious 
malnutrition, since the high carbohydrate diet leads to decreased insulin sensitivity in cats.165 
Applying regular injections in animal treatment is even more troublesome than in the case of 
humans. Thus, oral medication is desired in veterinary practice too, and vanadium compounds 
may represent one type of solution. 
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1.5 Aim of the present work 
The primary aim of the present work has been to study the aqueous equilibria of and 
determine the speciation in (peroxo)vanadate – ligand systems relevant to diabetes research. 
The ligands (Figure 1) have been chosen to represent 
a) candidates for a possible future anti–diabetic drug (picolinate, L–α–alanyl–L–serine) 
b) the active sites of enzymes (L–α–alanyl–L–serine) 
c) important constituents in human blood (lactate, citrate, phosphate) 
Once the speciation of vanadium is known in the presence of key blood constituents, 
physiological conditions can be modelled. Including a drug candidate compound (such as the 
complexes with picolinate or L–α–alanyl–L–serine) in these models allows us to investigate 
whether the complexes with that particular ligand are stable in blood, or vanadium leaves its 
original carrier and binds to one of the ligands naturally present in blood. In order to account 
for the simultaneous presence of all the constituents in blood and for the possible partial loss 
of the original carrier ligand, mixed ligand systems have also been studied. Furthermore, 
simple blood tests have been carried out to study the stability of any introduced or in situ 
formed peroxovanadate compound in the presence of human catalase, an enzyme responsible 
for the decomposition of hydrogen peroxide in human blood. 
Moreover, choosing the ligands in a manner so that they contain different functional groups 
has allowed us to study the stability of (peroxo)vanadate complexes as a function of the donor 
atoms of the ligands. 
In these experiments, mostly 51V NMR and potentiometry have been used. In addition, 31P 
NMR and electrospray ionisation mass spectrometry (ESI–MS) have also been applied in the 
case of the vanadate – phosphate system. In order to obtain accurate data that is valid for 
physiological conditions, certain criteria have had to be met. Hence, studies have been 
performed in a constant 0.150 M Na(Cl) medium, isotonic to human blood. Buffers, such as 
Tris or imidazole, have not been used in the present work because they are known to interact 
with vanadate species. In addition, studies carried out in the presence of buffers do not 
provide pH–independent formation constants, and thus the systems cannot be modelled. 
Therefore no buffers have been used in the present work. As the studies have focused 
exclusively on vanadium(V), interference from vanadium(IV) has been considered 
undesirable and has been checked for by EPR. Data from samples where reduction of 
vanadium(V) has been detected, have been omitted from all calculations. In order to avoid 
interactions with carbon dioxide, all alkaline solutions have been protected from air. 
An additional aim has been to obtain information about the solution structures of the formed 
complexes. This has been performed by means of multinuclear (51V, 1H, 13C and 14N) NMR 
measurements. 
 

Figure 1 Structures of 
ligands. 
a) picolinate (2–pyridine–
carboxylate, Pi–) 
b) alanyl serine (L–α–alanyl–
L–serine, Alaser) 
c) alanyl histidine (L–α–
alanyl–L–histidine, Alahis) 
d) lactate (S–(+)–2–hydroxy–
propanate, Lac–) 
e) citrate (2–hydroxy–1,2,3–
propanetricarboxylate, Cit3–) 
f) phosphate (dihydrogen 
phosphate, P–) 
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2. Experimental and Techniques 
 
During this work, the main experimental methods applied have been potentiometry and 51V 
nuclear magnetic resonance (NMR) spectroscopy. Complementary measurements have been 
performed by 31P, 1H, 13C and 14N NMR and EPR spectroscopy as well as by ESI–MS. All 
speciation experiments have been carried out in a constant ionic medium of 0.150 M Na(Cl) 
at 25 °C. 

2.1 Ionic medium 
To use concentrations instead of activities in equilibrium calculations, activity coefficients 
should be kept as constant as possible. It is usually achieved by a constant background 
medium, since the activity coefficients depend on the total ionic strength of the solution.166 
Although generally high ionic medium concentrations are preferred for this purpose, the 
studies presented in this work have been carried out in 0.150 M Na(Cl) medium to represent 
the conditions of human blood. This medium is often referred to as the physiological medium. 
Since mainly anionic species are present in all systems, the cation concentration of the 
medium has been kept constant. Thus, the chloride concentration has been allowed to vary 
somewhat, as indicated by the notation Na(Cl). Na+ has been added as counter ion to 
vanadate, lactate, citrate, phosphate and OH–, and in the form of NaCl(s) to obtain the desired 
concentration of 0.150 M. Thus, the obtained Cl– concentration has been dependent upon the 
amounts of NaCl(s) and hydrochloric acid used during the preparation of the solutions. 

2.2 Potentiometry 
Potentiometric data have been collected by potentiometric titrations of the ligands and by 
individually measuring the pH of each solution prepared for 51V NMR measurements (“point 
solutions”). 

2.2.1 Potentiometric titrations 
All potentiometric titrations have been carried out in 0.150 M Na(Cl) medium at 25.0 ± 0.1 
°C, by either manual titrations or by an automated, computer controlled potentiometric 
titrator. The experimental setup of the latter has been developed from the titrator originally 
constructed by Ginstrup.167 The free hydrogen ion concentration has been determined by 
measuring the voltage (emf) of the following cell: 

 
– RE || equilibrium solution | ME + 

 
where RE is the reference electrode, Ag, AgCl(s) | 0.150 M Na(Cl); and ME is the measuring 
electrode, a glass electrode of the general purpose type (Ingold 201–NS). 
The measured voltage (in mV) can be expressed as shown in equation [1], assuming that the 
activity coefficients are constant. 
 

    [ ] jE
F

TREE +
⋅

+= +Hlog10ln 0     [1] 

 
where E is the measured emf of the cell, E0 is the standard emf of the cell (a constant 
determined separately in a solution of known [H+], both immediately before and after each 
titration), T is the temperature (in K), R and F are the gas and Faraday constants, respectively, 
and Ej is the liquid junction potential at the 0.150 M Na(Cl) || equilibrium solution interface. 
Including the values of all constants at 25 °C, equation [1] can be rewritten as follows: 
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    E = E0 + 59.157log[H+] + Ej    [2] 
 
For the experimental setup used, Ej can be calculated in 0.150 M Na(Cl) according to 
equation [3]: 
 
    [ ] [ ] 1H143H331/mV −++ ⋅⋅+⋅−= wj KE     [3] 
 
where Kw is the ionic product of water, 1.746 . 10–14 in 0.150 M Na(Cl). 
All titrations have been performed in an inert argon atmosphere to avoid CO2(g) 
contamination from the air. To keep the temperature as constant as possible, the room has 
been thermostated and the titration vessel has been submerged in an oil bath of very carefully 
adjusted and constantly controlled temperature. Equilibrium criterion has been a remaining 
drift of < 0.05 mV in 30 minutes. 

2.2.2 Separate pH measurements 
The decomposition of initially formed decavanadates is very slow in weakly acidic to neutral 
solutions, requiring at least 24 hours. In addition, slow formation of certain complexes in the 
vanadate – alanyl serine (section 4.2, paper II) and – phosphate (section 4.5, paper V) 
systems, problems with spontaneous reduction of vanadium(V) to vanadium(IV) over time in 
the vanadate – lactate (section 4.3, paper III) and vanadate – citrate systems (section 4.4, 
paper IV) and the rapid loss of peroxide in all studied systems at acidic pH, made titrations 
unfeasible. Instead, individual samples with varying pH, total concentrations and 
concentration ratios have been prepared (“point solutions”), equilibrated and their pH 
measured during or directly after recording their NMR spectra. For these pH measurements, 
an Orion 8103 Ross type combination electrode has been used, calibrated against standard 
commercial buffer solutions at pH 7 and 3 or 10, depending on the pH of the measured 
solutions. For the most acidic solutions, the electrode has been calibrated against a 0.100 M 
HCl solution (pH = 1). 

2.3 Nuclear Magnetic Resonance (NMR) Spectroscopy 
Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful and versatile technique,168, 

169, 170 based on a fundamental nuclear property called the nuclear magnetic moment, μ. The 
nucleus of every element is charged and is built up from a number of protons and neutrons. 
These nucleons have spins just as electrons do, and when they are paired (i.e. there is even 
number of both protons and neutrons, such as in 12C, 16O, etc.), the spin of the nucleus, I, is 0. 
On the other hand, when the spins of the protons and neutrons are not paired, the overall spin 
of the charged nucleus generates a magnetic dipole along the spin axis. The intrinsic 
magnitude of this dipole is the nuclear magnetic moment, μ, and these nuclei are NMR active. 
If the charge distribution in the nucleus, which depends on its internal structure, is of spherical 
symmetry, then I = ½. These spin ½ nuclei comprise among others 1H, 13C, 15N, and 31P. In 
case the charge distribution of the nucleus is not spherical, it will have a higher spin (I > ½) 
and an electric quadrupole moment, Q, as a result (51V, 14N, 17O, etc.). 
When a nucleus with I > 0 is placed in an external magnetic field of strength B0, the nuclear 
magnetic moment can align either with or against this applied magnetic field, i.e. either 
reinforcing or opposing B0. This means that the different spin states which all had the same 
potential energy in the absence of the external magnetic field, will now have different 
energies. According to quantum mechanics, there are altogether 2I+1 different spin states, 
which are equally spaced in terms of energy. In the case of a nucleus with I = ½, it means two 
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states, one with a lower energy and one with a higher one. The energetically preferred 
orientation is always the one where the magnetic moment is aligned parallel to the external 
magnetic field, and by definition it has a positive spin quantum number (+1/2, in this case). 
Consequently, the higher energy orientation, which is the anti–parallel alignment, has 
negative spin quantum number (–1/2). 
The relative populations of the different spin states are in accordance with the Boltzmann–
distribution (equation [4]), meaning there is a very small excess of nuclei in the lowest energy 
state at room temperature: 
 

N2/N1 = e–ΔE/kT     [4] 
 

N2 and N1 are the populations of the higher and lower energy levels, respectively. T is the 
absolute temperature and k is the Boltzmann constant. ΔE is the energy difference between the 
different states, which depends on, apart from the magnetogyric ratio of the nucleus, the 
strength of the applied field, B0 (the higher the field, the bigger the splitting between the 
energy levels). Since the population difference is remarkably small, the overall probability of 
observing absorption of energy in the case of NMR is rather small, and equation [4] clearly 
shows why a larger B0 is favoured, as it increases the energy difference between the spin 
states and thereby increasing the sensitivity of NMR. Although, according to equation [4], 
decreasing the temperature should provide the same effect, it is generally a viable strategy 
only in the case of spin ½ nuclei, since for quadrupolar nuclei lower temperatures result in 
broader signals. 
If the induced bulk magnetisation (i.e. the sum of the individual spins) is misaligned from the 
applied field, a force develops on it, making it precess around B0 at an angle. The angular 
velocity of this precession is called the Larmor–frequency, ν0, and is given in Hz according to 
equation [5]: 
 

ν0 = γB0/2π     [5] 
 

where γ is the magnetogyric ratio, a constant specific for the nucleus relating its magnetic 
moment, μ, and spin, I. The precession frequencies of typical nuclei are in the range of tens to 
hundreds of MHz, if B0 ranges from one to about ten Tesla. Consequently, disturbances and 
detection of nuclear magnetic interactions occur at radio frequencies. 
To misalign the parallel component of the induced bulk magnetisation, a second magnetic 
field, B1, is used, which oscillates at the proper radio frequency. This field is generated by a 
current in a coil perpendicular to B0. The final position of the magnetisation depends on the 
length of time for which B1 is applied. It is usually referred to as a pulse, and is in the order of 
microseconds. However, referring to a pulse in units of time is problematic, since its value in 
microseconds can vary from day to day even on the same spectrometer. Instead, a pulse is 
usually defined by the angle by which the magnetisation is tipped from B0. Thus, a 90º pulse 
moves the magnetisation to a position which is perpendicular to B0, a 180º pulse to a position 
anti–parallel to B0, etc. Detection of the signal takes place in a coil perpendicular to B0 (it can 
be the same coil that generates B1) where the precessing magnetisation induces a current. 
Thus, a 90º pulse gives the highest intensity, bringing the entire magnetisation vector in the 
plane of detection. However, pulses at other angles are of use too, depending on the properties 
of the nucleus and the aim of the experiment. 
When the B1 pulse is over, the magnetisation returns to equilibrium, i.e. realigns to B0, in a 
process called relaxation. Since this return to their original alignment is accompanied by a 
change in energy, the spins should loose the excess energy they gained from the B1 pulse to 
the surroundings, or “lattice”. This does not happen instantaneously, but usually occurs at a 
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rate defined by its time constant. In this case, the process is called spin–lattice relaxation, or 
longitudinal relaxation (that is along the axis of B0), and the time constant is denoted as T1. In 
other words, T1 is related to the lifetime of the spin in a certain energy level. 
In case the relaxation is slow (for example 31P), a delay between the collections of the 
individual spectra should be employed. In order to obtain accurate quantitative data, a 
relaxation delay of at least 5 times of T1 must be allowed between successive 90º pulses. This 
of course increases the total data collection time. Alternatively, a smaller than 90º pulse can 
be used, which means the system remains closer to equilibrium and thus recovers faster. This, 
on the other hand, results in smaller signals, which demands more acquisitions. 
Once disturbed from equilibrium by the pulse, the magnetisation vector may have 
components perpendicular to B0. These components also relax to their equilibrium value of 
zero, at least as fast as the spin–lattice relaxation realigns the magnetisation to B0. However, 
there are other processes that can result in dephasing or scattering of the magnetisation vector 
components, producing a zero net magnetisation perpendicular to B0. Since these processes do 
not necessarily require any change in energy, they can happen quicker than the spin–lattice 
relaxation. This type of relaxation is called spin–spin, or transverse relaxation (that is 
perpendicular to B0), and its time constant is denoted as T2. It is inversely proportional to the 
line widths in the spectrum, i.e. small T2 (rapidly decaying signal) will produce broad lines. 
Relaxation means that the detected signal will decay in time. The signal intensity as function 
of time is called the free induction decay, FID. This is converted into a spectrum showing the 
signal intensity vs. frequency via Fourier–transformation. When proper precautions are taken, 
the signal intensity depends on the number of nuclei contributing to the signal (i.e. directly 
proportional to the concentration of the species giving rise to the signal). The position of the 
signal depends largely on the chemical environment of the nucleus, and it is often expressed 
relative to an arbitrary standard (such as tetramethylsilane, TMS, for 1H and 13C, or VOCl3 for 
51V) instead of the absolute frequency the resonance occurs at (equation [6]). This relative 
frequency position is referred to as the chemical shift (δ) and is given in parts per million, or 
ppm. 
 

δ = (ν–νref) / νref     [6] 
 
where ν is the resonance frequency of the nucleus and νref is that of the reference compound. 
There is another factor contributing to the intensity and position of the signals. It is loosely 
termed as chemical exchange and involves chemical reactions, such as 
protonation/deprotonation, as well as conformational changes. Chemical exchange can be 
slow or fast on the NMR timescale. If it is slow, then each of the contributing species will 
produce its own signal, but with an increased line width. In this case the signal of lower 
integral intensity is more broadened. 
If the exchange is fast, however, the species taking part in it give rise to a common signal, the 
position and intensity of which is the average of those of the individual signals of the 
contributing species. This is frequently the case for protonation/deprotonation processes. 
Thus, the pH dependence of the chemical shifts of such signals can be used to calculate pKa 
values. 
Chemical exchange processes can, for instance, be studied by two dimensional exchange 
NMR spectroscopy (2D EXSY) or magnetisation transfer methods. Alternatively, their 
temperature dependence can be utilised, since the rate of exchange slows down as temperature 
is lowered. Ideally, this results in the splitting of the common signal into the individual 
signals of the contributing species. 
In the case of quadrupolar nuclei, however, their electric quadrupole moment interacts with 
the electric fields produced by the neighbouring electrons and nuclei. This results in faster 
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relaxation and thus generally broader signals than in the case of spin ½ nuclei. In addition, a 
very effective contribution to quadrupolar relaxation comes from the interaction with electric 
fields accompanying (and modulated by) the solvent dipoles. Because line widths are also 
dependent on the viscosity of the solvent and on the temperature, to obtain as sharp lines as 
possible, low viscosity and high temperatures are desirable when working with quadrupolar 
nuclei. This is in contrast with the need for lower temperatures to obtain separate lines in the 
case of chemical exchange. 
It can be concluded that an NMR spectrum is defined by several parameters: 

1. The intensity of a signal (or the area of each signal, referred to as its integral value) 
which is directly proportional to the concentration of the species giving rise to it 

2. The position of the signal (chemical shift, δ), which provides information about the 
chemical environment around the nucleus as well as possible exchange processes, and 
is used in the assignment of the peaks to different species 

3. The multiplet structure of the signals, resulting from spin–spin couplings 
4. The relaxation processes, defined by their time constants T1 and T2 

Apart from thermodynamic investigations, NMR is widely used in kinetic and structural 
studies as well. Furthermore, solid samples can also be studied by means of various 
techniques, such as magic angle spinning (MAS). Being an extremely versatile technique, 
there are many NMR applications outside academic research, ranging from medicine and 
health care (magnetic resonance imaging, MRI) to virtually all fields of industry, from oil 
drills to pharmaceuticals, and even to sport, such as formula–1 racing. 

2.3.1 51V NMR 
Vanadium has a nuclear spin of 7/2, with a quadrupole moment of –0.05 x 10–28 cm2. This is 
in the low quadrupole category,171 which means that although the signal widths are very 
sensitive to electric field gradients around the nucleus, reduced signal intensity resulting from 
excessive broadening is generally not a problem. In addition, 51V has a natural abundance of 
99.76% and a high detection sensitivity, making it an excellent NMR nucleus.171, 172 
In the present work, quantitative 51V NMR data have been used to establish the chemical 
speciation in the systems. Spectra have been recorded at 131.5 MHz (11.7 Tesla) on a Bruker 
AMX–500 spectrometer. Spectra used for speciation calculations have been recorded at 25 ± 
1 ºC. However, if a chemical exchange process has been suspected (as in the cases of the 
vanadate – lactate, – citrate and – phosphate systems, sections 4.3.1, 4.4.1 and 4.5.1, 
respectively), then the temperature dependence of the spectra has also been investigated over 
the range of about 10 to 40 ºC. Chemical shifts are reported relative to VOCl3 (0 ppm). 
Consequently, δ is always negative, being in the range of –400 to –800 ppm. More negative 
values of δ refer to lower frequencies and are typical for species containing one or more 
peroxo groups attached to the vanadium atom(s). Thus, spectra could be divided into non–, 
mono– and diperoxo regions, with somewhat overlapping boundaries depending on the 
ligand, allowing for preliminary assignments of the peaks. Field frequency stabilisation has 
been locked to the 2H signal obtained from a 10 mm tube containing D2O, into which an 8 
mm sample tube was inserted containing the sample. Typically, spectral widths of about 200 
ppm have been used in the case of vanadate – ligand systems, and about 400 ppm for samples 
containing peroxovanadates. Generally, 90º pulses have been used with relaxation delays of 
10 ms, owing to the rapid relaxation of vanadium. In order to increase the signal to noise 
ratio, an exponential line broadening factor of 1 Hz has been used on the FID before Fourier 
transformation. Spectra could usually be evaluated accurately after careful phase corrections 
and multiple point baseline corrections. When this has proved to be impossible, however, the 
resonance has been treated as a multiple peak in the LAKE calculations, as described in 
section 3.3.2. 
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2.3.2 31P NMR 
Phosphorus is a spin ½ nucleus and thus has no quadrupole moment. It is easy to observe 
owing to its high detection sensitivity and almost 100% natural abundance. A drawback is the 
slow relaxation of phosphorus, which requires relaxation delays of several seconds between 
scans. 
In the present work, 31P NMR spectra have been recorded at 202.5 MHz on a Bruker AMX–
500 spectrometer at 25 ± 1 ºC. Field–frequency stabilisation has been achieved in the same 
way as in the case of 51V NMR (section 2.3.1), i.e. by inserting the 8 mm sample tube into a 
10 mm tube containing D2O. Chemical shifts are reported relative to the external reference of 
85% H3PO4 (0 ppm). Generally a spectral width of about 10 ppm and a 45º pulse with 18 s 
relaxation delay have been used. A 1 Hz exponential line broadening has been applied prior to 
Fourier transformation of the spectra. No 31P NMR peak integral values have been used in the 
calculations, only chemical shift data. 

