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A detailed study of the quaternary aqueous H�/H2VO4
�/H2O2/-α-alanyl--serine (Alaser) system has been

performed at 25 �C in 0.150 M Na(Cl) medium, representing the ionic strength of human blood, using quantitative
51V NMR and potentiometric data (glass electrode). Data were evaluated with the computer program LAKE, which
is able to treat combined EMF and NMR data. The pKa-values for Alaser were determined as 8.04 ± 0.01 and
3.07 ± 0.01. The errors given are 3σ. In the ternary H�/H2VO4

�/Alaser system, two complexes, (H�)p(H2VO4
�)q-

(Alaser)r, having (p, q, r) values (0, 1, 1) and (�1, 1, 1) with logβ0,1,1 = 2.42 ± 0.01 and logβ�1,1,1 = �5.80 ± 0.05 explain
all data in the pH region 2.5–9.5. Equilibrium conditions are illustrated in distribution diagrams and structure
proposals are given based on 1H and 13C NMR investigations. In the quaternary H�/H2VO4

�/H2O2/Alaser system,
six complexes could be found in addition to all binary and ternary complexes over the pH region 2.6–11.1, four with
a V/X/Alaser ratio 1 : 1 : 1 and two with a ratio 1 : 2 : 1 (X = peroxo ligand). The formation of the monoperoxo
vanadium species is very slow, requiring up to 10 days for complete equilibrium. Significant decomposition of
peroxide occurs only in acidic solutions. Chemical shifts, compositions and formation constants for the six
quaternary complexes are given, and equilibrium conditions are illustrated in distribution diagrams. The H�/H2VO4

�/
H2O2/Alaser/Alahis system, where Alahis denotes -α-alanyl--histidine, was briefly investigated and no mixed ligand
species were detected.

Introduction
The biochemistry of vanadium and the coordination chemistry
of vanadate and several ligands of biochemical interest has
been the basis for many interdisciplinary studies during the last
two decades.1,2 Vanadate inhibits many phosphate-metabolising
enzymes, which fact also has impact on the insulin-mimetic
behaviour 3 of vanadate, peroxovanadate, vanadyl and several
vanadium complexes, most probably owing to the inhibition of
protein tyrosine phosphatases.4 In addition to this unspecific,
general interaction, vanadium is present in the cofactor of some
nitrogenases and haloperoxidases. In nitrogenases, vanadium
is an integral part of an iron–sulfur cluster,5 while in halo-
peroxidases vanadate() is coordinated to the Nε of a histidine.
Furthermore, there is a serine at the active site, which has been
proposed to participate in the catalytic turnover.6

Complexes of vanadate and protein fragments, i.e.
dipeptides, can be considered as structural models for the
unspecific binding of vanadium to proteins. Here, particularly
water-soluble complexes are of interest against the background
of possible medicinal applications in the field of insulin-
mimetics. Accordingly, several 51V NMR studies have been
carried out with different vanadium–dipeptide complexes dur-
ing the last two decades,7,8 and recently a comparative study was
made to collate ligands with different donor atoms.9 To address
the possible medical use of vanadium complexes, an extensive
in vitro study had been carried out with promising preliminary
results.10

In order to obtain information about the coordination of
vanadium in biogenic compounds through ligands dominated
by nitrogen-functional groups, the vanadium binding to
-α-alanyl--histidine (Alahis) has been investigated earlier
in 0.600 M Na(Cl) medium 11 and recently reinvestigated in
0.150 M Na(Cl) medium,12 which represents the ionic strength
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of human blood. The revealed coordinating functions here and
in all other studied vanadate dipeptide systems are the terminal
amino group, the terminal carboxylate and the deprotonated
peptide-N.13–15 This coordination mode is often observed in
transition metal dipeptide complexes,16 and has also been sug-
gested for the VO2�/dipeptide system.17 Notably, the imidazole
residue of Alahis does not coordinate to vanadate.11 However,
if a functional side-chain contains a hydroxy group like in
glycylserine, two signals in the 51V NMR spectra were obtained
in contrast to vanadium dipeptide systems with aliphatic or
nitrogen containing side-chains. The lower field signal was
assigned to an additional coordination of the hydroxy group.7,8

On the other hand, participation of the hydroxy group of serine
in coordination to vanadate was not observed in the crystal
structure of [{VO(van--ser)(H2O)}2(µ-O)] 18 and [[VO(sal-
,-ser)]2(µ-O)]�,19 where serine formed a Schiff-base ligand
with vanillin or salicylaldehide.