2.3.3 1H, 13C and 14N NMR 
1H has a nuclear spin of ½, which together with its practically 100% natural abundance and 
high sensitivity makes it an excellent NMR nucleus. It is present in the vast majority of the 
compounds and is often in strategic positions. Thus, 1H NMR spectroscopy is arguably the 
most common tool when investigating solution structures, especially in the case of organic 
molecules. Vice versa, 1H NMR spectroscopy is most commonly used for structural 
determinations. 
Owing to its low natural abundance of about 1% accompanied with a low magnetogyric ratio, 
13C is a much less sensitive NMR nucleus than 1H or 51V. Nevertheless, 13C NMR is second in 
importance to 1H NMR. Its popularity is attributable to several factors, including the key role 
of carbon in the skeleton of most molecules, the relatively large chemical shift ranges together 
with narrow lines (owing to large T1 relaxation time constants) and the simplicity of proton 
decoupled spectra. Furthermore, since 13C is a spin ½ nucleus, no broadening owing to 
quadrupolar relaxation occurs. 
In the present work, 1H and 13C NMR measurements have been carried out on a Bruker 
AMX–500 spectrometer at 25 ± 1 ºC. Spectra have been collected at 500.13 MHz in 5 mm 
precision tubes (1H) and at 125.77 MHz in 10 mm tubes (13C). The spectra have been 
referenced against the sodium salt of [D4–2,2,3,3]3–(trimethylsilyl)propionic acid in D2O (for 
1H) and dioxane in [D6]benzene (for 13C). Chemical shifts are given in ppm relative to 
tetramethylsilane (TMS). In the research presented here, 1H and 13C NMR spectra have only 
been used for determining structures and confirming that no oxidation of the organic ligands 
by hydrogen peroxide has occurred. In the case of the H+ – H2VO4

– – citrate system (section 
4.4.1, paper IV), 1H decoupled 13C NMR spectra have also been used to identify the products 
of the oxidation of citrate by vanadate. No 1H/13C NMR spectra have been used in speciation 
calculations. 
Nitrogen has two isotopes, 14N and 15N, and they are both NMR active. 15N has a nuclear spin 
of ½, just like 1H and 13C. Unfortunately, it only has a natural abundance of about 0.4% and 
hence low receptivity. 14N, on the other hand, is about 99.6% abundant, but it is quadrupolar 
(I = 1). As a result, 14N signals are generally easy to detect, but the lines are usually very 
broad, especially when the symmetry around the N atom in the molecule is low (such as in 
most biomolecules). 
14N NMR spectra have been recorded on a Bruker AMX–500 spectrometer at 36,13 MHz at 
25 ± 1 ºC, in 10/8 mm tubes (outer/inner) with field–frequency stabilisation achieved as 
described in section 2.3.1. Chemical shifts have been referenced against 1 M HNO3 (–4.4 
ppm). Similarly to 1H and 13C NMR measurements, 14N NMR has only been used to obtain 
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information about solution structures, and thus no spectra have been utilised in speciation 
calculations. 

2.4 Electron Paramagnetic Resonance (EPR) Spectroscopy 
Paramagnetic ions or molecules with at least one unpaired electron spin absorb microwave 
radiation in the presence of a static magnetic field. This process of resonant absorption is 
known as electron paramagnetic resonance (EPR), or electron spin resonance (ESR), or less 
frequently electron magnetic resonance (EMR). Since the discovery of EPR in 1944 by 
Yevgeny Zavoisky, this spectroscopic method has become widely used in fields ranging from 
physics and chemistry to biology and medicine. The most commonly used spectrometers 
today are in the 9–10 GHz range (X–band). 
Among the advantages of EPR spectroscopy are selectivity and sensitivity. The former is 
because the technique only detects paramagnetic species, revealing information about its 
dynamics and immediate environment. It is of great value, when the species is the important 
part of a large and/or complicated complex, for instance the metal in the active site of an 
enzyme or as a part of a metalloprotein. Since EPR only detects the paramagnetic metal and 
ignores the rest of the bulky protein, spectra are much simpler and information is generally 
easier to extract. The high sensitivity of EPR spectroscopy means that often micromolar 
concentrations of the paramagnetic species can be detected within minutes. In addition, 
samples can be both solids and solutions, and only small amounts are required. 
An EPR spectrum is typically recorded as the first derivative of the absorption spectrum. 
Similarly to NMR, spectra provide information about the concentration of the species, its 
electronic (and thus its chemical) environment and dynamics. The intensity of the lines is 
proportional to the concentration of the unpaired spins that give rise to the spectrum. The g–
value is used to describe the position of a resonance, which is dependent on the local magnetic 
field experienced by the electron and consequently gives information about the immediate 
environment of the paramagnetic species. The line widths reveal information about dynamic 
processes as well as symmetry, while the multiplet structure (splitting) of the spectrum shows 
the interaction of the unpaired spins with nuclear spins. 
As stated already, a species has to be paramagnetic to be observable by EPR spectroscopy. 
Vanadium(V), however, is diamagnetic and thus EPR silent. Vanadium(IV), on the other 
hand, is NMR silent, but is excellent for EPR as it has one d–electron (3d1) and is 
paramagnetic. Furthermore, the predominance of a single isotope (51V, with more than 99% 
natural abundance) together with its unique 7/2 nuclear spin among paramagnetic metal ions 
(resulting in a hyperfine coupling that is characteristic for vanadium species) simplifies the 
interpretation of the EPR spectra considerably. In addition, the electron spin relaxation rate is 
relatively slow, resulting in sharp lines in the EPR spectra even at room temperature (as 
opposed to virtually all other paramagnetic species). This is of great importance for 
biomedical research, when the experimental setup is required to be as close to in vivo 
conditions as possible. Moreover, EPR lines usually remain sharp even upon complex 
formation, since the unpaired electron is located in a d–orbital that is oriented between the 
coordination axes in most vanadium(IV) complexes. Consequently, the electron–nuclear 
couplings to the coordinated ligands are often small enough not to cause extensive broadening 
of the signals. 
Unfortunately, there are numerous limiting factors in the EPR spectroscopy of vanadium(IV) 
as well. One major drawback is that at physiological pH several oligomeric and polymeric 
spin–paired species form (section 1.1.2), which are EPR silent. In addition, some of the 
polymeric forms and the oxide, VO2, are highly insoluble, resulting in precipitation at certain 
pH values unless a strong ligand is present in sufficient concentrations. This means that in 
studying the hydrolysis of vanadium(IV), EPR is not as potent as is NMR in the case of 
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vanadium(V). Reviews of the EPR spectroscopy of the VO2+ ion and on its properties as a 
paramagnetic probe of biological molecules are available in the literature.41, 173, 174, 175, 176, 177, 

178, 179 
In the present work, EPR spectra have been recorded on a Bruker ESP 300E instrument at 9.8 
GHz (X–band). Samples have all been aqueous solutions mounted in 115 μl capillary tubes. 
The microwave power employed has been 5 mW. Spectra have been scanned from 2900 to 
4200 G and recorded as the first derivative of absorption. Since the studies here have focused 
solely on vanadium(V) speciation, no EPR data have been included in the calculations. 
Instead, EPR spectra have been used exclusively to detect the presence of vanadium(IV), that 
is to follow the reduction of vanadium(V), thereby enabling us to identify and exclude non–
equilibrium data. 

2.5 Electrospray Ionisation Mass Spectrometry (ESI–MS) 
Mass spectrometry (MS), unlike the previous experimental methods potentiometry, NMR and 
EPR, is a “destructive” analytical technique. It means that the investigated samples are ruined 
during the analysis and cannot be recovered in their original state. This is owing to the 
fragmentation they undergo. Mass spectrometry has very high specificity and sensitivity, and 
sample amounts can be as low as 10–12 g. 
Generally, a mass spectrometer is built up from the following units: 1) an inlet system, by 
which the sample is introduced and carried to 2) an ionisation chamber, where ions are 
formed by different methods (such as Electrospray Ionisation (ESI), Fast Atom Bombardment 
(FAB), Matrix Assisted Laser Desorption Ionisation (MALDI), etc.). From there they reach to 
3) a mass analyser, which filters the ions according to their mass/charge (m/e) ratio, and 
finally to 4) a detector. 
During the measurement, the sample is first ionised and fragmentation occurs. There are 
different ways to achieve this; ESI is one of the most versatile. It can be used for aqueous and 
organic solutions (even mixtures). Since the fragmentation, when it occurs, is well controlled, 
proteins can also be studied. ESI is considered to be a soft method and it can produce ions 
with very high charges.180, 181 To accomplish this, the solution is passed through a stainless 
steel needle that is kept at a very high potential compared to the counter electrode. As a result, 
a fine spray of microdroplets is formed when the analyte leaves the needle. This spray is 
highly charged and has the same polarity as the charge on the needle. Thus, both positive and 
negative ion modes are available. As the droplets fly to the counter electrode, continuous 
solvent evaporation occurs. Thus, the diameter of the droplet decreases steadily, but the total 
amount of its charge remains the same, which induces instability on the droplet surface, 
owing to electrostatic forces. This instability eventually breaks up the droplets into smaller 
droplets, which also evaporate and break up, and so on. The process can continue until the 
diameter of the droplet becomes so small that all the remaining solvent molecules are forced 
out and a free ion is formed. The ions then are accelerated through a charged array, into the 
mass analyser. This is a curved tube with an applied magnetic field, which bends the path of 
the flying ions. The ones with lower or higher mass (and thus lower or higher momentum) 
than the set value of the analyser are deflected and hit the wall of the curved tube. Only the 
ions that have the mass/charge ratio equal to what has been set by the analyser, pass to the 
detector and produce a signal. By continuously varying the magnetic field of the analyser, 
ions with different mass/charge ratios are allowed to pass through and an entire spectrum is 
collected. A mass spectrum is a plot of relative signal intensities as a function of mass/charge 
ratio. The peaks are usually very sharp (practically single vertical lines) and very accurate 
mass/charge ratios are obtained. Owing to natural isotopic abundances, satellite peaks also 
occur frequently. For instance, in the case of organic compounds, minor peaks at (m+1)/e are 
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usually also observed, owing to the small amount of 13C (1.108% natural abundance) along 
with 12C. 
During the course of the present work, ESI–MS has only been used for the vanadate – 
phosphate system (section 4.5.1). In particular, samples have been analysed to confirm the 
existence of vanadophosphate species. ESI–MS has been an alternative experimental method 
in this case, since vanadophosphate species do not produce a separate 51V NMR signal and are 
not detectable by 31P NMR, owing to their minority and the substantial phosphate excess 
needed for their formation. Mass spectrometry measurements have been performed by Dr. 
Sándor Kéki and his research group at the Department of Applied Chemistry, University of 
Debrecen, Hungary. A BioTOF II instrument (Bruker Daltonics, Billerica, MA) equipped 
with TOF analyser has been used. Sample solutions have been prepared in water ([V]tot = 1 
mM and [P]tot = 9 mM) and introduced directly into the ESI source by a syringe pump (Cole–
Parmer Ins. Co.) at a flow rate of 2 μL/min. The temperature of drying gas (N2) has been 
maintained at 100 oC. The voltages applied on the ESI source have been the following: 2000 
V capillary, 4000 V cylinder, 4500 V endplate and 120 V capillary exit voltages. The voltages 
on the first and the second skimmers have been 40 V and 30 V, respectively. Spectra have 
been accumulated and recorded by a digitiser at a sampling rate of 2 GHz. Altogether about 
30 spectra have been collected in both positive and negative ion modes with samples of 
different pH and total concentrations. The mass spectral results are not quantitative and 
therefore have not been used in the speciation calculations. Instead spectra have only been 
used to check for the presence of different vanadate – phosphate species under various 
conditions. 

2.6 Crystallisation experiments 
Attempts have been maid to obtain structural information in the solid phase for some of the 
species identified in this work. In particular, crystallisation experiments have been carried out 
in the peroxovanadate – picolinate, vanadate – citrate, peroxovanadate – citrate and vanadate 
– phosphate systems (sections 4.1.2, 4.4.1, 4.4.2 and 4.5.1, respectively). (Peroxo)vanadate – 
ligand solutions have been designed to provide the maximum concentration of a specific 
complex, and then have been mixed with different cations and solvents. Experiments have 
been carried out both at 5 ºC and 25 ºC. In addition, in the case of the vanadate – phosphate 
system experiments have been performed at 90 ºC as well, in order to obtain higher 
concentrations of the otherwise very weak complexes. Solutions have been kept in glass 
evaporation dishes as well as in plastic and glass tubes during the experiments. The 
counterions used have been Na+, K+, Rb+, Cs+, NH4

+, tetramethyl ammonium (TMA+), Mg2+, 
Ca2+, Al3+ and La3+. The solvents have been mixtures of water and methanol, ethanol, 
isopropanol (2–propanol), acetone and diethyl ether. 
Unfortunately, none of the desired compounds have been obtained, despite all the efforts. This 
is probably owing to the high solubility and/or extremely small amounts of the complexes as 
well as to the considerable loss of peroxide over the time needed for crystal growth in certain 
cases. Thus, instead of (peroxo)vanadate complexes, crystals of the ligands or of vanadates 
with different counterions have been formed. 

2.7 Simple blood tests 
Although peroxovanadates have been shown to have significantly higher activity than the 
simple inorganic vanadium salts with respect to insulin–like effects,144, 162, 182 tests are almost 
exclusively carried out on cell cultures. In human blood, however, the enzyme human catalase 
decomposes peroxide in a very rapid and effective way. Therefore, it is of interest to examine 
whether peroxovanadate compounds are able to resist human catalase. In order to investigate 
the stability of the formed peroxovanadate – ligand complexes in the presence of the enzyme, 
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simple blood tests have been carried out. Peroxovanadate solutions ([V]tot = 20 mM, [H2O2]tot 
= 40 mM) have been prepared at about pH = 7.4 in 0.150 mM Na(Cl) medium, with the 
following ligands added ([Ligand]tot = 40 mM): imidazole, picolinic acid, L–α–alanyl–L–
histidine, L–α–alanyl–L–serine, lactic acid and citric acid. One solution has been left with no 
added organic ligand to include inorganic peroxovanadates for comparison. The 51V NMR 
spectra of the solutions (2 ml) have been recorded before and after the addition of several 
drops of freshly taken human blood. The loss of peroxide has been followed by recording the 
51V NMR spectrum of each solution at certain time intervals after the addition of blood. No 
blood preparations have been used owing to problems with added constituents in them, most 
notably citrate. The fresh blood samples have been taken from subjects of different age, 
gender and nationality at random times of the day with no dietary restrictions. The 51V NMR 
measurements have been carried out at 25 °C as described in section 2.3.1. 
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3. Treatment of equilibrium data 

3.1 Equilibria and mass balances 
In this thesis, equilibrium relations are written in terms of the components H+, H2VO4

–, H2O2, 
LAn– and LB–. The charge “n” is zero when LA refers to alanyl serine, three when to citrate 
and one in all other cases. LB refers to lactate in Paper IV and in section 4.6. 
Thus, complexes in general are formed according to reaction [7]: 
 
pH+ + qH2VO4

– + rH2O2 + sLAn– + tLB–  (H+)p(H2VO4
–)q(H2O2)r(LAn–)s(LB–)t

p–q–ns–t [7] 
 
 
Overall formation constants are denoted βp,q,r,s,t, and complexes are often referred to as 
(p,q,r,s,t) or VqXrLAsLBt

z–, where X stands for the peroxo ligand. 
An example is given for the formation of the decavanadate species V10O28

6– (Table 1): 
 
   4H+ + 10H2VO4

–  V10O28
6– + 12H2O    [8] 

 
As can be seen, altogether four protons and ten dihydrogen vanadates are required in this 
condensation reaction, and thus the (p,q,r,s,t) notation for the resulting decavanadate is 
(4,10,0,0,0) as indicated in Table 1. 
The total concentration of vanadium, hydrogen peroxide, LA and LB are denoted [V]tot, 
[H2O2]tot, [LA]tot and [LB]tot, respectively. 
 
By combining the law of mass action with the conservation equation, the total concentrations 
of each component can be calculated as given in equations [9] – [13]: 
 
H = h – Kwh–1 + ΣΣpβp,qhpbq + ΣΣpβp,rhpcr + ΣΣpβp,shpds + ΣΣpβp,thpet + ΣΣΣpβp,q,rhpbqcr + 
 ΣΣΣpβp,q,shpbqds + ΣΣΣpβp,q,thpbqet + ΣΣΣΣpβp,q,r,shpbqcrds + ΣΣΣΣpβp,q,r,thpbqcret + 
 ΣΣΣΣpβp,q,s,thpbqdset + ΣΣΣΣΣpβp,q,r,s,thpbqcrdset      [9] 
 
B = b + ΣΣqβp,qhpbq + ΣΣΣqβp,q,rhpbqcr + ΣΣΣqβp,q,shpbqds + ΣΣΣqβp,q,thpbqet + 
 ΣΣΣΣqβp,q,r,shpbqcrds + ΣΣΣΣqβp,q,r,thpbqcret +  ΣΣΣΣqβp,q,s,thpbqdset + 
 ΣΣΣΣΣqβp,q,r,s,thpbqcrdset         [10] 
 
C = c + ΣΣrβp,rhpcr + ΣΣΣrβp,q,rhpbqcr + ΣΣΣΣrβp,q,r,shpbqcrds + ΣΣΣΣrβp,q,r,thpbqcret + 
 ΣΣΣΣΣrβp,q,r,s,thpbqcrdset         [11] 
 
D = d + ΣΣsβp,shpds + ΣΣΣsβp,q,shpbqds + ΣΣΣΣsβp,q,r,shpbqcrds + ΣΣΣΣsβp,q,s,thpbqdset + 
 ΣΣΣΣΣsβp,q,r,s,thpbqcrdset         [12] 
 
E = e + ΣΣtβp,thpet + ΣΣΣtβp,q,thpbqet + ΣΣΣΣtβp,q,r,thpbqcret + ΣΣΣΣtβp,q,s,thpbqdset + 
 ΣΣΣΣΣtβp,q,r,s,thpbqcrdset         [13] 
 
H is the total concentration of H+ over the zero level of H2O and chosen components, while B, 
C, D and E are the total concentrations of vanadium, hydrogen peroxide and ligands. The 
corresponding free concentrations are denoted h, b, c, d and e, respectively. Kw is the ionic 
product of water in 0.150 M Na(Cl) medium. 
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3.2 Evaluation of equilibria 
The aim of equilibrium studies is to determine the stoichiometry (the values of p,q,r,s and t in 
equation [7]), charge and formation constants for all species formed in the different systems. 
The following types of reactions contribute to the equilibrium and thus should be taken into 
account: the hydrolysis of vanadium, the protonation of the ligands and the formation of three 
and four component complexes. 
The formation constants of the binary H+ – H2VO4

–,183 and ternary H+ – H2VO4
– – H2O2 

species83 have already been determined in 0.150 M Na(Cl) medium at 25 °C by the 
combination of potentiometry and 51V NMR spectroscopy. 
The acid–base properties of the ligands have been evaluated by potentiometric titrations as 
described in section 2.2.1. In the case of phosphate (section 4.5, paper V), 31P NMR chemical 
shift data have also been included in the LAKE calculations. For the description of 31P NMR 
measurements, see section 2.3.2. 
The three and four component equilibria have been evaluated by combined potentiometric and 
51V NMR data. Potentiometric data have been obtained by separate pH–measurements of 
individual solutions (“point solutions”) as described in section 2.2.2. From 51V NMR 
measurements (section 2.3.1), both integral and chemical shift data have been used. In 
general, NMR data have been of very good quality, except for small, broad and/or severely 
overlapping peaks. In such cases, data have been given a lower weight and the overlapping 
peaks have been treated as one multiple (double or triple) peak whenever necessary in LAKE 
calculations (section 3.3.2). 
EPR has only been used to test for the presence of vanadium(IV) in solutions, and whenever 
found, the corresponding solution has been excluded from the equilibrium calculations, as the 
studies focused exclusively on vanadium(V) speciation. 1H, 13C and 14N NMR have only been 
applied to obtain information on solution structures. Thus no EPR, 1H, 13C or 14N NMR data 
have been included in equilibrium analyses. 

3.3 Computer programs 

3.3.1 Spectra evaluation programs 
For accurate quantitative NMR data analysis, careful integral evaluation and peak 
deconvolution are necessary. For this purpose, 1D WIN–NMR, version 950901.0 from 
Bruker, has been used on Microsoft Windows NT and XP platforms. For initial printouts of 
the spectra and for determining absolute integral values, XWIN–NMR version 2.5 has been 
used on Unix Irix Release 6.5 platform. 

3.3.2 LAKE 
The least squares program LAKE184 has been used to determine the stoichiometry (p,q,r,s,t) 
and corresponding formation constants (βp,q,r,s,t) of the species. This program is capable of 
treating multimethod data simultaneously, for instance NMR integral, chemical shift and 
potentiometric data. 
Formation constants for complexes (H+)p(H2VO4

–)q(H2O2)r(LAn–)s(LB–)t
p–q–ns–t of arbitrary but 

systematically changed (p,q,r,s,t) values are varied so that the error squares sum, U = 
Σ(WiΔAi)2, is minimised. The set of complexes giving the lowest value of U represents the 
model that describes the data best. Ai can be the total concentrations of the components, free 
species concentrations, NMR integral values, chemical shifts, or even the combinations of 
these. For NMR data, several complexes of the same or different nuclearities can be included 
in the same peak integral (multiple peak), thereby testing whether or not a particular 
resonance can originate from more than one species. Wi is a weighting factor, which is applied 
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to ensure proper contribution of the data. In this work, Wi has generally been used to provide 
NMR integral data a predominant contribution to the sum of residuals. In addition, a 
weighting factor that gives different vanadium concentrations similar contributions has been 
employed. 

3.3.3 Distribution diagrams 
Distribution diagrams are a great help in illustrating the “strength” of each species and in 
visualising the often very complicated speciation. Using the constants obtained from LAKE 
optimisations, calculations of distribution diagrams have been performed by WinSGW,185 a 
program package based on the SOLGASWATER algorithm.186 DeltaGraph (SPSS Inc., 
Version 4.0.5) has been used for the plotting of the diagrams. This software is capable of 
exporting graphs in eps format and more importantly enables the insertion of experimental 
data points. This latter function is especially useful when illustrating the fit of the model to 
the experimental data. 
Diagrams have been simplified in many cases by showing only the sum of certain species and 
generally species below 2% of the total vanadium concentration have been omitted for clarity. 
Moreover, model calculations have been performed to physiological conditions, with the 
limitations of such modelling kept in mind. 
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4. Results and Discussion 
In order to be able to determine the complete and accurate speciation in the ternary H+ – 
H2VO4

– – Ligand and quaternary H+ – H2VO4
– – H2O2 – Ligand and H+ – H2VO4

– – Ligand A 
– Ligand B (mixed ligand) systems, the complete speciation of the respective subsystems 
must be known under the same experimental conditions. These in the present study meant a 
constant ionic strength of 0.150 M Na(Cl) (section 2.1) and a temperature of 25 ºC. 
The speciation in the binary H+ – H2VO4

– system has been first accurately determined in 
0.600 M Na(Cl) medium by the combination of potentiometry and 51V NMR spectroscopy.35 
It has later been re–determined in 0.150 M Na(Cl) medium by the same method.183, 187 It has 
been of special importance for the present work, since the study of the (peroxo)vanadate – 
phosphate system (section 4.5, paper V) required the most accurate 51V NMR chemical shift 
data even for the binary vanadates (Table 1). 
 
  p, q, r, s Formula Notation logβ pKa 51V NMR shift / ppm 

–1,1,0,0 
  0,1,0,0 
  2,1,0,0 

HVO4
2– 

H2VO4
– 

VO2
+ 

V1 
   –8.17 
     0 
    7.00 

 
  8.17 –536 to –561 

–2,2,0,0 
–1,2,0,0 
  0,2,0,0 

V2O7
4– 

HV2O7
3– 

H2V2O7
2– 

V2
 

–16.19 
  –5.85 
    2.65 

 
10.34 
  8.50 

–560 to –574 

–2,3,0,0 
–1,3,0,0 

V3O10
5– 

HV3O10
4– V3 a  a 

–2,4,0,0 
–1,4,0,0 

V4O13
6– 

HV4O13
5– l–V4

   –9.98 
  –0.63 

 
9.35 –566 to –571 

  0,4,0,0 V4O12
4– V4

     9.24  –576.7 

 0,5,0,0 V5O15
5– V5

 11.17  –585.2 

 0,6,0,0 V6O18
6– V6

       b    b 

4,10,0,0 
5,10,0,0 
6,10,0,0 
7,10,0,0 

V10O28
6– 

HV10O28
5– 

H2V10O28
4– 

H3V10O28
3– 

V10 

   50.28 
   56.90 
   61.07 
   62.93 

 
6.62 
4.17 
1.86 

–423 to –426 [2 central] 
–485 to –512 [4 corner] 

–514 to –531 [4 capping] 

10,13,0,0 [H12V13O40]3– V13   –523.3 [1 tetrahedral] 
–537.7 [12 octahedral] 

Table 1  Species, notation, formation constants and 51V NMR chemical shifts for the binary H+ – H2VO4
– system 

in 0.150 M Na(Cl) medium at 25 ºC. For the definition of the p, q, r, s numbering system, see section 3.1. 
a) These species does not produce a separate signal, instead they are incorporated in that of the tetrameric 
species. Data are not decisive enough to determine whether the peak originates from V3 or V4 (or probably both) 
species. b) Has not been observed in the physiological medium. 
 
The speciation in the ternary H+ – H2VO4

– – H2O2 has been determined in 0.150 M Na(Cl) 
prior to this study83 and those formation constants have been used without modifications. 
For the binary H+ – Ligand systems, equilibrium data have mostly been obtained by 
potentiometric titrations (section 2.2.1). However, in case of the H+ – H2PO4

– system (section 
4.5.1, paper V), 31P NMR chemical shift data have also been used. To exclude possible 
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interactions between H2O2 and the organic ligands (such as the oxidation of the ligands, 
especially citrate and lactate, which are known to be reducing), 13C NMR spectra of 0.300 M 
ligand solutions have been recorded before and 69 hours after the addition of approximately 
0.600 M H2O2. No changes have been observed for any of the ligands. 
Since the proton consumption of the formed vanadate – ligand complexes is similar to those 
in the binary H+ – H2VO4

– system, potentiometry alone is not sufficient in solving the 
speciation, the emf data not being decisive enough. The same is true in the case of isomers. 
Consequently, higher weight has been placed on NMR data in LAKE calculations. Using the 
obtained model, solutions with the maximum amount of a particular species have been 
prepared to study the structures in solution by multinuclear NMR. 13C NMR in particular has 
been used to elucidate solution structures, investigate possible interactions of H2O2 with the 
organic ligands and to determine the products of citrate oxidation by vanadate (section 4.4.1, 
paper IV). 

4.1 Picolinate as ligand 
The interaction between picolinate (2–pyridinecarboxylate, Pi–, Figure 1a) and 
(peroxo)vanadate species has been studied in paper I. Picolinate has been chosen because 
both vanadium(IV) and (V) complexes with this ligand (and its derivatives) have been shown 
to have promising insulin enhancing properties.19, 20, 21, 23, 107, 155, 159, 188, 189, 190, 191 In addition, 
Pi– contains an aromatic N as donor atom, through which it can form strong complexes with 
peroxovanadates. These peroxovanadate complexes are of great interest, owing to their 
synergistically improved insulin–like effects. Furthermore, peroxovanadate – picolinate 
complexes are potent oxidants, and thus can be applied in different catalytic processes.192, 193 
This area of catalysis, however, is outside the scope of the present thesis. 

4.1.1 The H+ – H2VO4
– – picolinate system 

 
The pKa values of picolinic acid have been 
determined by automated potentiometric titrations in 
the physiological medium and are given in Table 2. 
51V NMR showed that picolinate forms complexes 
with vanadate between approximately pH 1 and 8, 
and that complex formation is strongly favoured at 
acidic pH values. Signals in general are very broad 
and frequently overlapping with each other and with 
those of the inorganic vanadates (Figure 2). 
Equilibrium is fast, except in the presence of 
decavanadates. Reduction of vanadium has not been 
observed during the experiments. 
Altogether six vanadate – picolinate species have 
been found and all of them are mononuclear in 
vanadium (Table 2). An additional species, giving 
rise to a very small signal at about –556 ppm, has 
been excluded from the model, since it is present in 
such a limited pH region (6.2 – 7.2) and extremely 
small amount, that its composition and formation 
constant could not be determined. 

Figure 2  51V NMR spectra of solutions in the H+ –
H2VO4

– – Pi– system at different pH values at [V]tot = 20 
mM and [Pi]tot = 20 mM. 
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V10’

V10’’

VPi2

*VPi2

VPi

**VPi2

V1
V1

V2*VPi

V4
V5

pH

δ(
51

V
)/

pp
m

VX(Pi) -region

VX2(Pi)-region

VX2

V2X4

VX3

VXPi

*VXPi2
**VXPi2

VX

VXPi2

V(Pi)-region

*VX2Pi
VX2Pi

*VXPi

 
  p, q, r, s 
 

 
Notation 

 
logβ  (3σ) 

 
pKa 

 

51V NMR shift / ppm 

0,0,0,1 
1,0,0,1 
2,0,0,1 

Pi– 
           Pi 

Pi+ 

    0 
    5.170  (0.007) 
    6.04    (0.06) 

 
5.17 
0.87

 

2,1,0,2 VPi2
–    18.92   (0.03)  –513 

2,1,0,2 *VPi2
–    18.77   (0.04)  –530 

2,1,0,2 **VPi2
–    18.24   (0.05)  –553 

1,1,0,1 
2,1,0,1 

VPi– 

VPi 
9.31   (0.03) 

   14.06   (0.03) 
 

4.75
–536 
–550 

1,1,0,1 *VPi–      8.7     (0.2)  –568 

Table 2  Species, notation, formation constants and 51V NMR chemical shifts for the binary H+ – Pi– and ternary 
H+ – H2VO4

– – Pi– systems in 0.150 M Na(Cl) medium at 25 ºC. Major species are outlined in bold and asterisks 
are used to differentiate between species of the same composition but different structure. 

 
Generally, the bispicolinato 
complexes are very strong, and 
when excess of picolinate to 
vanadium is applied, they quickly 
become predominant. The 
exception is found in very acidic 
solutions, where most vanadium is 
bound in the monovanadate – 
monopicolinate (VPi) complex, 
even at a threefold picolinate to 
vanadium ratio. The resonance 
originating from this VPi complex 
is the only one among all the 
signals of the ternary vanadate – 
picolinate species that changes its 
chemical shift versus pH, 
indicating (de)protonation (Figure 
3). 

Figure 3  51V NMR chemical shifts in 
the ternary H+ – H2VO4

– – Pi– and 
quaternary H+ – H2VO4

– – H2O2 – Pi– 

systems as a function of pH. Chemical 
shifts of the binary H+ – H2VO4

– and 
ternary H+ – H2VO4

– – H2O2 systems 
are included for comparison. X stands 
for the peroxo ligand in all notations. 
Dominating species are written in bold. 
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In addition to changing its position, the 
resonance also sharpens with increasing 
pH, with its half–width decreasing from 
550 Hz to 150 Hz. This could in 
principle be owing to two things. Firstly, 
it can be explained by a possible 
exchange processes that becomes either 
non–existent or too fast on the NMR 
timescale as pH increases. Secondly, a 
change in symmetry could also cause the 

sharpening. To determine which of the two possible explanations is valid in this case, 51V 
NMR spectra of solutions at different pH have been recorded at different temperatures. The 
resonance has been found to broaden with increasing temperature, which clearly indicates that 
the sharpening of the signal is caused by the deprotonation reaction, and not by a change in 
symmetry, as this latter one should not show the observed temperature dependence. 

The validity of the model presented in 
Table 2 is illustrated by a distribution 
diagram, where the lines are calculated 
according to the model and the symbols 
represent experimental data points 
(Figure 4). As can be seen, the fit is very 
good, even in the case of minor 
complexes with occasionally overlapping 
signals. 
With this speciation of the system at 
hand, a model calculation has been 
performed at [V]tot = 1 μM and [Pi]tot = 
20 mM (Figure 5). These concentrations 
represent conditions similar to the ones 
that may occur during a possible drug 
administration, i.e. very low vanadium 
total concentration with an extreme 
excess of the ligand. Since already with a 
threefold excess of picolinate all 
vanadium is bound to the ligand over a 

wide pH range, it is not surprising to see the dominance of the bispicolinato complexes. 
Although these concentration conditions cannot be checked experimentally, the major features 
of the model should hold, since under the given conditions, mononuclear vanadium 
complexes with a Pi:V ratio higher than one should predominate. As three monovanadium – 
bispicolinate species (Table 2) have been found in this system, and the formation of 
monovanadate – trispicolinate complexes is rather unlikely, the model should describe the 
conditions satisfactorily. One deviation may be the possible existence of additional minor, 
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Figure 4  Distribution of vanadium (FV) as a 
function of pH at [V]tot = [Pi]tot = 20 mM. 
Symbols represent experimental data points, 
curves are calculated according to the model 
presented in Table 2. Asterisks denote species 
of the same composition but different structure, 
in decreasing order of dominance with 
increasing number of asterisks. 
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Figure 5  Distribution of vanadium (FV) as a function of 
pH at [V]tot = 0.001 mM and [Pi]tot = 20 mM. The sum of 
monovanadate species is shown. Asterisks denote species 
of the same nuclearity but different structure, in 
decreasing order of dominance with increasing number of 
asterisks.
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isomeric species, which have not been detected (or could not be determined) under the 
experimental conditions used in our experiments. Another factor influencing the speciation 
under physiological conditions is the presence of numerous other ligands in blood, which may 
completely or partially replace the original carrier, in this case picolinate. This is discussed in 
more detail in section 4.6. From a biomedical point of view, the stability of the complexes 
over a wide pH range is of special interest, as it includes the acidic conditions of the stomach 
as well as pH = 7.4, the pH in human blood. Thus, if administered as an oral drug, vanadate 
could be bound to picolinate all the way from the digestion of the pill until it enters the 
bloodstream and from there the cells. 

4.1.2 The H+ – H2VO4
– – H2O2 – picolinate system 

 
In this quaternary system, seven new 51V NMR 
signals have been observed in addition to the 
ones originating from the subsystems (Figure 
3). These resonances, however, are much 
narrower than those of the ternary vanadate – 
picolinate species (c.f. Figure 2 and Figure 6), 
and apart from certain very limited pH ranges, 
there are no problems with overlaps (Figure 3). 
Equilibrium is usually reached within 15 
minutes in the absence of decavanadates. It is 
slowed down considerably when 
decavanadates form at pH 4 – 7, as their 
decomposition can take more than 24 hours. 
Decavanadate formation can be prevented by 
applying either picolinate or peroxide in excess 
and/or choosing the order of addition of the 
components carefully. This allows quicker 
measurements. No problems with reduction or 
with loss of peroxide have occurred during the 
time needed for equilibration and 
measurements. Similarly to the ternary H+ – 
H2VO4

– – Pi– system, complexation is 
favoured at acidic pH. On the other hand, 
peroxovanadate – picolinate species exist at 
neutral and alkaline pH as well, which shows 
that the presence of peroxo ligand(s) around 
vanadium enhances complex formation with 
picolinate.* 
LAKE calculations showed that the seven 
resonances originate from eight complexes 
(Table 3). 

                                                 
* For a comparison of the effects of different donor sets on the stability of peroxovanadate complexes, see paper 
VI and section 5. (Summary and Concluding Remarks). 

Figure 6  51V NMR spectra of solutions in the 
quaternary H+ – H2VO4

– – H2O2 – Pi– system at 
different pH values. [V]tot = 20 mM, [H2O2]tot = 41 mM,
[Pi]tot = 15 mM. 
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Again similarly to the ternary vanadate – picolinate system, only mononuclear vanadate 
species have been found. The number of peroxo–ligands around the vanadium centre has a 
clear effect on the location of the 51V NMR signal, and the spectra can be divided into non–, 
mono– and diperoxo–regions accordingly (Figure 3), with the latter one including the only 
species that contains more than two peroxo groups per vanadium: VX3

2–. This allows some 
limited initial assumptions on the composition of a species. Calculations confirmed those 
postulations and the following nuclearities have been found: VXPi, VXPi2 and VX2Pi, with 
charges from 0 to –2. It should be noted that the major species in this system have previously 
been identified by Conte et al.81 
 

 
  p, q, r, s 
 

 
Notation 

 
      logβ   (3σ) 

 
pKa 

 

51V NMR shift / ppm 

    2,1,1,1         VXPi      20.22  (0.04)              –600.0 
0,1,1,1 
1,1,1,1 

*VXPi2– 
*VXPi– 

       7.07  (0.11) 
     14.66  (0.08) 

 
7.59 

–658.0 
–658.0 

2,1,1,2 VXPi2
–      25.96  (0.03)  –632.2 

2,1,1,2 *VXPi2
–      24.64  (0.04)  –610.6 

2,1,1,2 **VXPi2
–      23.96  (0.14)  –616.0 

0,1,2,1 VX2Pi2–      14.67  (0.02)  –744.8 
0,1,2,1 *VX2Pi2–      13.98  (0.03)  –741.4 

Table 3  Species, notation, formation constants and 51V NMR chemical shifts for the quaternary H+ – H2VO4
– – 

H2O2 – Pi– system in 0.150 M Na(Cl) medium at 25 ºC. Major species are outlined in bold. Asterisks are used to 
differentiate between species of the same nuclearity but different structure. 