Peroxide containing vanadate dipeptide systems have been
extensively studied by 51V NMR spectroscopy 20,21 and by X-ray
crystallography in the case of the complex with glycyl-glycine,
(NEt4)[VO(O2)(glygly)].22 For the quaternary H�/H2VO4

�/
H2O2/Alahis system, a full speciation has recently been
established,12 and contrary to the solution structures of the
ternary H�/H2VO4

�/Alahis system, the histidine imidazole was
found to be coordinated to vanadium in the presence of peroxo
ligand(s).

Against this background, detailed investigations of the
ternary H�/H2VO4

�/-α-alanyl--serine (Alaser, Scheme 1)

Scheme 1 Structure of -α-alanyl--serine (Alaser) including atom
labelling for 1H/13C NMR.D
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and the quaternary H�/H2VO4
�/H2O2/Alaser systems have been

performed in order to reveal the influence of an oxygen contain-
ing functional group in the side-chain of the dipeptide in
comparison to the corresponding systems with Alahis.11,12 For
equilibrium analyses, quantitative 51V NMR spectroscopic and
potentiometric data have been collected and processed with
the computer program LAKE,23 which is designed to simul-
taneously treat multimethod data. In addition, the structures of
the ternary vanadium complexes with Alaser have been deter-
mined using 1H and 13C NMR spectroscopy and compared with
the structural properties of the corresponding complexes with
Alahis.11

When different ligands are present simultaneously, the
question of mixed ligand complexes arises. In the simplest case,
when there are no such complexes formed, the system can be
modelled from its subsystems. This was tested in the H�/
H2VO4

�/H2O2/Alaser/Alahis system and the results are
discussed here.

Results and discussion

Subsystems

Equilibrium analyses in the ternary H�/H2VO4
�/Alaser and the

quaternary H�/H2VO4
�/H2O2/Alaser systems necessitate accur-

ate knowledge of the subsystems H�/H2VO4
�, H�/Alaser and

H�/H2VO4
�/H2O2 under the same experimental conditions.

Speciation and 51V NMR properties of the hydrolysis of vanad-
ate 24 and the ternary H�/H2VO4

�/H2O2 system 25 have already
been investigated and published.

For Alaser no acidity constants have been reported so far in
0.150 M Na(Cl) medium. Four potentiometric titrations have
been carried out to determine the speciation in this binary sys-
tem. The acidity constants obtained from these titrations are
presented in Table 1, and experimental details are given in the
experimental section.

The H�/H2VO4
�/Alaser system

The full speciation of this ternary system has been established
from 51V NMR data and EMF point solution data, which have
been recorded in the pH range 2.5–9.5. The spectra show a
rather broad signal at �516 ppm over a wide pH range with an
optimum integral intensity near pH 6, and another broad signal
at �503 ppm appearing at pH values higher than 7, with a
maximum near pH 8.5 (Fig. 1). The program WIN-NMR, dis-
tributed by Bruker, was used for the integral evaluation of the
spectra, as well as for deconvolution, for instance in the case of
the first resonance, which overlaps with one of the decavanad-
ate peaks in acidic solutions. Three series of 51V NMR spectra
have been recorded in order to gain as much information as
possible: constant c(V) with variable c(Alaser) at neutral pH,
constant concentrations of the reactants with variable pH and a
constant ratio between vanadate and the ligand (V/Alaser = ½)
with increasing total concentrations. Solutions were stored
overnight for equilibration.