 
Isomerism is rather frequent in this system, owing to the different possible binding modes of 
picolinate, i.e. whether the aromatic N atom occupies an equatorial (favoured) or an axial 
position (less favoured). Thus, to differentiate between complexes of the same composition 
but different structures, asterisks are used in the notations in a manner that more asterisks 
denote less dominant species. An example is the species VX2Pi2– and *VX2Pi2–. Although 
both complexes have exactly the same composition and charge, they show two distinct, 
however rather close 51V NMR signals, at chemical shifts –744.8 and –741.4 ppm, 
respectively (Table 3). This means that they are clearly not identical and the difference lies in 
the coordination mode of the picolinate ligand. Unfortunately, *VX2Pi2– is present in very 
small amounts only, and thus its solution structure could not be determined. In the case of 
VX2Pi2–, on the other hand, 13C NMR data (Table 4) and the known crystal structure of a very 
similar compound155 provided enough information to draw conclusions about the structures in 
solution, which gives a possible explanation for the differences between the two isomers. 
Based upon the above mentioned information, the central vanadium atoms in both complexes 
should have somewhat distorted pentagonal bipyramidal structures, with the two peroxo 
ligands bound side–on in the equatorial positions. Picolinate is presumably bidentate in both 
isomers, using its aromatic N and carboxylic O as donor atoms. In VX2Pi2–, the aromatic N is 
in an equatorial position and the carboxylic O is in an axial position, trans to the double 
bonded oxygen (i.e. farther away). In the minor *VX2Pi2–, the situation is reverse and the 
aromatic N is placed farther from the central vanadium, in the axial position (Figure 7). This 
should be considerably disfavoured, owing to the observed preference of peroxovanadates to 
aromatic N donor atoms over O atoms (paper VI). 
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In complexes where there is only one peroxo 
ligand (compositions VXPi and VXPi2), 
there is even a greater variety of 
possibilities. According to available solid 
structures of related compounds in the 
literature,192, 193, 194 both the VXPi – and the 
VXPi2 – type complexes should have 
pentagonal bipyramidal structures with a 
side–on peroxo ligand in equatorial position. 
The picolinate ligand can either be bidentate 
(preferred) or monodentate. When bidentate, 
both donor atoms can ideally occupy the 
equatorial sites, as in the major VXPi 
species. When monodentate, however, it is 
most likely the aromatic N that remains in 

the equatorial position and the carboxylic O is left flanking, and consequently it is available 
for protonation. This is in accordance with the fact that the 51V NMR signal of *VXPi2– does 
not change its position upon protonation (Table 3 and Figure 3), which means that the 
addition of H+ should take place remotely from the central vanadium (i.e. on the non–
coordinated carboxylate group). 
 
Atom numberinga δ (free ligand)/ ppm Δδ (VX2Pi2–)b / ppm Δδ (VXPi2

–)c / ppm 
C1 151.69,b 148.97c 4.07 2.43, 3.54 
C2 127.10,b 129.76c 1.71 0.14, –0.24 
C3 141.51,b 144.44c 3.73 1.22, 2.14 
C4 128.81,b 131.83c 2.24 0.70, 1.04 
C5 156.27,b 150.67c –2.07 1.84, 3.46 
C6 176.34,b 166.94c –3.83 5.72, 7.90 
Table 4  13C NMR chemical shifts (δ) data for selected peroxovanadate – picolinate species. Values are given in 
ppm relative to TMS, the difference (Δδ) is calculated as Δδ = δ(complex bound ligand) – δ(free ligand). a See 
Figure 1a. b Values at pH = 8.57, [V]tot = 250 mM, [H2O2]tot = 500 mM, [Pi]tot = 300 mM. c Values at pH = 3.70, 
[V]tot = 100 mM, [H2O2]tot = 220 mM, [Pi]tot = 300 mM. In the case of VXPi2

–, the two picolinate ligands are not 
equivalent, but it was impossible to determine which one gives rise to which peak. Therefore, Δδs are always 
given in increasing order of their absolute value, irrespective of which of the two picolinate ligands they 
originate from. 

 
If there is not enough space to accommodate all bidentate ligands in the equatorial sites, as is 
the case with the bispicolinato (VXPi2–type) species, mono– and/or bidentate picolinates 
occupy the remaining positions in different ways, producing isomers. Again, one of the donor 
atoms (preferably the carboxylic O) can occupy the less favoured axial position or it can be 
left non–coordinated. For the major VXPi2

– complex, 13C NMR revealed that both picolinate 
ligands are bidentate, but they are coordinated differently (Table 4). From 13C chemical shift 
data it seems that the carboxylic O of one picolinate occupies the remaining equatorial site, 
while that of the other picolinate is in axial position. The solution structures of the isomers 
could not be determined, owing to the extreme scarcity of the species. 
Modelling of physiological conditions has been performed using the formation constants 
presented in Table 3. Similarly to the model made for the vanadate – picolinate system 
(section 4.1.1), very low vanadium total concentration (1 μM) has been used, with an 
extreme, 20,000–fold excess of picolinate, and a 10–fold excess of peroxide. As can be seen 
in Figure 8, virtually all vanadium is bound in quaternary peroxovanadate – picolinate species 
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Figure 7  Proposed structures for the different 
VX2Pi2– species. The one on the left is the more 
favoured, since there the aromatic N is closer to the 
central vanadium atom. 
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between pH 2 and 6. At physiological 
pH, however, approximately one third 
of all introduced vanadium is present in 
ternary, inorganic peroxovanadates. 
Ternary vanadate – picolinate 
complexes are never present in any 
appreciable amount, and the binary, 
inorganic vanadates are represented 
only by the cationic species VO2

+ at pH 
< 2. Thus, according to this model, 
picolinate can in theory keep a 
substantial amount of peroxovanadate 
bound in its complexes from the very 
acidic pH of the stomach all the way to 
the nearly neutral pH of the blood. The 
limitations of such modelling, however, 
should never be forgotten. One obvious 
problem is that these concentration 
conditions cannot be achieved in our 
measurements, which leaves room for 
the existence of other species that have 
not been observed during the 
experiments. Such species, however, 
are very unlikely to be present in 
substantial amounts. Another issue is the stability of the formed peroxovanadate compounds 
in human blood. Although we have determined their stability in aqueous solutions in 
connection with the present speciation study, there are also other factors influencing the 
decomposition of peroxo species in human blood. One of the most important of those factors 
is the presence of the enzyme human catalase, which is responsible for the very effective and 
fast decomposition of hydrogen peroxide in blood. Thus, the stability of the formed 
peroxovanadate complexes in the presence of this enzyme has also been studied and the 
results are reported in section 4.7.2. In addition, since there are bispicolinato species present 
in this system, mixed ligand complexes can in theory be formed by replacing one of the 
picolinate ligands with a ligand present naturally in blood. This possibility has also been 
explored to some extent, as described in section 4.6. Furthermore, studies of vanadium(IV) – 
ligand systems showed that transferrin is an effective competitor for the metal and binds more 
effectively than any other ligand.195 Indeed, this protein has a profound effect on the 
distribution of vanadium(V) in human blood, as discussed in section 4.7.1. 

4.2 Alanyl serine as ligand 
Paper II describes the speciation in (peroxo)vanadate systems with the dipeptide alanyl serine 
(L–α–alanyl–L–serine, Alaser, Figure 1b). There are numerous reasons why the interaction of 
(peroxo)vanadates with this ligand is of interest. First of all, protein fragments, such as 
dipeptides, can be considered as structural models for the unspecific binding of vanadium to 
proteins. Experimental studies are simplified considerably given the much simpler 
composition of dipeptides compared to an entire protein. In addition, by choosing the amino 
acids that are present in the active site of an enzyme, the most important part of the protein is 
represented by the model. Water–soluble complexes are of particular interest in this field, 
focusing on possible medical applications. As mentioned already in section 1.3, vanadium is 
also known to be present in (the cofactor of) certain haloperoxidase and nitrogenase enzymes. 

Σ

Figure 8  Distribution of vanadium (FV) as a function of 
pH at [V]tot = 0.001 mM, [H2O2]tot = 0.01 mM and [Pi]tot
= 20 mM. The sum of diperoxovanadate species (VX2) 
is shown. Asterisks denote species of the same 
composition but different structure. 
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In haloperoxidases, vanadate is coordinated among others to the Nε of a histidine moiety, but 
there is also a serine in the active site, reportedly taking part in binding vanadium.196, 197 The 
system is also of interest because it has been shown that vanadium is bound to serine in the 
vanadate – inhibited E. coli alkaline phosphatase.198 The speciation in the vanadate – H2O2 – 
L–α–alanyl–L–histidine (Alahis, Figure 1c) system has previously been studied in the 
physiological medium.183 Interestingly, it has been found that the imidazole residue of 
histidine does not bind to vanadium in the absence of peroxo ligands. On the other hand, it is 
the only one binding when there are peroxo ligands around the central vanadium. Thus, the 
potentially multidentate dipeptide becomes monodentate, using its only aromatic N donor 
atom to coordinate to the central vanadium. By substituting histidine with serine, this 
imidazole residue is removed, and the aromatic nitrogen donor is replaced by an aliphatic 
oxygen (c.f. Figures 1b and 1c). Our goal has been to investigate the effects of this 
replacement both in the absence and in the presence of peroxide, and to gain insight to the 
stability and solution structures of the formed complexes with Alaser. 

4.2.1 The H+ – H2VO4
– – alanyl serine system 

In order to be able to determine the speciation in this ternary system, all its subsystems must 
be known. This naturally includes the binary H+ – Alaser system. Since there have been no 
acidity constants reported in the physiological medium for Alaser prior to this study, we have 
determined those in four sets of automatic titrations. The resulting values are listed in Table 5. 
 

 
  p, q, r, s 
 

 
Notation 

 
logβ  (3σ) 

 
pKa 

 

51V NMR shift / ppm 

–1,0,0,1 
  0,0,0,1 
  1,0,0,1 

Alaser– 
       Alaser 

Alaser+ 

     –8.04  (0.01) 
            0   
       3.07  (0.01) 

 
8.04 
3.07 

 

–1,1,0,1 *VAlaser2–      –5.80  (0.05)  –502.6 

  0,1,0,1 VAlaser–        2.42  (0.01) (8.22) –516.5 

Table 5  Species, notation, formation constants and 51V NMR chemical shifts for the binary H+ – Alaser and 
ternary H+ – H2VO4

– – Alaser systems in 0.150 M Na(Cl) medium at 25 ºC. The major species is outlined in bold 
and an asterisk is used to differentiate between complexes of the same nuclearity but different structure. 

Figure 9 shows a set of typical 51V NMR spectra as a function of pH. As can be seen, there 
are only two new signals appearing apart from those of the inorganic vanadates, and both are 

rather broad. At certain pH 
values, the signal at –519 ppm 
overlaps with the peak arising 
from the capping vanadium 
atoms of the decavanadates 
(denoted as V10’’ in the figure). 
This made deconvolution 
difficult, and thus whenever 
possible, efforts have been 

Figure 9  51V NMR spectra of 
solutions in the ternary H+ – H2VO4

–

– Alaser system at different pH 
values. [V]tot = 4 mM, [Alaser]tot = 
16 mM. 
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made to avoid the formation of decavanadates. Equilibrium is relatively fast in the absence of 
V10. Nevertheless, solutions generally have been equilibrated overnight in order to make sure 
that any traces of decavanadates have decomposed. 
LAKE calculations showed that the two observed signals originate from two different 
monovanadate – monoligand complexes, VAlaser– and *VAlaser2–. Although judging by the 
composition alone, the difference between these two species appears to be only in 
protonation, their distinct 51V NMR signals indicate that they have different ligand 
coordination geometries as well. Hence, an asterisk is used in the notation and the pKa value 
can be considered as a “pseudo” one and is thus given in parentheses (Table 5). Further 
evidence of the difference in ligand geometries has been obtained by 1H and 13C NMR. Those 
data suggest different tridentate coordination geometries of the dipeptide in the two 
compounds. A common feature is that the oxygen in the hydroxyl group of serine is not 
coordinated in either of the complexes. Similar behaviour has been observed in the 

corresponding species of the Alahis 
system, where the imidazole of histidine 
is left flanking in much the same way as 
the hydroxyl of serine is in Alaser.183 
It is interesting to compare the 
speciation of vanadium in the presence 
of these two dipeptides. The distribution 
of vanadium among the different species 
is shown at 4 mM vanadium total 
concentration and 16 mM of either 
Alaser or Alahis in Figure 10. In Figure 
10a, experimental data points are 
included to illustrate how well the model 
describes the system. As can be seen, 
despite the four fold excess of the 
ligands, at least one third of the total 
vanadium always remains free. In both 
cases there are two monovanadium – 
monoligand complexes present, with the 
more acidic complex being more 
prominent. Note, however, that with 
Alahis, the deprotonation of the more 
acidic species does not result in any 
substantial change in the structure of the 
complex (and thus there is no asterisk in 
the notation) as opposed to Alaser. Also, 
with Alaser there are only anionic 
species formed, in contrast to the neutral 
VAlahis complex. Clearly, it is also 
reflected in the pH regions over which 
the complexes occur in each system. 
Since the VAlaser species bear one 
more negative charge than the 
corresponding VAlahis species, they 
exist in more alkaline pH. Conversely, 
VAlahis species start to form at more 
acidic pH than the respective VAlaser 
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Figure 10  Distribution of vanadium (FV) as a function of 
pH in two dipeptide systems.  The sums of monovanadate, 
oligovanadate and decavanadate species are shown. 
a, top ) [V]tot = 4 mM, [Alaser]tot = 16 mM. Symbols 
represent experimental data points, curves are calculated 
according to the model presented in Table 5. Asterisks 
denote species of the same nuclearity but different structure.
b, bottom) [V]tot = 4 mM, [Alahis]tot = 16 mM. 
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species. This is a good example to illustrate how certain properties, such as the charge of the 
molecule, which is important for its transportation, can be fine–tuned by altering the 
functionality in the side chain of the ligand. In this case, substituting histidine with serine in 
the dipeptide meant replacing an imidazole residue with a hydroxyl group. Although this 
hydroxyl group does not get deprotonated, the resulting complexes have more negative 
charges and their pH–region of existence becomes shifted to more alkaline values. 

4.2.2 The H+ – H2VO4
– – H2O2 – alanyl serine system 

 
 
  p, q, r, s 
 

 
Notation 

 
logβ  (3σ) 

 
pKa 

 

51V NMR shift / ppm 

–1,1,1,1 
  0,1,1,1 

VXAlaser2– 
    VXAlaser– 

     –0.70  (0.08) 
       8.18  (0.03) 

 
8.88 

–659.2 
–659.2 

–1,1,1,1 **VXAlaser2–      –0.71  (0.03)  –677.0 

 0,1,1,1 *VXAlaser– 7.99  (0.03) (8.70) –655.7 

–1,1,2,1 VX2Alaser2– 5.16  (0.02)  –743.3 

 0,1,2,1 *VX2Alaser–      11.17  (0.08) (6.01) –714.0 

Table 6  Species, notation, formation constants and 51V NMR chemical shifts for the quaternary H+ – H2VO4
– – 

H2O2 – Alaser system in 0.150 M Na(Cl) medium at 25 ºC. Asterisks are used to differentiate between species of 
the same nuclearity but different structure. 

 
There are five new resonances 
appearing in this system, 
originating from six different 
quaternary peroxovanadate – 
Alaser species (Figure 11 and 
Table 6). Similarly to the 
peroxovanadate – picolinate 
system (section 4.1.2), 51V NMR 
spectra can be divided into 
different regions, depending on the 
number of peroxo groups bound 
per vanadium (Figure 11). 
Preliminary compositions can be 
assigned accordingly. Thus, three 
signals should belong to 
monoperoxo complexes and two 
to diperoxo ones. LAKE 
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Figure 11  51V NMR chemical shifts in 
the ternary H+ – H2VO4

– – Alaser and 
quaternary H+ – H2VO4

– – H2O2 – Alaser 

systems as a function of pH. Chemical 
shifts of the binary H+ – H2VO4

– and 
ternary H+ – H2VO4

– – H2O2 systems are 
included for comparison. X stands for the 
peroxo ligand in all notations.  
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calculations resulted in the following six species (Table 6) that describe the data best: 
VXAlaser2–/VXAlaser– (giving rise to the signal at –659 ppm), *VXAlaser– (–656 ppm), 
**VXAlaser2– (–677 ppm), VX2Alaser2– (–743 ppm) and *VX2Alaser– (–714 ppm). Again, 
asterisks are used to differentiate between species of the same composition but different 
structures, with more asterisks denoting less dominant species. All these compounds can be 
derived from the ternary VAlaser species by the addition of one or two peroxo groups. This 
probably results in an increased coordination number of the central vanadium (from 6 to 7), as 
the peroxo group is most likely to bound in a side–on fashion. Since VAlaser– and *VAlaser2– 
have different structures, the addition of one or two peroxo groups leads to isomers, 
depending on to which of the VAlaser complexes the peroxo ligands are added. Thus, the 
observed isomerism could be explained without any necessary change in the coordination of 
the dipeptide. In the case of the diperoxo complexes VX2Alaser2– and *VX2Alaser–, however, 
the dipeptide is not likely to remain tridentate. To obtain complete solution structures by 
multinuclear NMR has proved to be difficult, owing to the poor stability of the compounds 
over the time needed for measurements, to their low concentrations and to the difficulty in 
creating solutions where mainly just one species predominates. Attempts to grow appropriate 
crystals of the species for X–ray crystallographic investigations have failed as well, mostly 
owing to same factors as above, accompanied by the good solubility of the compounds. 

Another feature worth noting in Figure 
11 is that the resonances of all the 
quaternary species appear at a constant 
chemical shift value. In particular, the 
addition of a proton to VXAlaser2– does 
not alter the position of its signal. This 
indicates that the protonation occurs 
remotely from the central vanadium, and 
therefore does not substantially alter its 
electronic environment. 
Equilibria in this system can be very 
slow. One factor that contributes is the 
slow decomposition of decavanadates in 
weakly acidic solutions, as has been 
observed in all the vanadate systems. 
Another is the very slow formation of the 
quaternary monoperoxo vanadate species.  
Contrary to the bisperoxo complexes 
(VX2Alaser2– and *VX2Alaser–) that 
reach equilibrium already after 2 hours, 
the formation of monoperoxo species 
takes up to about 10 days. Thus, only data 
from solutions that have been equilibrated 
for a minimum of 88 hours have been 
used in LAKE calculations. Although the 
VXAlaser species do not reach complete 
equilibrium over this time, the results are 
not affected substantially. Owing to 
significant decomposition of peroxide in 
acidic solutions, only 51V NMR integral 
data at pH > 5 have been used in LAKE 
calculations. In this pH region, the 
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Figure 12  Distribution of vanadium (FV) as a function of 
pH in the quaternary H+ – H2VO4

– – H2O2 – Alaser 
system. Asterisks denote species of the same nuclearity 
but different structure. Sums of species are shown for 
clarity. 
a, top ) [V]tot = 10 mM, [H2O2]tot = 22 mM, [Alaser]tot = 
40 mM.  
b, bottom) [V]tot = 10 mM, [H2O2]tot = 13 mM, [Alaser]tot
= 40 mM. Symbols represent experimental data points, 
curves are calculated according to the model presented in 
Table 6. 
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peroxide content of the solutions has been found to be exceptionally stable, with no 
substantial peroxide loss observed after 12 days. 
The complexation between vanadium and peroxide is quite strong; at a ratio [H2O2]tot : [V]tot = 
2, most vanadium is present as inorganic diperoxo vanadate and, at pH > 7, as VX2Alaser2–. 
In order to obtain appreciable amounts of the quaternary monoperoxo species, lower peroxide 
to vanadium ratios and excess of the dipeptide are necessary. The former is required to 
hamper the formation of VX2Alaser2–, while the latter is essential for suppressing the strong 
VX2 species. This is illustrated in Figure 12, where at [V]tot = 10 mM and [Alaser]tot = 40 
mM, two different peroxide total concentrations are applied. 
By comparing these results to those obtained in the corresponding system with Alahis,183 the 
effect of substituting the imidazole residue with a hydroxyl group becomes apparent. The 
quaternary peroxovanadate – Alaser complexes are relatively weak, while VX2Alahis is very 
strong, owing to the coordination of the aromatic N of the imidazole residue of histidine. (The 
same very strong complexation has been observed when using only imidazole itself as ligand, 
not as part of a bigger molecule83) Furthermore, similarly to the observation made when 
comparing the respective ternary vanadate – dipeptide systems, only anionic and no neutral 
species are formed with Alaser. 
A modelling of physiological conditions has been carried out in this system as well. 
Concentration conditions have been similar to the ones used in the peroxovanadate – 
picolinate system (section 4.1.2): [V]tot = 1 μM, [H2O2]tot = 10 μM. An enormous, 20,000 – 
fold excess of the dipeptide has been used (Figure 13a). For comparison, the corresponding 
diagram for the peroxovanadate – Alahis system is also given at the same concentrations 
(Figure 13b). The difference is again obvious. With Alahis, the vast majority of vanadium is 
bound in VX2Alahis complexes at the physiological pH of 7.4. With alanyl serine, however, 
VX2Alaser species amount to only about ten percent at the same pH. The dominating species 
are VXAlaser complexes, accounting for approximately half of the total vanadium 
concentration. Inorganic peroxovanadates make up for about one third of total vanadium, and 
the remaining ten percent is in ternary VAlaser– species, despite the large excess of peroxide. 
This again illustrates the difference between the complexing behaviour of the two dipeptides 
in peroxovanadates, and emphasises the importance of the nature of the ligand. 
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4.3 Lactate as ligand 
As stated earlier (section 1.5), speciation studies can provide key information both with 
respect to a potential future oral anti–diabetes drug and towards the understanding of the 
mechanisms of the biological actions of vanadium compounds. In the first case, different 
ligands must be tested to obtain a (peroxo)vanadate complex of maximum insulin enhancing 
potency and minimum toxicity. In the second case, the ligands examined with vanadium 
should be molecules present in the human body, with which the introduced vanadium 
compounds can interact. For instance dipeptides, such as alanyl serine (section 4.2) or alanyl 
histidine183 represent the active sites of enzymes, whereas speciation in the presence of low 
molecular mass blood serum ligands can help elucidate the fate of vanadium compounds 
entering the blood stream. 
In paper III, lactate (L–(+)–lactate or S–(+)–2–hydroxypropanate, Lac–, Figure 1d) has been 
chosen as ligand because of its biological significance and abundance. To avoid 
oligomerisation, sodium lactate has been used instead of pure lactic acid. In this study, we 
have set double aims. The first has been to test (peroxo)vanadate – lactate complexes with 
respect to their stability and consequently their potential use as an oral drug in the treatment 
of diabetes. Lactate could be an ideal pharmaceutical candidate for vanadium delivery, owing 
to the fact that it is naturally occurring, non–toxic in small scale, abundant, and cheap to 
produce. Secondly and perhaps more importantly, this work can be considered as part of a 
series of speciation studies, trying to reveal vanadium interactions in human blood. Once the 
speciation of vanadium is established for all the major components in blood, including mixed 
ligand species, modelling can be used to determine the fate of any particular vanadium 
complex under physiological conditions, provided that the speciation with the given ligand in 
the complex is also known (see section 4.7.1 for examples). Lactate, is one of the major 
constituents in blood, with a serum concentration of 1.51 mM,199 and thus an undestanding of 
vanadium interactions with such a ligand is an important contribution to biomedical research 
in this area. Consequently, numerous speciation and crystallographic studies have been 
reported in vanadate systems with α–hydroxycarboxylic acids, including lactic acid.200, 201, 202, 

203, 204 Peroxovanadate – lactic acid complexes have also been studied, both by NMR205 and 
by crystallography.206, 207 To our knowledge, however, paper III is the first work describing 
the full speciation in both the vanadate – lactate and peroxovanadate – lactate systems over a 
wide pH range in the physiological medium of 0.150 M Na(Cl). 

4.3.1 The H+ – H2VO4
– – lactate system 

The pKa value of lactic acid has been determined as 3.653 ± 0.002 (0.15 M Na(Cl), 25 ºC, 
Table 7) by means of automatic titrations (section 2.2.1). 
Altogether seven new 51V NMR signals have been observed in the spectra (Figure 14), 
belonging to ten different vanadate – lactate species (Table 7). Three complexes have been 
excluded from the final model, either because of the limitations set in pH (V2Lac2

–, *VLac)† 
or because the species has been present in such extreme small amounts under the 
experimental conditions that its formation constant could not be determined (VLac3–). 
Complexation in this system is strong in acidic solutions; essentially all vanadium is bound to 
lactate at pH < 4.5 under the experimental conditions. At physiological pH, however, there is 
hardly any vanadate – lactate complex present, and they are practically non–existent at 
alkaline pH. 

                                                 
† The data used in the final model have been limited to pH > 3, owing to the rapid reduction of vanadium(V) to 
vanadium(IV), accompanied by the problems of initially forming tridecavanadates (V13)32 in the most acidic 
solutions. At pH > 3, the amounts of V2Lac2

– and *VLac are negligible, and thus the species can safely be 
omitted from the final model. 
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p, q, r, s Notation logβ (3σ) pKa Symbol 51V NMR shift / ppm 

 0,0,0,1 
 1,0,0,1 

 Lac– 
Lac 

 

0 
3.653 (0.002) 

 
3.653 

– – 

 2,2,0,2 
 3,2,0,2 

V2Lac2
2– 

 V2Lac2
– # 

 

19.68 (0.07) 
21.61 (0.27)# 

 
1.93# 

a 
a 

–533 
–533 

 2,3,0,2 V3Lac2
3– 

V3Lac2
3– 

 

22.58 (0.09) – b 
b’ 

–551 [central V] 
–532  

 2,4,0,2 V4Lac2
4– 

V4Lac2
4– 

 

24.59 (0.13) – c 
c’ 

–525 
–540 

–1,1,0,1 
 0,1,0,1 
 1,1,0,1 
 2,1,0,1 

   VLac3– § 
 VLac2– 

VLac– 

  *VLac  # 

§ 

0.88 (0.06) 
6.92 (0.22) 
10.65 (0.06)# 

§ 

 
6.04 
(3.73)# 

d 
d 
d 
e 

(< –525)§ 
–519  
–508 
–535 

Table 7  Species, notation, formation constants and 51V NMR chemical shifts for the binary H+ – Lac– and 
ternary H+ – H2VO4

– – Lac– systems in 0.150 M Na(Cl) medium at 25 ºC. 
# Not included in the final model, see footnote on page 40. 
§ No calculations have been made including the species; its existence has been concluded from 51V NMR 
chemical shift changes in alkaline solutions (Figure 14). 

 
The most dominant species in this 
system is the dimeric complex 
V2Lac2

2–. This is a symmetrical 
species201, 202, 205 and thus gives rise 
to a single peak (peak a in Figure 
14). Its signal is present over a wide 
pH range at a constant chemical shift 
of –533 ppm. LAKE calculations 
indicated protonation of the species 
in very acidic solutions, resulting in a 
V2Lac2

– complex (Table 7) but with 
no accompanied change in the 
position of the signal (Figure 14). 
Since the final model had to be 
limited to pH > 3 (see footnote on 
page 40), this species has been 
excluded from the final model. 
There are two additional higher 
nuclearity species in this system, 
V3Lac2

3– and V4Lac2
4–, but they 

contain non–equivalent vanadium 
atoms, and produce two signals each. 
In the case of the minor V4Lac2

4–, the 
two signals have equal intensities and 
reside at equal distances on each side 

of the signal of the symmetrical dimer V2Lac2
2–, at –525 and –540 ppm (peaks c’ and c, 

respectively). In the case of V3Lac2
3–, there are also two 51V NMR signals observed, but these 
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Figure 14  51V NMR chemical shifts in the ternary H+ –
H2VO4

– – Lac– system as a function of pH. The chemical shifts 
of the binary H+ – H2VO4

– system are included for comparison.
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signals have different intensities. One of the signals, being positioned at about –532 ppm 
(peak b’), overlaps considerably with the intense signal from V2Lac2

2– (peak a). Although the 
other signal (peak b, –551 ppm) is only of half intensity of peak b’, it is generally easier to 
observe, standing separate from all other signals. V3Lac2

3– has its maximum concentration 
between about pH 5 and 6 and rapidly diminishes as pH is lowered. V2Lac2

2–, on the other, is 
much more stable in acidic solutions, and its concentration substantially decreases at pH > 5. 
Thus, the disappearance of peak b’ at pH < 4.5 in Figure 14 is simply owing to difficulties 
observing a small peak (peak b’) almost completely overlapping with a very big one (peak a). 
None of the peaks b, b’, c and c’ change their position as a function of pH, and LAKE 
calculations have not indicated protonation/deprotonation for V3Lac2

3– or V4Lac2
4– either. 

Although generally the vast majority of vanadium is bound in high nuclearity species under 
the experimental conditions of the present study, mononuclear complexes also exist. They are 
denoted as VLac2– and VLac– (Table 7), and are differently protonated forms of the same 
complex. Consequently, they give rise to only one signal (peak d) that changes its chemical 
shift versus pH from –508 ppm to about –519 ppm. The signal moves to even higher field 
values with increasing pH, as can be seen from the curvature in Figure 14, indicating a further 
deprotonation of the complex, resulting in VLac3–. The formation constant of this species, 
however, could not be determined with satisfactory accuracy, owing to its extremely small 
concentrations. Hence, it is omitted from the final model. Interestingly, protonation of VLac2– 
results in substantial broadening of peak d, along with a loss in its absolute intensity. This 
means that of all the above mentioned monomeric species, VLac2– is the strongest. It is also 
the one that exists at physiological pH, and thus it is of great interest. 
Another species that has been excluded from the final model is the neutral monomer, *VLac, 
which gives rise to the rather broad peak e. This peak changes its position as a function of pH 
(Figure 14), which indicates either protonation/deprotonation or an exchange process between 
two (or more) species that is fast on the 51V NMR timescale. In order to determine which one 
is the case, a series of solutions has been prepared at a constant pH and vanadium total 
concentration, but with increasing [Lac]tot. It has been found that the higher the lactate total 
concentration, the closer the signal has moved to its original position of –535 ppm (see the 
steep set of points for peak e at pH about 2 in Figure 14). This reveals that the signal of the 
“pure” complex *VLac is positioned at –535 ppm, but it is in rapid exchange with another 
species, the signal of which is located at about –545 ppm. This latter species dominates at pH 
< 2, while *VLac is more pronounced between pH 2 and 3. Since VO2

+ has a chemical shift 
of –544.6 ppm and only exists in very acidic solutions, there is little doubt that it is the species 
involved in the exchange with *VLac. It also should be pointed out that the complex *VLac 
seems to have a different structure than that of the other monomeric species in the system 
(that give rise to peak d), hence the asterisk in its notation. Consequently, its pKa value is put 
in parentheses in Table 7 to indicate that it is a “pseudo” constant. 
Equilibrium is quick in the absence of V13 (in very acidic solutions) and V10 (in weakly acidic 
solutions). When these species form, however, their decomposition is usually slower than the 
reduction of vanadium at the respective pH. Therefore, efforts have been made to avoid their 
formation in the first place. In case reduction has been observed despite all efforts, the 
solution has been excluded from all calculations. 
Using the formation constants presented in Table 7, a model calculation attempting to 
represent physiological conditions has been performed, and the resulting distribution diagram 
is shown in Figure 15. As in all the other cases, [V]tot has been set to 1 μM and a large excess 
of the ligand has been applied by using the lactate concentration in human blood serum, i.e. 
[Lac]tot = 1.51 mM. The extraordinary strength of the dimeric complex V2Lac2

2– in acidic 
solutions is apparent, even with the very low total vanadium concentration used in the 
calculation. At physiological pH, however, inorganic vanadates are the predominating species 
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instead of the monomeric VLac 
complexes, despite the more than 1,500–
fold excess of the ligand. On the other 
hand, the limitations of the model cannot 
be ignored. First of all, the complex 
VLac3– has been omitted from this model, 
but it could be present at these 
concentrations, although presumably only 
in small amounts. It should be noted, 
however, that even the species VLac2–, 
which is much stronger than VLac3– and 
has been included in the model, is not 
predicted to be present in appreciable 
concentration. Similarly, there can be 
other minor species present under 
physiological conditions that have not 
been found in our study. In theory, 
complexes of VLac2 composition could 

also exist. Although no such species have been observed under the conditions used in our 
study (lowest [V]tot = 0.5 mM, highest [Lac]tot = 90 mM), their existence cannot be 
completely ruled out at the extremely high ligand to vanadium ratios used in this model 
calculation. Nevertheless, just as for VLac3–, VLac2 complexes are not likely to be present in 
large concentrations. 
The question of forming mixed ligand complexes is of special interest here, given the large 
number of bisligand species. It is considered in more detail in section 4.6. 

4.3.2 The H+ – H2VO4
– – H2O2 – lactate system 

There are nine new resonances found in this system (denoted by numbers and primed 
numbers in Figure 16) belonging to altogether six species (Table 8). Only one of the nine new 
peaks falls into the “VX2”–region of the spectra (peak 4 in Figure 16), and it originates from 
the complex VX2Lac2–. Although the signal shifts slightly to higher field values at pH > 8, 
indicating deprotonation, that species is present in such extremely small amounts that its 
formation constant could not be determined. For similar reasons, another, acidic species that 
gives rise to a single peak at –502 ppm (not shown in Figure 16 and Table 8) has been 
omitted as well. 
All other species in this system are dimeric and have at maximum one peroxo ligand per 
vanadium. The predominant complexes V2XLac2

2– and *V2XLac2
2– give rise to two 

resonances each (peaks 1, 1’ and 2, 2’, respectively). One of the two peaks originates from the 
monoperoxo vanadate moiety of the molecule and is located very close to the signal of the 
inorganic monoperoxo vanadate, VX2–. The other peak is from the non–peroxo part of the 
complex, and is positioned in very close proximity to (and at times considerably overlapping 
with) the signals of ternary vanadate – lactate species. Like in other systems, asterisks are 
used in the notation to distinguish complexes of the same composition but different structures. 
The rest of the quaternary peroxovanadate – lactate species have V2X2Lac2

2– compositions. 
The most dominant of them is completely symmetrical206, 207 and thus gives rise to a single 
resonance (peak 3). This is also the case for the minor complex **V2X2Lac2

2– (peak 6). On 
the other hand, the vanadium atoms are not identical in *V2X2Lac2

2–, and consequently there 
are two resonances (peaks 5 and 5’) of equal intensities originating from them. Both of these 
resonances are in the “VX”–region of the spectra, and thus they both should derive from 
different monoperoxo vanadate moieties. 
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Figure 15  Distribution of vanadium (FV) as a function 
of pH in the H+ – H2VO4

– – Lac– system. [V]tot = 0.001 
mM, [Lac]tot = 1.51 mM. The sum of monovanadate 
species is shown. 
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p, q, r, s Notation logβ (3σ) pKa Symbol 51V NMR shift / ppm 

 2,2,1,2 V2XLac2
2– 

V2XLac2
2– 

 

24.96 (0.03) – 1 
1’ 

–592 [VXLac] 
–521 [VLac] 

 2,2,1,2 *V2XLac2
2– 

*V2XLac2
2– 

 

24.43 (0.06) – 2 
2’ 

–590 [VXLac] 
–519 [VLac] 

 2,2,2,2 V2X2Lac2
2– 

 
29.27 (0.03) – 3 –596 

–1,1,2,1 
 0,1,2,1 

  VX2Lac3– § 
VX2Lac2– 

 

§ 

11.50 (0.04) 
§ 

– 
4 
4 

(< –724)§ 
–721 

 2,2,2,2 *V2X2Lac2
2– 

*V2X2Lac2
2– 

 

28.20 (0.07) – 5 
5’ 

–578 [VXLac] 
–565 [VXLac] 

 2,2,2,2 **V2X2Lac2
2– 27.68 (0.11) – 6 –569 

Table 8  Species, notation, formation constants and 51V NMR chemical shifts for the quaternary H+ – H2VO4
– – 

H2O2 – Lac– systems in 0.150 M Na(Cl) medium at 25 ºC. Asterisks denote species of the same composition but 
different structure. 

 
Equilibrium in this system is 
generally attained within 15 
minutes, except when 
decavanadates form in weakly 
acidic solutions, as their 
decomposition can take more than 
24 hours. During this time, 
peroxide loss can be substantial 
(Figure 17 at pH ~ 6.5). It should 
be noted that similarly to other 
peroxovanadate systems, the loss 
of peroxide is more substantial at 
acidic pH, but is only marginal in 
neutral or alkaline solutions. 
Unfortunately, complex 
formation is also favoured at 
acidic pH. Furthermore, the 
decomposition rate of peroxide is 
also dependent on the order of 
addition of the components. 
When peroxide is added to an 
already equilibrated acidic 
solution of vanadate and lactate, 
the loss is very rapid. This is 
probably owing to the presence of 
vanadium(IV) that is able to 
catalytically decompose hydrogen 
peroxide, as the reduction of 
vanadium(V) by lactate is also 
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Figure 16  51V NMR chemical shifts in the quaternary H+ –
H2VO4

– – H2O2 – Lac– system as a function of pH. The chemical 
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– – H2O2 system are included for 
comparison, but those of the binary H+ – H2VO4
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accelerated in acidic solutions. Thus, 
hydrogen peroxide and neutral vanadate 
solutions have been mixed first. Lactate has 
been added only after the inorganic 
peroxovanadates have formed, and finally 
acid (or base) has been used to set the pH. 
All samples have been prepared this way, but 
whenever possible, cross–checks have been 
performed with different orders of addition, 
providing the same result. 
It is worth pointing out that all quaternary 
peroxovanadate – lactate species can be 
described as built up by adding one or two 
peroxo ligands to already existing ternary 
vanadate – lactate species. Moreover, 
complexation is also favoured at acidic pH, 
similarly to the H+ – H2VO4

– – Lac– system. 
This leads to the conclusion that the presence 
of peroxide does not enhance complex 
formation between vanadate and lactate. This 
is in contrast to what has been observed with 
ligands that contain aromatic N donor atoms 
(picolinate, alanyl histidine or imidazole). 
The difference is also marked by the relative 
weakness of the complex VX2Lac2– as 
compared to the very strong VX2Pi2–, 
VX2Alahis2– / – and VX2Imidazole– species, 
and is also reflected in the distribution 

diagram created to represent physiological conditions (Figure 18). There are no quaternary 
peroxovanadate – lactate species present at these concentrations, even at acidic pH where 
their formation is otherwise favoured. On the other hand, the ternary VLac– species is present, 
despite the ten–fold excess of peroxide to vanadium. Although a 1,500–fold excess of lactate 
has been applied in the calculation, a larger amount of vanadium is found in the form of 
binary inorganic vanadates, i.e. the hydrolysis products of vanadium(V), than what is bound 
to lactate. It is obvious from Figure 18 that under these conditions, the predominant species 
are the diperoxovanadates (ΣVX2). Even though the model has its limitations, it can be safely 
concluded that lactate is unlikely to bind vanadate in human blood, or to replace its original 
carrier. 
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Figure 18  Distribution of vanadium (FV) as a 
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– –
H2O2 – Lac– system. [V]tot = 0.001 mM, 
[H2O2]tot = 0.01 mM and [Lac]tot = 1.51 mM. 
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4.4 Citrate as ligand 
In paper IV, the speciation in the ternary vanadate – citrate and quaternary peroxovanadate –
citrate systems is described. Citrate (2–hydroxy–1,2,3–propanetricarboxylate, Cit3–, Figure 
1e) has been chosen as ligand because it is an important metabolic product and constituent of 
human blood. It is also a potentially tetradentate ligand and one of the most common natural 
metal ion binders in biological fluids. Citrate is present in relatively high (99 μM) 
concentration in human blood and can in theory replace the original carrier of an introduced 
vanadium compound (for partial carrier replacement and the consequent formation of mixed 
ligand complexes, see section 4.6). Thus, paper IV, like the previously discussed one with 
lactate (paper III, section 4.3), is part of a series aiming to determine vanadium interactions 
with the key constituents of human blood. 