The experimental data from 56 spectra were evaluated with
the computer program LAKE as described in ref. 11. Different
models with different complex compositions have been tested to
find the set of complexes that gives the best fit to the data, that
is the model with the lowest error squares sum. The result from
the LAKE calculations is shown in Table 2.

Table 1 Species, notation and formation constants for -α-alanyl--
serine (Alaser) [0.150 M Na(Cl), 25 �C]

p, q Notation logβ(3σ) pKa

�1, 1 Alaser� �8.04(1)  
0, 1 Alaser 0 8.04
1, 1 Alaser� 3.07(1) 3.07

The resonance at �516 ppm can be attributed to a complex,
(H�)p(H2VO4

�)q(Alaser)s, having the (p, q, s) value (0, 1, 1),
VAlaser�, with log β0,1,1 = 2.42 ± 0.01. The error given is 3σ. No
change in the 51V NMR shift was observed for this compound
with varying pH. The signal at �503 ppm was also found with-
out any change in the 51V NMR shift (Fig. 4), and a complex
with a (p, q, s) value (�1, 1, 1), *VAlaser2�, and logβ�1,1,1 =
�5.80 ± 0.05 gave the best explanation of the experimental
data. The different 51V NMR shifts for the two complexes can
suggest different coordination modes of the dipeptide ligand
with the possibility of an exchange between these two forms,
which is slow on the NMR time scale. Another possibility is
that the ligand is coordinated in the same way, via the same
dentation sites, but the coordination geometry around van-
adium is different. Thus, the given pKa value (8.22 for VAlaser�)
could be considered as a pseudo pKa value.

Fig. 2(a) shows the distribution for all vanadium containing
species in the pH range 2–11 at a four-fold excess of Alaser.
Under these conditions, the complex VAlaser� exists from pH 3
to 9.5 and predominates in the pH range 5.5–8. At maximum,
55% of vanadium is integrated into this ternary complex
at pH 6. The compound *VAlaser2� appears in the pH range
6.5–11 with a maximum amount of 20% at pH 8.5. In the
simplified Fig. 2(b), the symbols represent experimental
values from 51V NMR integral data. They fit very well to the
calculated curves. A corresponding diagram showing the distri-
bution of the ligand under the same conditions, revealed that
about ten percent of the total Alaser is bound to vanadium at
maximum.

For comparison, the corresponding distribution diagram
with Alahis is shown in Fig. 3 under the same conditions (c(V) =
4 mM, c(Alahis) = 16 mM). Note that the complexation
of vanadate with Alaser is almost as strong as with Alahis,
the latter binding nearly 70% of total vanadium at maximum
(pH ∼ 6). With Alaser, however, only anionic and no neutral
complexes are formed, as opposed to the presence of the
neutral VAlahis species in the H�/H2VO4

�/Alahis system. This
is also reflected in the pH regions over which the complexes
occur. Since the VAlaser species are more negatively charged,
they appear towards more alkaline pH, while the VAlahis
species start to form under more acidic conditions and dis-
appear earlier when going from neutral to alkaline solutions.

1H and 13C NMR measurements have been performed in
order to reveal the coordination sites of the dipeptide in the two
complexes. Since the oxovanadium() unit causes deshielding at
the carbon atoms close to the coordinating groups, significant
differences in the 13C shift, ∆δ = δ(coordinated ligand) � δ(free
ligand), indicate complexation. Solutions with maximum
amounts of the two complexes (pH ∼ 6.5 for VAlaser� and
pH ∼ 8.5 for *VAlaser2�) and high total concentrations (c(V) =
25 mM, c(Alaser) = 100 mM) were checked by 51V NMR to

Fig. 1 51V NMR spectra of aqueous solutions containing 4 mM
vanadate and 16 mM Alaser at different pH values.
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Table 2 Species, notation, formation constants and 51V NMR shifts for the H�/H2VO4
�/Alaser and H�/H2VO4

�/H2O2/Alaser systems [0.150 M
Na(Cl), 25 �C]. Asterisks denote complexes of the same nuclearity, in order of decreasing dominance with increasing number of asterisks