4.4.1 The H+ – H2VO4
– – citrate system 

For the binary H+ – Cit3– system, literature data is available in 0.100 and 0.600 M Na(Cl) 
medium,208, 209 but not in the physiological medium. Thus, the acidity constants of citric acid 
have been determined in 0.150 M Na(Cl) in the present work, at 25 ºC. The obtained pKa 
values are shown in Table 9.  
 

p, q, r, s Notation log β (3σ) pKa Symbol 51V NMR shift / ppm 

0,0,1,0 
1,0,1,0 
2,0,1,0 
3,0,1,0 

     Cit3–

     Cit2– 

     Cit– 

     Cit 

  0.00 
  5.61  (0.01) 
  9.95  (0.02) 
12.89  (0.03)

 
5.61 
4.34 
2.94

  

2,1,0,1 
3,1,0,1 

   VCit2– 

   VCit– 
14.19  (0.07) 
18.25  (0.08) 

 
 4.06 c ~ –530 

~ –515 

1,2,0,1 
2,2,0,1 
3,2,0,1 

   V2Cit4– 

   V2Cit3– 

   V2Cit2– 

12.58  (0.06) 
20.06  (0.05) 
25.16  (0.12) 

 
 7.48 
 5.10 

a 
a' /  a’’ 
a' / a’’ 

–547 
~ –543 / –548 
–542 / –550 

6,2,0,2    V2Cit2
2– 40.69  (0.12)  b –545 

Table 9  Species, notation, formation constants and 51V NMR chemical shifts for the binary H+ – Cit3– and 
ternary H+ – H2VO4

– – Cit3– systems in 0.150 M Na(Cl) medium at 25 ºC. 
 
In order to determine the complete speciation of the quaternary H+ – H2VO4

– – H2O2 – Cit3– 
system (section 4.4.2), the speciation in all subsystems must be known under the same 
experimental conditions. Therefore, although data are available in 0.600 M Na(Cl),209 the 
ternary H+ – H2VO4

– – Cit3– system has been reinvestigated in the physiological medium. 
Figure 19 shows a set of 51V NMR spectra of vanadate – citrate solutions as a function of pH. 
As can be noticed, peaks are generally broad and problems with overlaps occur frequently. In 
very acidic solutions, for instance, the four peaks a’, a’’, b and c fuse into one very broad 
signal. The three major ones (a’, a’’ and b) overlap up to about pH 4.7, despite the 500 MHz 
NMR apparatus and a very small (1 Hz) line–broadening applied. Following the positions of 
the peaks with changing pH shows another interesting feature (Figure 20). At pH > 5, peak b 
disappears, and at about pH 7, the previously separate peaks a’ and a’’ merge into one 
(denoted as peak a), which then overlaps with the monovanadate signal (V1) at more alkaline 
pH. The always minor peak c also exhibits interesting positional changes. It shifts towards 
lower field values upon acidification until pH about 2.5, but below this pH, it rapidly moves 
back to higher fields (Figure 20). The position and behaviour of this peak strongly resembles 
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to that of peak d in the ternary vanadate – lactate system 
(section 4.3.1, Figure 14). Indeed, LAKE calculations 
indicated that peak c originates from the monomeric species 
VCit2– and VCit– (Table 9). Therefore, the downfield shift of 
the signal with decreasing pH is attributable to the 
protonation of VCit2–. On the other hand, the rapid change at 
pH < 2.5 is not caused by the addition of another proton. 
Instead, it is a result of an exchange between VCit– and 
VO2

+, which is fast on the 51V NMR timescale. It is again 
similar to what has been experienced in the case of the 
monomeric vanadate – lactate species (c.f. peak e in Figure 
14, section 4.3.1). It should be pointed out, however, that in 
the present case, it is the VCit– species itself that takes part 
in the exchange, whereas with lactate, the complex involved 
in the exchange is *VLac, which is structurally different 
from VLac–. Another similarity between the lactate and 
citrate systems is that at neutral pH, the chemical shift curve 
of the monomeric species indicates further deprotonation, 
but the signal quickly disappears with increasing pH, and 
consequently there could not be enough data collected to 
determine the formation constant of the resulting species 
(VLac3– and VCit3–, respectively). 
The existence and dominance in acidic pH of the 
symmetrical V2Cit2

2– species with a constant chemical shift 
also bears a strong resemblance to the corresponding lactate 
system (V2Lac2

2–). The core of the structure in V2Cit2
2– is 

the rhombic “V2O2” unit, where the oxygen atoms come 
from the central hydroxyl and carboxyl groups of citrate.210, 

211 The same structural feature has been identified in the 
case of V2Lac2

2– 203 and vanadium(IV) – citrate 
complexes.212, 213, 214  In contrast to the lactate case, 
however, there is no indication of protonation of V2Cit2

2–. 
Deprotonation might take place, as found in crystallisation 
studies,215 but there is no evidence supporting the existence 
of a deprotonated species in solutions with 0.150 M Na(Cl) 
ionic medium. 
There are other dimeric species in this system, having the 
composition V2Cit, but they contain non–equivalent 
vanadium atoms.‡ The protonation of the most alkaline 
species (V2Cit4–) results in the splitting of peak a into two 
(a’ and a’’). Peak a’’ is also influenced by the addition of 

another proton, whereas the position of peak a’ remains constant. This indicates that the 
second protonation takes place in the vicinity of the vanadium atom that gives rise to peak a’’. 
13C NMR investigations of this and a previous study by Caldeira et al.216 confirmed the 
coordination of the central hydroxyl and carboxyl groups of citrate in V2Cit2–, as has been 
seen for V2Cit2

2–. In addition, one of the terminal carboxyl groups can also be coordinated, 
depending on the pH. 

                                                 
‡ The fact that V2Cit4– gives rise to only one resonance (peak a, Figure 20) is owing to kinetics, not symmetry. 

Figure 19  51V NMR spectra of 
solutions in the ternary H+ – 
H2VO4

– – Cit3– system at different 
pH values. 
[V]tot = 15 mM, [Cit]tot = 45 mM. 
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Complexation is generally favoured 
in acidic solutions, but becomes 
considerably weaker at neutral and 
even more so at alkaline pH. 
Equilibrium is rapid unless 
decavanadates are present in weakly 
acidic solutions. Vanadium reduction 
is substantial and increases with 
increasing citrate to vanadate ratios 
and decreasing pH. This is exactly 
the same pattern as observed with 
lactate (section 4.3.1), but even more 
expressed. The oxidation of citrate 
has been followed by 13C NMR, and 
an overview is given in Figure 21. 
The ultimate product is acetone, 
reached in several steps as 
summarised in equation 14 below:  
 

 
  C6H8O7 + 2VO2

+ + 2H+  C3H6O + 2VO2+ + 3CO2 + 2H2O  [14] 
 

Solutions in which reduction has been 
observed to any extent have been 
excluded from all calculations. 
Considering all the similarities 
between the ternary vanadate – lactate 
and – citrate systems, it is not 
surprising to see that the model 
representing physiological [V]tot and 
[Cit]tot conditions (Figure 22) 
resembles to the corresponding one 
with lactate (Figure 15). Naturally, the 
same limitations apply here as in the 
case of other similar model 
calculations when it comes to extreme 
concentration ratios, and minor, 
undetected, undetermined or omitted 
species. Nevertheless, the major 
features of the model should be valid, 
and they predict no vanadate – citrate 
species at the physiological pH of 7.4, 
despite the large excess of citrate. 
Studies investigating the insulin–
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Figure 20  51V NMR chemical shifts in the 
ternary H+ – H2VO4

– – Cit3– system as a 
function of pH. Chemical shifts from the 
binary H+ – H2VO4

– system are included 
for comparison and to illustrate problems 
with overlapping peaks. 
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enhancing action of vanadate – citrate 
complexes in vitro also indicate that the 
complexes hydrolyse completely under 
physiological conditions.217 While this 
places citrate outside the potential ligands 
used in a possible future vanadium drug, it 
also means that citrate is probably unable 
to replace the original carrier of an 
introduced complex. 

 
 

4.4.2 The H+ – H2VO4
– – H2O2 – citrate system 

Eight peroxovanadate – citrate species have been identified in this system (Table 10), giving 
rise to altogether ten peaks (Figure 23). Like in the ternary vanadate – citrate system, acidic 
conditions are favoured for complex formation, and dimeric species have been found to be 
predominant. In addition, similarly to lactate and in contrast to ligands with aromatic nitrogen 
donor atoms, such as imidazole,83 Alahis183 or Pi– (section 4.1.2), complexation of citrate to 

vanadate is not enhanced substantially by 
the presence of peroxide. 
Equilibrium can be attained within 15 
minutes, provided that decavanadates are 
absent. The loss of peroxide during this 
time is marginal, except at pH < 4 and if 
vanadium(IV) is present in the solution 
before the addition of hydrogen peroxide. 
Interestingly, many of the complexes give 
rise to double peaks (denoted with 
numbers and primed numbers to indicate 
that they belong to the same species), 
meaning that the vanadium atoms in the 
compound are not equivalent. Based on 
the position of the peak, it is possible to 
deduce information about which part of 
the molecule it originates from. For 
instance, in the case of V2XCit3–, peak 1 
almost completely overlaps with the 
signal of V2Cit2

2–, which is built up from 
two equivalent [VCit] moieties. On the 
other hand, peak 1’ is located rather close 
to the signal of VX2– (denoted as VX in 
Figure 23), so it most likely originates 
from a [VXCit] moiety. The citrate ligand 
can bridge the two vanadium atoms. 
Accordingly, peaks 2, 2’, 3, 3’ and 5, 5’ 
are most likely attributed to bridged 
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Figure 22  Distribution of vanadium (FV) as a 
function of pH in the ternary H+ – H2VO4

– –
Cit3– system. [V]tot = 0.001 mM and [Cit]tot = 
0.099 mM. Sums of species are shown for 
clarity. 

-770

-750

-730

-710

-690

-670

-650

-630

-610

-590

-570

-550

-530

-510

4 5 6 7 8 9 10
pH

5
5’

VX2

2’

6

1’
3’

1, 2

4

3

V1

V2

V4
V5

VX

VX3

V2X4

δ(
51

V
)/

pp
m

Figure 23  51V NMR chemical shifts in the quaternary H+ –
H2VO4

– – H2O2 – Cit3– system as a function of pH.
Chemical shifts from the subsystems (H+ – H2VO4

–, H+ –
H2VO4

– – Cit3– and H+ – H2VO4
– – H2O2) are included for 

comparison and to illustrate problems with overlapping 
peaks. 



 50

moieties with different numbers of peroxo ligands around vanadium, depending on the 
position of the peaks. 
 

p, q, r, s Notation log β (3σ) pKa Symbol 51V NMR shift / ppm 

2,2,1,1 V2XCit3– 26.06 (0.04)  1 / 1’ –540 / –609 

1,2,3,1 
2,2,3,1 

V2X3Cit4– 
V2X3Cit3– 

27.06 (0.06) 
32.59 (0.06) 

 
5.53 

2 / 2’ 
2 / 2’ 

–540 / –737 
–540 / –737 

2,2,2,1 V2X2Cit3– 29.43 (0.03)      3 / 3’ –587 / –612 
2,1,1,1 VXCit2– 19.56 (0.02)  4 –558 

2,2,3,1 *V2X3Cit3– 32.85 (0.02)  5 / 5’ –678 / –683 

0,1,2,1 
1,1,2,1 

VX2Cit4– 
VX2Cit3– 

11.87 (0.03) 
17.21 (0.09) 

 
5.34 

6 
6 

–721 
–721 

Table 10  Species, notation, formation constants and 51V NMR chemical shifts for the quaternary H+ – H2VO4
– – 

H2O2 – Cit3– system in 0.150 M Na(Cl) medium at 25 ºC. The asterisk is used to differentiate between species of 
the same composition but different structure. 

 
Of all the resonances, only peak 4 changes its location as a function of pH. This positional 
change is not a result of deprotonation of VXCit2–, but of an exchange process fast on the 51V 
NMR timescale, as has been seen for VCit– (peak c, Figure 20) and *VLac (peak e in Figure 
14, section 4.3.1) On the other hand, protonation of certain complexes also occurs in this 
system (V2X3Cit4– and VX2Cit4–, Table 10), taking part on the dangling arms of the citrate 
ligands. Consequently, it does not affect the electronic environment around the vanadium 
atoms of the species, and hence the positions of peaks 2, 2’ and 6 remain constant. It is also 
worth pointing out that the only mononuclear quaternary species are VXCit3– and VX2Cit4–/3–. 
Complexes of such compositions, i.e. VX2Ligand and VXLigand, are very common and have 
been observed in all systems described in this thesis. 

 

Figure 24  Distribution of vanadium (FV) as a function of pH in the quaternary H+ – H2VO4
– – H2O2 – Cit3– 

system. [V]tot = 0.001 mM, [H2O2]tot = 0.01 mM and [Cit]tot = 0.099 mM. Sums of species and an enlarged area 
(on the right) are shown for clarity. 
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Figure 24 shows an extrapolation of the model to physiological conditions. Just like in the 
corresponding system with lactate (section 4.3.2), there are no quaternary peroxovanadate 
complexes present at the pH of human blood. Instead, inorganic peroxovanadates dominate 
completely. At acidic pH, VXCit2– and V2XCit3– appear, but they remain very minor. 
Interestingly, ternary vanadate – citrate species are present, despite the tenfold excess of 
peroxide. This model suggests that citrate, although a frequent metal ion binder in numerous 
other biological systems, is probably not responsible for the transport of vanadium(V) in 
human blood and is unlikely to be able to replace a carrier ligand under physiological 
conditions. 

4.5 Phosphate as ligand 
Paper V describes the preliminary results of the speciation study carried out in the vanadate – 
phosphate and peroxovanadate – phosphate systems. Phosphate (dihydrogen phosphate, P–) 
has been chosen as ligand for several reasons. It is an important biogenic ligand and one of 
the major constituent in human blood, being present in a concentration of approximately 1.1 
mM.199 Thus, it fits into the series of speciation studies (along with the lactate and citrate 
systems, sections 4.3 and 4.4, respectively) with the purpose to elucidate the fate of vanadate 
in human blood. In addition, the vanadate – phosphate analogy (section 1.1.3) makes these 
systems especially interesting. It may also be so that vanadate – phosphate anhydrides are 
accepted as analogues for higher phosphate derivatives and interact with metabolic processes 
this way (e.g. forming “ADPV” instead of ATP). Apart from biomedical research, 
vanadophosphate compounds (where vanadium can be in +III to +V oxidation state) are 
important from an industrial point of view, as they are used as catalysts (or precursors) in 
many processes.218, 219, 220, 221, 222, 223, 224, 225 Although 51V NMR has been used to study both 
the vanadate – phosphate226, 227 and peroxovanadate – phosphate systems,228 no complete 
speciation study of these systems has been carried out prior to this work that covers such a 
wide pH range in the physiological medium. 

4.5.1 The H+ – H2VO4
– – phosphate system 

We have determined the acidity constants for phosphoric acid in 0.150 M Na(Cl) and at 25 °C  
from a combination of potentiometric and 31P NMR chemical shift data. It is of great value to 
combine these two methods. The pKa value of H3PO4 is difficult to obtain solely from 31P 
NMR data because the chemical shifts of H3PO4 and H2PO4

– are too similar. Thus, 
potentiometry is more powerful in this case. On the other hand, the pKa of HPO4

2– is best 
determined by 31P NMR. For determining the pKa value of H2PO4

–, both techniques work 
well. In the calculations, altogether almost 600 data points have been used in the ranges pH 1 
to 13 and [P]tot 1 to 20 mM. The results are shown in Table 11. 
Altogether nine ternary vanadate – phosphate species have been found in this system (Table 
11), but they give rise to only three new 51V NMR peaks. All of these peaks (B, B’ and B’’) 
are from the different vanadium atoms of the V14P heteropolyanions, as found earlier in 0.600 
M Na(Cl) medium.227 The structures of tetradecavanadophosphates have been investigated 
both in solution and solid phases by 51V, 31P, 17O NMR and X–ray crystallography.229, 230, 231 
From these studies it has been shown that the species have a trans–bicapped α–Keggin 
structure. The capping vanadium(V) atoms are pentacoordinated to oxygen (giving rise to 
peak B), while the other 12 vanadium atoms are all hexacoordinated. These hexacoordinated 
vanadiums are not equivalent either. Eight of these octahedra are connected to the capping 
vanadiums (four to each) and are different from the remaining four (peaks B’ and B’’, 
respectively). Consequently, the integral ratio between peaks B, B’ and B’’ is 2:8:4 (or 1:4:2). 
The V14P species exist in a relatively narrow range of pH and they are formed very slowly. 
Thus, solutions in weakly acidic pH had to be stored for at least 3 months for equilibration. 
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Naturally, high vanadate total concentrations favour the formation of V14P, but also that of 
V10. Unfortunately, the resonance from the capping vanadium atoms of the decavanadate 
(V10’’) can at certain pH overlap with peak B, i.e. the resonance of the capping vanadiums of 
V14P. 
 

p, q, r, s Notation Formula log β (3σ) pKa Symbol 
51V NMR shift / 

ppm a 

–2,0,0,1 
–1,0,0,1 
  0,0,0,1 
 1,0,0,1 

   P3– 

   P2– 

  P– 

P 

PO4
3– 

HPO4
2– 

H2PO4
– 

H3PO4 

–18.27 
  –6.69 
    0.00 
  1.85 

 
11.58 
  6.69 
  1.85 

  

  9,14,0,1 
10,14,0,1 
11,14,0,1 

V14P6– 

V14P5– 

V14P4– 

H3V14PO42
6– 

H4V14PO42
5– 

H5V14PO42
4– 

89.27  (0.12) 
93.74  (0.08) 
95.93  (0.11) 

 
  4.53 
  2.19 

B, B’, 
B’’ 

–521, –572, –589 
–530, –580, –598 
–534, –589, –598 

–1,1,0,1 
  0,1,0,1 
  1,1,0,1 
  2,1,0,1 

  VP3– 

  VP2– 

 VP– 

VP 

HVPO7
3– 

H2VPO7
2– 

H3VPO7
– 

H4VPO7 

–5.69  (0.11) 
  1.52  (0.08) 
  5.37  (0.08) 
  8.28  (0.11) 

 
  7.21 
  3.85 
  2.91 

A 

–566.2 
–582.6 
–558.7 
–559.1 

–1,1,0,2 
  0,1,0,2 

VP2
4– 

VP2
3– 

HVP2O10
4– 

H2VP2O10
3– 

–3.87  (0.23) 
  2.34  (0.13) 

 
  6.31 A –578.1 

–603.0 
Table 11  Species, notation, formation constants and 51V NMR chemical shifts for the binary H+ – P– and ternary 
H+ – H2VO4

– – P– systems in 0.150 M Na(Cl) medium at 25 ºC. 
a) Chemical shifts are given in the order B, B’ and B’’ for the V14P species, which give rise to three peaks each 
(see text on page 51). In case of the VP and VP2 species, the values shown are the results of LAKE calculations. 
 

δ

Figure 25  51V NMR chemical 
shifts in the ternary H+ –
H2VO4

– – P– system as a 
function of pH. Chemical shifts 
from the binary H+ – H2VO4

–

system are included for 
comparison and to illustrate 
problems with overlapping 
peaks. Full circles indicate the 
position of the common peak 
including monovanadates (V1) 
and vanadate – phosphate 
species (A). Their scattered 
nature is owing to the varying 
amount of VP and VP2 species 
as a function of pH, [V]tot and 
[P]tot. Empty squares represent 
experimental points at [V]tot = 5 
mM and [P]tot = 60 mM. Empty 
circles represent a ratio titration 
at [V]tot = 10 mM, with the 
following phosphate to vanadate 
ratios: 0, 1, 2, 4, 6 and 8. The 
higher the ratio, the further 
away the resonance is from that 
of the pure monovanadate (V1). 
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Interestingly, the vanadate – phosphate anhydride, VP (which is analogous to divanadate, V2, 
and pyrophosphate, PP), does not give rise to any new peak in the 51V NMR spectra. Instead, 
the position of the peak arising from the monomeric species (V1) is changed upon complex 
formation. The peak is also substantially broadened. It clearly indicates that the formation and 
decomposition of VP is fast on the 51V NMR timescale. This behaviour shows more similarity 
to V2 than to the rather inert PP. As a result, only one (common) peak is observed, which is 
positioned between the locations of the peaks of “pure” V1 and VP, proportionally to their 
amounts. That is, the less VP, the closer the position of the signal to that of V1, and vice versa, 
and hence the scattered nature of their symbols (peak A + V1) in Figure 25. To complicate 
things even further, not only does the monovanadate peak (V1) change its position as a 
function of pH, but also peak A, since the species VP undergoes several deprotonation 
reactions to ultimately yield VP3– (Table 11). In addition, the integral value and position of 
the common resonance (peak A + V1) cannot be explained by the different monovanadate and 
VP species alone. However, when VP2 – type complexes have been included, the model fitted 
the experimental data very well. Thus, the common resonance includes V1, VP and VP2 
species, all of them with varying chemical shifts versus pH. In this case, 51V NMR integral 
values alone are not specific enough to provide the data needed for reliable and accurate 
calculations. Fortunately, chemical shifts data can also be included in LAKE calculations, and 
these data can be treated simultaneously with the integral and potentiometric data. In this way, 
the theoretical positions of the “pure” VP and VP2 resonances have been determined and are 
shown in Figure 26. The lines in Figure 26 mark the position where the resonance would be if 
the contribution of the VP or VP2 species would be 100%, i.e. the species would be isolated 
from each other and the monovanadates. From the obtained model, the position of the signal 
can be calculated at any [V]tot and [P]tot, since the amounts and contributions of each species 
is known. The result of such a calculation is shown as a bold line in Figure 26 for [V]tot = 5 
mM and [P]tot = 60 mM. This line fits perfectly to the experimental points (empty squares). It 
should be noted that all VP and VP2 species are weak so a large excess of phosphate is 
required to form them in appreciable amounts. 

31P NMR has been used not only to 
investigate the system but also make sure 
pyrophosphates (PP) do not form under the 
experimental conditions. Unfortunately, 
only the phosphate resonance has been 
observed, and no separate signals for VP 
and VP2 species have been detected. From 
our NMR investigations, it is impossible to 
tell whether the VP2 species are V–P–P or 
P–V–P type. Electrospray ionisation mass 
spectrometry (ESI–MS) has also been used 
to confirm the existence of the VP2 
species, but we have been unable to 
specify from the data which of the two 
possible types exists in solution. A 
possible future study with PP as ligand 
could answer this question. 
As with all other ligands, physiological 
conditions have been modelled, using the 
[P]tot of human blood (Figure 27). It is 
obvious from the figure that the VP and 
especially the VP2 species are very weak. 

δ

Figure 26  51V NMR chemical shifts in the ternary H+ –
H2VO4

– – P– system as a function of pH. Full lines are 
theoretical curves, empty squares represent 
experimental points at [V]tot = 5 mM and [P]tot = 60 
mM. The position of the monovanadate peak (V1) is 
also shown as dashed line. 
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According to Gresser et al.,226 the mixed 
anhydrides are about a hundred times less 
stable hydrolytically than V2, but about a 
million times more stable than PP at pH = 
7. In our model, they only bind 
approximately 1 – 2 percent of the total 
vanadium at the physiological pH, despite 
the more than 1,000–fold excess of 
phosphate. Of course limitations do apply 
here too, and naturally occurring 
enzymatic processes have not been 
included either. Enzymes could in theory 
enhance the formation of V – P bonds, 
owing to the vanadate – phosphate 
analogy. For instance, they could add a 
vanadate instead of a phosphate to ADP, 
forming “ADPV”, instead of ATP. 

However, the enzymes catalysing the opposite reaction, i.e. the cleavage of the phosphate – 
phosphate bonds, can also easily break apart phosphate – vanadate bonds. None of these 
processes have been taken into consideration in this model, but they may very well occur in 
real physiological conditions, contributing to the biological effects of vanadium and its 
compounds. 
Mixed–ligand complexes, where one of the ligands is phosphate, are of special interest from a 
biological point of view. However, they have not yet been investigated as part of this thesis, 
owing to limitations in time. 

4.5.2 The H+ – H2VO4
– – H2O2 – phosphate system 

Four quaternary peroxovanadate – phosphate species have been identified in this system, but 
only three of them are included in Table 12 and in the final model. The complex V2X4P5– is 
extremely minor, and thus its formation constant could not be determined accurately enough. 
In addition, being a dimeric species in vanadium, its presence under physiological 
circumstances can safely be neglected. There is another limitation in this system. Unlike the 
ternary vanadate – phosphate system, which has been studied over a very wide pH range 
(from pH 1 to 11) since no problems with vanadate reduction has been observed, the present 
quaternary system had to be limited to pH > 6 when a less than two fold excess of peroxide to 
vanadate has been applied. Otherwise substantial peroxide decomposition occurs before 
equilibrium is attained in the subsystems (V10, V14P). Apart from these problems with 
equilibria, this system has been somewhat easier to study than the ternary vanadate – 
phosphate system (section 4.5.1), since all quaternary species give rise to separate and sharp 
51V NMR signals. 
 

p, q, r, s Notation log β (3σ) pKa 51V NMR shift / ppm 

–1,1,1,1 VXP3– –0.29 (0.07)  –616.8 

–1,1,2,1 
  0,1,2,1 

VX2P3– 
VX2P2– 

  5.58 (0.01) 
11.02 (0.03) 

 
5.44 

–731.3 
–711.4 

Table 12  Species, notation, formation constants and 51V NMR chemical shifts for the quaternary H+ – H2VO4
– – 

H2O2 – P– system in 0.150 M Na(Cl) medium at 25 ºC. 
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Figure 27  Distribution of vanadium (FV) as a function 
of pH in the ternary H+ – H2VO4

– – P– system. [V]tot = 
0.001 mM and [P]tot = 1.1 mM. 
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The complexes that are included in the 
final model are all mononuclear and of the 
common VXLigand and VX2Ligand types 
(Table 12). Only VX2P2– undergoes 
deprotonation (pKa = 5.44, Table 12), with 
an accompanying change in the position 
of its resonance (Figure 28). Although the 
signal of VXP3– is shifted towards lower 
field values at pH < 7, the protonated 
species VXP2– could not be determined, 
owing to its extremely low concentration. 
Hence, this protonated species is omitted 
from the final model. 
With all the formation constants at hand, 
conditions representing the administration 
of a very small amount of vanadate with 
excess peroxide have been modelled 
(Figure 29). The phosphate concentration 
has been set to its physiological value of 
1.1 mM in human blood. Similarly to the 
ternary vanadate – phosphate system 
(section 4.5.1), the formed quaternary 
complexes are so weak that they do not 
appear in Figure 29. This is in accordance 
with the observation that ligands with only 
oxygen donor atoms are not preferred at 
all by peroxovanadates (see lactate and 
citrate, sections 4.3.2 and 4.4.2, 

respectively). Thus, no peroxovanadate – phosphate species are predicted over the entire pH 
range. Of course, our model has considerable limitations. Yet, it is most likely that 
peroxovanadate – phosphate species do not play important biological roles and that phosphate 
has no major influence on the distribution of peroxovanadates in human blood. 

4.6 Mixed ligand systems 
The possibility of the formation of mixed ligand complexes is of special interest from the 
biomedical point of view. Since there are many organic and inorganic ligands present in the 
bloodstream, there is a good chance that the original carrier of any introduced 
(peroxo)vanadate compound may be partially or completely replaced before it could reach its 
target. Moreover, ligands of the bloodstream could in theory adjoin to already existing 
vanadium complexes provided there is space enough for them. If there is no carrier 
replacement at all or if it is a complete replacement (i.e. the new ligand displaces the original 
carrier instead of simply being added to the already existing complex), then the system can be 
modelled from its subsystems. On the other hand, in the case of partial replacement or when 
an additional, different ligand is added to existing complexes, mixed ligand species form. 
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Figure 28  51V NMR chemical shifts in the 
quaternary H+ – H2VO4

– – H2O2 – P– system as 
a function of pH. Selected chemical shifts from 
the ternary H+ – H2VO4

– – H2O2 system are 
included for comparison. 
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Figure 29  Distribution of vanadium (FV) as a function 
of pH at [V]tot = 0.001 mM, [H2O2]tot = 0.01 mM and 
[P]tot = 1.1 mM. 
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These mixed ligand complexes should of course be included in the speciation to obtain a 
complete picture on the fate of vanadate in human blood. 
Mixed ligand complexes have been reported between vanadium(IV) and picolinate (or its 
derivatives) and blood serum constituents, including citrate and lactate.188, 232 Accordingly, we 
have tested different conditions in an effort to obtain these species while investigating the 
vanadate – picolinate and peroxovanadate – picolinate systems. Since there are VPi2 – and 
VXPi2 – type complexes, respectively, one of the picolinate ligands could in theory be 
replaced by either lactate or citrate, two common ligands in human blood. No such 
compounds have been found, however. This result is predictable, considering the relative 
strength of the vanadate (and especially peroxovanadate) complexes with picolinate vs. citrate 
or lactate. Peroxovanadate – picolinate complexes are very strong, while those with citrate 
and lactate are weak, and thus these latter ligands are unable to replace picolinate. Therefore, 
we have tried to use imidazole instead of citrate and lactate. Complex formation between 
imidazole and peroxovanadates is at least as strong as it is with picolinate, and imidazole is 
also small enough to easily fit into the place of one of the picolinate ligands. Nevertheless, no 
mixed ligand species have been found in these experiments either. This is probably owing to 
the fact that peroxovanadate – imidazole species do not exist at the acidic pH needed for the 
formation of VXPi2

–. 
Similarly, no mixed ligand species have been obtained when using the ligands Alaser and 
Alahis together with peroxovanadates. It is to be expected, since the ligands are rather bulky 
and there has been no bisligand species found with either of the dipeptides. 
In the case of lactate, however, there are numerous vanadium(V) – bislactate complexes 
(V2Lac2

2–, V3Lac2
3–, V4Lac2

4–, Table 7) and it is highly probable that one of the lactates in 
such a complex could be substituted with another ligand. In addition, lactate is a relatively 
small ligand, and thus presents little hindrance to the addition of another (preferably also 
small) ligand to an already existing monolactate complex, such as VLac–. Given the manifold 
of similarities between the (peroxo)vanadate – lactate and – citrate systems, citrate is an 
obvious choice to test for mixed ligand species along with lactate, the apparent biological 
relevance not withhold. 
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Figure 30  Proposed solution structures for the mixed ligand species V2CitLac2– (left) and V2CitLac3– (right). 
The formed five–member chelate rings around the vanadium atoms are outlined in bold. 

 
When both lactate and citrate are added to acidic vanadate solutions, a new 51V NMR peak is 
observed at about –538 ppm. It is located exactly between the resonances of the symmetric 
dimers V2Lac2

2– (–533 ppm) and V2Cit2
2– (–545 ppm). LAKE calculations confirmed that the 

peak originates from the mixed ligand species V2CitLac2–. In addition, a very small (about 1 
ppm, Table 13) change in the position of this new peak has been observed with increasing pH. 
This change is a result of deprotonation, yielding the species V2CitLac3–. Interestingly, no 
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deprotonation of either parent complexes (V2Lac2
2– and V2Cit2

2–) has been observed, although 
for V2Cit2

2– there is not enough evidence to completely rule out this possibility. The structure 
of the mixed ligand species is shown in Figure 30. It can be described as built up solely by 
combining halves of the parent complexes. The oxygen atoms in the “V2O2” core are from the 
hydroxyl groups of lactate and citrate, and the deprotonation occurs on a flanking arm of 
citrate. The resulting pKa (5.0, Table 13) is consequently rather similar to that of the free 
citrate ligand (5.61, Table 9) and to what has been obtained from crystallisation experiments 
for the deprotonation of V2Cit2

2– to give V2Cit2
4– (5.5).215 In theory, it would be possible to 

remove one more proton from the other flanking carboxylic group of citrate. The resulting 
V2CitLac4– complex, however, could not be detected. The five–member chelate rings formed 
by the coordination of citrate and lactate are shown in bold in Figure 30. They provide very 
similar electronic environments for the vanadium atoms, and thus only one 51V NMR peak 
has been observed for the species. 
 

p, q, r, s, t Notation log β (3σ) pKa 51V NMR shift / ppm 

4,2,0,1,1 
3,2,0,1,1 

V2CitLac2– 

V2CitLac3– 
30.15 (0.03) 
25.15 (0.31) 

5.0 
 

–538 
–539 

Table 13  Species, notation, formation constants and 51V NMR chemical shifts for the mixed ligand H+ – 
H2VO4

– – Cit3– – Lac– system in 0.150 M Na(Cl) medium at 25 ºC. 

 
By combining the models of the vanadate – lactate and – citrate systems and including the 
constants shown in Table 13, a diagram has been created to show the distribution of vanadium 
in the simultaneous presence of these two ligands at their physiological concentrations 
(Figure 31). As expected, there are practically only inorganic monovanadates present at the 
pH of human blood. Since the formation of mixed ligand complexes is even less favoured 
than what would be predicted statistically, it is not surprising to see that they do not form at 
all under these circumstances. 
Preliminary 51V NMR investigations clearly showed that mixed ligand complexes also form 
when lactate and citrate is added to peroxovanadate solutions. However, no complete 
speciation study has yet been carried out, owing to the extreme complexity of that system. All 
problems encountered in the subsystems with reduction, loss of peroxide, equilibrium times 
and overlapping peaks have been found to be multiplied in this case. These problems certainly 
will make any future investigations of this system very challenging. 
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4.7 On the fate of (peroxo)vanadates in human blood 
Numerous drugs are known to be bound to plasma proteins when entering the bloodstream. 
The extent and nature of this interaction has a profound effect on the distribution of the drug 
into other compartments and on its therapeutic as well as toxic effects.233, 234, 235 
 

Ligand 
(Abbreviation) 

Concentration in 
human blood Notation log K Medium 

Glycine 
(Gly) 2.3 mM   VGly   1.85 a 1.0 M KCl, HEPES buffer 

Histidine 
(His) 77 μM   VHis 

*VHis 
  0.20 b 
–0.15 b 0.15 M NaCl 

Albumin 
(Alb) 630 μM   VAlb   3.00 a 1.0 M KCl, HEPES buffer 

Transferrin 
(Trf) 37 μM VTrf   6.50 c 0.1 M HEPES buffer 

Maltol 
(Ma) – 

VMa– 
  VMa2– 
  VMa2

– 

  2.66 d 
–7.37 d 
  7.02 d 

0.15 M Na(Cl) 

Table 14  Vanadate complexes with selected constituents in human blood. The concentrations of the ligands in 
healthy human subjects according to Ref. 199 are indicated. Maltol is included for comparison. Notations for the 
complexes, their formation constants and the ionic medium in which those have been determined are also shown. 
a) from Ref. 247 b) from Ref. 236 c) from Ref. 244 d) from Ref. 187 The given constants are log β values (as 
opposed to the log K values given for all other compounds in this table) and are referring to the H+ – H2VO4

– – 
Ma system. 

 
Albumin is found in approximately 630 μM concentration (Table 14) in human blood, and it 
(together with α1–acid glycoprotein) is one of the most common non–specific binding 
proteins. Transferrin is another binding protein, which is more important in the case of metal 
transportation237, 238 (especially with iron, hence the name). It is present in human blood in 
about 37 μM concentration (Table 14), and has two binding sites per protein to accommodate 
metal ions.239 One of these binding sites is located in the N–terminal lobe of the protein, while 
the other is situated in the C–terminal.240 In normal serum, only about 30 % of the total 
binding sites are occupied by iron.176 It means that there are still sites available for other metal 
ions, without needing to replace the tightly bound iron. It has to be pointed out, that the N– 
and C–terminal binding sites are not equivalent, despite having identical ligands. The ligands 
taking part in metal binding at the sites are two tyrosines (Tyr 95 and 188), one histidine (His 
249) and one aspartic acid (Asp 63). In addition, there is a bidentate carbonate, usually 
referred to as the synergistic anion,240, 241 without which practically no metal–protein binding 
occurs. In theory the synergistic anion does not have to be carbonate, it could be a substitute 
anion too, as seen in some bacterial iron–binding proteins, which use phosphate instead of 
carbonate.242 For human transferrin, however, only carbonate is of practical relevance. 
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4.7.1 Vanadate in the presence of selected blood constituents 
As explained in the previous section, both albumin and transferrin play important roles in the 
distribution and transportation of different compounds. Consequently, they cannot be ignored 
when evaluating the interactions of any introduced vanadium–containing drugs in human 
blood. Indeed, it has been demonstrated that vanadium binds to both of these proteins,52, 243, 

244, 245, 246, 247, 248, 249 although approximately a 1,000–times stronger to transferrin than to 
albumin.250 Interestingly, vanadium has been found to be bound to transferrin even in the 
absence of HCO3

–.251 
Beside these two proteins, other constituents should also be included in a model that attempts 
to elucidate the fate of vanadium in human blood. Table 14 lists two additional bioligands, 
glycine and histidine, with their respective concentrations in serum. Some constituents, such 
as carbonate, sulphate and cysteine, have been excluded owing to the lack of (reliable) 
formation constants for their vanadate complexes. Of these excluded ligands, only carbonate 
should be of considerable importance, because of its high concentration in blood (almost 25 
mM). 
In addition to the physiological concentrations of the selected blood constituents, Table 14 
also lists the complexes they form with vanadate. These species have been included in the 
model calculation, along with the species with lactate, citrate and phosphate (sections 4.3.1, 
4.4.1, and 4.5.1, respectively). Since the latter ones have already been presented in Table 7, 
Table 9, Table 11 and Table 13, they are omitted from Table 14, but not from the model. 
Unfortunately, most of the formation constants given in Table 14 have not been determined in 
the physiological medium, which introduces an error in the model calculations. Moreover, in 
the case of transferrin, another simplification has been made. As explained earlier, transferrin 
is capable of binding two metals per protein, which would lead to the formation of a V2Trf–
type complex with vanadium. On the other hand, iron is present and competes with vanadium 
for the binding sites under physiological conditions. What is more, the binding of iron is 
favoured over any other metal ions by transferrin. Since no iron is included in the model 
calculation, this kind of competitive binding has to be included in another way. It has been 
achieved by calculating with VTrf–type complexes only. The other binding site can then be 
occupied by iron, as is most probably the case. Thus, the complex VTrf can in fact be 
considered as FeVTrf. Although this is a rather arbitrary simplification, it should give 
satisfactorily accurate results, since the amount of vacant binding sites of transferrin is 
estimated to be around 40 μM in human serum in the presence of iron.239 
In order to represent an introduced vanadium–containing drug, either vanadate – picolinate 
(Table 2) or vanadate – maltol complexes (Table 14) have also been included in the model. 
This has been done to investigate whether the carrier ligand gets replaced by any of the blood 
constituents. Picolinate has been chosen since it forms very stable mononuclear complexes at 
neutral pH (section 4.1.1). Maltol has been included for the same reason and also because of 
the extensive clinical research carried out with vanadium(IV) and this ligand (or a 
derivative).17, 18, 19, 20, 21, 22 
Figure 32 shows the results of one of the model calculations. As can be seen, when there is no 
carrier ligand introduced with vanadium and the high mass serum constituents (HMS) 
albumin and transferrin are excluded from the model, most of the metal is present as inorganic 
monovanadate, H2VO4

– and HVO4
2– (Figure 32a). Approximately 12 % of vanadium is 

bound to glycine, and about 1–2 % to other constituents (mostly phosphate). When the 
proteins are also included, however, more than 98 % of the total vanadium is bound to 
transferrin (Figure 32b). To illustrate the strength of picolinate itself as a carrier ligand in the 
absence of HMS, a distribution is also shown for that case (Figure 32c). The diagram shows 
that a substantial fraction of vanadium (about 90 %) is bound to picolinate when neither of the 
proteins are present. When HMS are included, however, transferrin binds almost all 
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vanadium, despite the high concentration of picolinate (20 mM, Figure 32d). This is in 
accordance with the results obtained with canine blood,243 where it has been shown that 
almost 80% of vanadium is bound to transferrin, regardless of what kind of vanadium species 
has been injected originally. It is also in accordance with the fact that introduced vanadium 
seems to be targeted towards iron–rich cells,89 i.e. the transport route of vanadium follows that 
of iron. 

Figure 32  Distribution of vanadate in the presence of different blood constituents. [V]tot = 0.001 mM in all 
cases, concentrations of the constituents are according to Table 14 and Ref. 199. HMS is short for high mass 
serum constituents (albumin and transferrin). Gly stands for glycine, P for phosphate, Trf for transferrin and Pi 
for picolinate in the legend. From left to right: a) No HMS, no Pi– b) No Pi–, HMS included c) No HMS, [Pi]tot = 
20 mM d) [Pi]tot = 20 mM, HMS included. 

 

 
Figure 33  Distribution of vanadate in the presence of blood constituents. [V]tot = 0.001 mM in all cases, 
concentrations of the constituents are according to Table 14 and Ref. 199. HMS is short for high mass serum 
constituents (albumin and transferrin). Trf stands for transferrin and Ma for maltol in the legend. From left to 
right: a) No HMS, [Ma]tot = 20 mM b) [Ma]tot = 20 mM, HMS included c) [Ma]tot = 5 mM, HMS included. 

 
Interesting results are found when doing the same kind of modelling with maltol, instead of 
picolinate (Figure 33). Using the same concentration for maltol as for picolinate in the 

Inorganic V VGly VP VTrf VPi Other

VTrf VMa Other
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previous calculation (20 mM), it is obvious how much stronger this ligand binds to vanadate 
at physiological pH (Figure 33a). Even in the presence of HMS, almost 97 % of the total 
vanadium is bound in VMa2

– (Figure 33b). When lowering the total concentration of maltol 
to 5 mM, more vanadium is bound to transferrin, but still not more than approximately 34 % 
(Figure 33c). This means that although transferrin binds vanadium very strongly, a 
considerable fraction of the metal can still be bound to its original carrier if an appropriate 
ligand is applied. Certainly the ligand needs to be in excess, but it does not have to be at 
extreme concentrations to be able to effectively compete with the HMS. It is also worth 
noting that vanadium(IV) has a higher affinity to transferrin than does vanadium(V).251 In 
other words, vanadium(V) complexes generally have a better chance to avoid ligand 
replacement by transferrin than the corresponding ones with vanadium(IV). This is especially 
interesting when considering the vanadium – bismaltolato complexes in each oxidation state. 
There are numerous biological and clinical studies on vanadium(IV) – maltol (or derivative) 
complexes in the literature,17, 18, 19, 20, 21, 22 but our model suggest that the corresponding 
species with vanadium(V) might actually be even more promising. 
Limitations, however, do apply to the model. First of all, the formation constants used are 
from different media and a considerable simplification has been made when considering only 
VTrf but not V2Trf in the model. In addition, only mixed ligand complexes with lactate and 
citrate (Table 13) have been included. Although these are extremely weak complexes, others 
(with phosphate, for instance) might not necessarily be. Nevertheless, these should cause only 
minor changes in the overall picture, and the model should be valid as far as major features 
and trends are considered. 

4.7.2 The stability of peroxovanadates in the presence of human catalase 
Peroxovanadates could be considered much more promising when taking into account their 
synergistically improved insulin–enhancing properties only (section 1.4). However, there is 
also a drawback regarding their stability, namely that they decompose often rather rapidly, 
especially at acidic pH. This is a problem for any drug that is designed to be taken orally. In 
addition, the human body has a defence mechanism against the oxidative stress the presence 
of excess peroxide would cause. It is manifested in an enzyme called human catalase, which is 
responsible for the fast and effective decomposition of peroxide in blood. Naturally, 
peroxovanadates can also be destroyed by this enzyme. Thus, in order to be able to reach their 
target cells without being decomposed by catalase in the blood, the compounds should be in 
such a form that the enzyme would no longer recognise them as peroxide (i.e. as its substrate). 
This resistance to decomposition by catalase is an important criterion when designing a 
potential drug containing peroxovanadate. Speciation studies alone do not provide this kind of 
information, but they can predict what complexes could be present under physiological 
conditions. We have observed that peroxovanadates prefer aromatic N donor atoms over any 
other kind (Paper VI). Two very illustrative examples are the corresponding speciation studies 
with imidazole (Im)83 and L–α–alanyl–L–histidine (Alahis).183 Imidazole forms practically no 
complexes with vanadate in the absence of peroxide, but it does form a very strong VX2Im 
species when peroxide is present.83 Similarly, the dipeptide Alahis is bound to vanadate via its 
carboxyl– and amino–groups as well as the peptide N, but it does not coordinate using the 
aromatic N of the imidazole residue at all. In the VX2Alahis species, on the other hand, the 
dipeptide only uses the aromatic N to bind to vanadium, and complexation is greatly enhanced 
in the presence of peroxide.183 In contrast, complex formation does not become more 
expressed when no aromatic N donor atoms are present, as seen for L–α–alanyl–L–serine 
(Alaser), lactate (Lac–), citrate (Cit3–) and phosphate (sections 4.2.2, 4.3.2, 4.4.2 and 4.5.2, 
respectively). It is of interest to check if there is a relationship between the observed 
thermodynamic stability of the complexes at physiological pH and their ability to resist 
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human catalase. In general, it is of great 
importance to investigate whether or not 
the different ligands have any effect on the 
resistance of the compounds against the 
enzyme. Therefore, simple biological tests 
have been performed as described in 
section 2.7 on solutions of vanadate (20 
mM), peroxide (40 mM) and one of the 
following ligands (40 mM): Im, Pi–, Alahis, 
Alaser, Lac– and Cit3–. Inorganic 
peroxovanadates have also been included 
as reference. Figure 34 shows the results. 
Noticeably, complexes with ligands that 
contain an aromatic N donor atom resist 
catalase the best. Their stability compared 
to that of the inorganic peroxovanadates 
(V–X), in the presence of catalase is 
remarkable. Even more so when compared 
to the enzymatic decomposition of 
hydrogen peroxide itself (i.e. no vanadium 
added), which is about a hundred times 
faster than that of the inorganic 
peroxovanadates.252 Removal of the 
aromatic N from the ligand results in 
considerably lower resistance of the 
complexes against catalase (compare Alaser 
and Alahis in Figure 34). Lactate and 
citrate behave identically, as they both form 
very weak quaternary peroxovanadate 
complexes. They are also indistinguishable 
from inorganic peroxovanadates within the 
experimental error of these simple tests. 
Thus, the results are in almost complete 
agreement with what can be predicted from 
the speciation models. The somewhat 
improved resistance of the complexes with 
Alahis as compared to those with Im, can 
be explained by sterical factors. In both 
cases it is the imidazole N that is 
coordinated to the central vanadium atom, 
but for Alahis, the entire dipeptide chain is 
left dangling, which probably makes it 
harder for the enzyme to attack the 
complex. Thus, it hinders catalase more 

effectively than the much smaller imidazole molecule does. The only unexpected result is the 
stability of the picolinate complexes. Since peroxovanadate – picolinate species are rather 
strong even at physiological pH, a higher resistance would be anticipated based solely on the 
results of our speciation studies than what is shown in Figure 34. To understand this 
phenomenon better, a similar comparative study has been performed, but this time without 
adding the enzyme catalase. Of all the ligands of the previous experiment, only Im and Pi– 
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have been included, together with inorganic peroxovanadates for comparison (Figure 35). Im 
and Pi– both contain aromatic N donor atoms and they are almost the same size. In addition, 
Im is monodentate, whereas Pi– forms 5–member chelate rings upon coordination to vanadate. 
Yet, Pi– complexes show weaker resistance against catalase than Im (Figure 34). 
Interestingly, VX2Im– and VX2Pi2– behave identically up until 3 days of age in this test 
(Figure 35). After that time, however, the peroxide loss from Pi– – containing solutions 
increases rapidly, exceeding even the rate of loss in inorganic peroxovanadate solutions. This 
indicates a different kinetic behaviour for the peroxovanadate – picolinate system. An 
explanation can be given assuming a rather labile VX2Pi2– species. This explanation is in 
agreement with the observed sharpening of 51V NMR lines upon the addition of hydrogen 
peroxide to vanadate – picolinate solutions, as the dynamic exchange process may be faster 
than the timescale of 51V NMR. In addition, it is in accordance with the observed line–
broadening of the picolinate 13C NMR signals too. Furthermore, it explains why VX2Pi2– is 
resistant to catalase to a much lesser extent than what would be expected. Since the complex 
appears to be labile, catalase can in theory remove the peroxo group from the complex before 
the picolinate ligand could rebind. It is worth pointing out that in weakly acidic solutions 
VXPi2–type complexes form (section 4.1.2) and they are much more inert than VX2Pi2–, with 
no substantial peroxide loss observed for over three months. 
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5. Summary and Concluding Remarks 
In this thesis, results from equilibrium studies of altogether eleven different vanadate – ligand 
and peroxovanadate – ligand systems are presented. In addition, solution structures are also 
discussed. The ligands (picolinate (Pi–), L–α–alanyl–L–serine (Alaser), lactate (Lac–), citrate 
(Cit3–) and phosphate (P–)) have been chosen owing to their biological significance as well as 
to enable comparisons between different donor atoms. Since the studies are directed towards 
diabetes research with a hope for a possible orally applicable drug that contains vanadium, 
biologically relevant conditions have been modelled and are discussed in the thesis. In 
addition, simple blood tests have been carried out to determine the stability of certain 
peroxovanadate complexes in the presence of the enzyme human catalase. Furthermore, no 
buffer solutions and a 0.150 M Na(Cl) medium has been used to obtain pH–independent 
formation constants that are valid at the ionic strength of human blood. The studies have 
focused on vanadium(V) exclusively, and a combination of 51V, 31P NMR and potentiometry 
has been used to obtain the data, which have been processed by the least squares program 
LAKE. Additional experimental techniques have been used to obtain complementary 
information (EPR, ESI–MS, 31P and 13C NMR) or to elucidate structural features (13C, 1H, 14N 
NMR). Experiments have been carried out at 25 ºC and the dissolution of CO2(g) has been 
avoided. 
Overviews of the results are given below, for both the vanadate – ligand and peroxovanadate 
– ligand systems. Some of the ligands listed there (imidazole (Im), L–α–alanyl–L–histidine 
(Alahis), maltol (Ma) and uridine (Ur)) are not part of this thesis. Nevertheless, they are 
included in this summary to further illustrate the observed trends. 
In the case of the vanadate – ligand systems, the following features have been noted: 
a) There is a trend in the preference of vanadate towards ligands with different donor atoms. 

Ligands with aromatic N donor atoms only (Im) are by far the least preferred. 
Monodentate ligands with an O donor atom (P–) are also disfavoured. Bidentate ligands 
form strong complexes with vanadate when a five–member chelate ring is formed (Ma, 
Pi–, Lac–, Cit3–). Multidentate ligands (Alahis, Alaser) behave similarly, but they form 
more than one chelate rings. 

b) If (de)protonation of the ligand is possible, the pH–range where complexation occurs 
increases (Lac– < Cit3–). 

c) Monovanadium – monoligand (“VLigand”) species are very common and exist in all 
systems presented in this thesis. With the exception of the vanadate – Alaser system, they 
undergo (de)protonation. 

d) (De)protonation does not necessarily involve a change in the 51V NMR chemical shift. 
Vice versa, the change in the position of a signal does not necessarily mean 
(de)protonation either. Instead, it can be the result of an exchange process between 
different vanadium(V) species that is fast on the NMR timescale. 

e) In addition to potentiometric data, NMR chemical shifts can also be used to determine 
acidity constants. Furthermore, chemical shifts can be extremely useful in equilibrium 
calculations when no separate peak is observed for a species, owing to fast exchange (as 
in the vanadate – phosphate system, section 4.5.1) 

f) Higher nuclearity (mostly divanadium) species are favoured with α–hydroxy carboxylate 
ligands (Lac–, Cit3–). 

g) A common “V2O2” diamond unit has been found in the core of the divanadate – bisligand 
compounds when the ligand contains two O donor atoms separated by two carbon atoms 
(Lac–, Cit3–, Ur). 

h) When no mixed ligand species are formed, the system can easily be modelled from its 
subsystems (Alahis – Alaser, paper II). Although the formation of mixed ligand 
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complexes has been observed with Lac– and Cit3– as ligands (section 4.6, paper IV), this 
is less preferred than what pure statistical reasoning would allow. Nevertheless, they 
should be included in the models and reckoned with in future investigations too. 

i) From modelling physiological conditions with a hypothetical vanadium drug included 
(section 4.7.1), it can be concluded that transferrin binds vanadium very strongly, and is 
able to replace the original carrier in many cases. Certain ligands, such as Ma, however, 
are strong enough to withhold a substantial part of vanadium even from transferrin. This 
indicates that the ligands can have a profound effect on the fate of vanadium in human 
blood. 

j) By means of the pH–independent formation constants obtained in this work, different 
physiological conditions can be modelled, ranging from the very acidic pH of the 
stomach to the almost neutral, slightly alkaline of the blood and small intestines. This 
provides valuable information to the design of a drug intended for oral administration. 

 
Paper VI gives a comparison of different peroxovanadate – ligand systems. In general, the 
following trends have been noted (X stands for the peroxo ligand): 
a) Peroxovanadate – ligand species are very often built up by adding one or more peroxo 

groups to already existing vanadate – ligand species. Im is an exception. 
b) The existence of species with VX2Ligand composition is a common feature in all studied 

systems. In certain cases, (de)protonation of such species may also occur, but not always. 
c) The preference of vanadium in these VX2Ligand complexes towards different donor 

atoms varies according to the following series: exclusively oxygen donors (Lac–, Cit3– 
and P–) < aliphatic N and O donor (Alaser) < aromatic N donors (Im, Alahis, Pi–). Note, 
that exclusively aromatic N donor ligands are strongly disfavoured in the absence of 
peroxide. 

d) If (de)protonation of the ligand is possible, the pH–range of existence for the formed 
species increases (Im < Alahis), similarly to what has been noted for vanadate – ligand 
complexes. 

e) VXLigand–type complexes are also very common and have been observed in all systems. 
In case of Lac–, however, the VXLigand–type complexes formed are dimers (section 
4.3.2, Table 8). See also f) below. 

f) Similarly to the vanadate – ligand systems, binuclear species are favoured with α–
hydroxy carboxylate ligands (Lac–, Cit3–). 

g) 51V NMR spectra can in most cases be divided into non–, mono– and diperoxo–regions. 
In general, resonances at downfield values up to –570 ppm are from vanadate species 
without peroxo ligands (“VnLigandm” composition, where m can also be zero). If there is 
one peroxo ligand per vanadium (“VnXnLigandm”), the resonance usually falls into the 
range –540 to –670 ppm. Moieties that contain more than one peroxo ligands per 
vanadium give rise to resonances at higher–field values more negative than –670 ppm. 
While these ranges are approximate and the exact boundaries of these regions depend on 
the ligand, the position of the signal provides useful preliminary information about the 
composition of the species. 

h) (De)protonation does not always alter the position of the signal, just like in the case of 
vanadate – ligand complexes. 

i) Isomerism is always observed in the case of multidentate ligands. 
j) The insulin – enhancing properties of the complexes are impossible to predict from 

speciation studies only. However, they can provide very useful insights and guidelines 
(see section 4.7.2). 
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6. Future plans 
 
During this work, several areas of special biological and medical relevance have been left 
unexplored, owing to limitations in time. Plans for future work should include the most 
important ones of them. The formation of mixed ligand vanadate complexes have been 
observed with lactate and citrate as ligands (section 4.6), but perhaps even more interesting is 
the possibility to obtain such species with phosphate as one of the ligands. Additionally, 
mixed ligand complexes of the peroxovanadates also need to be investigated. 
This work initiated a series of studies that aim to determine the speciation of 
(peroxo)vanadates in the presence of blood constituents, in order to elucidate their fate in 
human blood. So far lactate, citrate and phosphate (sections 4.3, 4.4 and 4.5, respectively) 
have been studied, but numerous other ligands are of special interest. Carbonate is one of 
them, being present in concentrations of about 25 mM in human blood.199 A few preliminary 
51V NMR spectra have already been recorded and they have indicated complex formation. 
Thus, the system is absolutely worth further exploration. In addition, complexation of the high 
mass serum constituents, albumin and particularly transferrin, to vanadate and 
peroxovanadate is very important and interesting. For transferrin, a competitive binding study 
with iron and vanadate in the physiological medium would provide very valuable information. 
All studies in the present work have been carried out at 25 ºC. In order to better represent 
physiological conditions, reinvestigations of the systems at 37 ºC could be done. The 
formation of new species is unlikely, since the increase in temperature is not substantial. 
Thus, assigning the spectra to species would be rather straightforward even at 37 ºC. 
Naturally, formation constants would be affected with monovanadate species becoming more 
favoured. 
In line with the research to obtain an orally applicable anti–diabetic drug, several systems 
could be studied. Vanadium complexes with amino acid hydroxamates, such as L–glutamic 
acid γ–monohydroxamate, are especially interesting. These compounds are reported to have 
the most promising insulin–enhancing effects discovered to date,24, 253 and their vanadium 
speciation should be investigated in the future, even with the addition of hydrogen peroxide. 
Beside the speciation studies, biological tests should be carried out at least on some of the 
complexes in order to gain further insight to the relationship between speciation, structure and 
biological effectiveness. 
Mostly multinuclear NMR and potentiometry have been used in the work presented in this 
thesis. Data from the combination of these techniques has proven extremely useful for 
elucidating vanadium speciation, but occasionally other experimental methods are needed. In 
the future, IR and EXAFS could also be utilised to supply complementary data to or confirm 
the information obtained by NMR. In addition, crystallisation experiments and ab initio 
quantum mechanical calculations can be used to gain further insight into the structural 
features of the complexes and their governing factors. 
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