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

�1, 1, 0, 1 *VAlaser2� �5.80(5)  �502.6
0, 1, 0, 1 VAlaser� 2.42(1) (8.22) �516.5

�1, 1, 1, 1 VXAlaser2� �0.59(8)  �659.2
0, 1, 1, 1 VXAlaser� 8.14(3) 8.73 �659.2

�1, 1, 1, 1 **VXAlaser2� �0.72(4)  �676.8
0, 1, 1, 1 *VXAlaser� 7.97(3) (8.69) �655.7

�1, 1, 2, 1 VX2Alaser2� 5.16(2)  �743.3
0, 1, 2, 1 *VX2Alaser� 11.15(7) (5.99) �714.0

have the calculated compositions and then investigated by 1H
and 13C NMR spectroscopy.

In the complex VAlaser�, the carbons of the peptide back-
bone (C2, C3, C4 and C5, for numbering see Scheme 1) are
shifted towards lower field by values between 4.99 and 10.62
ppm (Table 3). These results suggest a coordination of the
dipeptide via the amino nitrogen, the peptide oxygen and the
carboxylate oxygen. The small shift of the methylene carbon
indicates that the hydroxyl group in the side chain of the
dipeptide is not coordinated to vanadium (Scheme 2(a)).
Participation of a functional side chain has not been observed
in the corresponding vanadium complexes with Alahis 11 and
alanyltryptophane 26 either. The 1H NMR spectrum for
VAlaser� reveals shift differences between �0.38 and 0.40 ppm
(Table 3). Here, the protons close to the coordinating amino
group (Ha and Hb) are shifted to higher field, while Hc and even

Fig. 2 Distribution of vanadium, FV, vs. pH at c(V) = 4 mM, c(Alaser)
= 16 mM, in the ternary H�/H2VO4

�/Alaser system. FV is defined as the
ratio between c(V) in a species and total c(V). (a, top) All vanadium
containing species are shown except those with <2% of total c(V).
(b, bottom) The sum of the decavanadates, oligovanadates, mono-
vanadates and VAlaser species are shown. The symbols represent
experimental NMR data points.

Hd are shifted downfield. This is perhaps owing to the relatively
weak interaction between vanadate and the amino group in
comparison to the other coordinating functional groups,
especially the peptide oxygen.

In the complex *VAlaser2�, the resonance for *C2 shows
a larger shift towards lower field compared to the one in
VAlaser�. The reason could be a stronger coordination of

Fig. 3 Distribution of vanadium, FV, vs. pH at c(V) = 4 mM, c(Alahis)
= 16 mM, in the ternary H�/H2VO4

�/Alahis system, where Alahis
represents -α-alanyl--histidine. For clarity, the sum of the
decavanadates, oligovanadates and monovanadates are shown.

Table 3 13C and 1H NMR shifts in the H�/H2VO4
�/Alaser system

[c(V) = 25 mM, c(Alaser) = 100 mM, pH = 7.33/8.52*]. The notations
with asterisks refer to the atoms in the complex *VAs2�, while the ones
without the asterisk to atoms in VAs�

Atom number a δ(Alaser) b/ppm δ(VAlaser)/ppm ∆δ c/ppm

C1 18.87 20.64 1.77
C2 59.63 64.62 4.99
C3 173.20 183.82 10.62
C4 64.09 70.15 6.06
C5 178.11 185.33 7.22
C6 51.48 56.32 4.84
*C1 21.77 19.04 �2.73
*C2 59.16 71.84 12.68
*C3 178.39 182.01 3.62
*C4 64.24 77.66 13.42
*C5 180.05 185.15 5.10
*C6 52.37 56.98 4.61
Ha (d) 1.63 1.50 �0.13
Hb (q) 4.18 3.80 �0.38
Hc (dd) 4.38 4.78 0.40
Hd (two dd) 3.91/3.97 4.03/4.12 0.12/

0.15
*Ha (d) 1.63 1.71 0.08
*Hb (q) 3.91 d d

*Hc (dd) 4.61 d d

*Hd (m) 4.19 4.89 0.70
a See Schemes 1 and 2. b Free ligand in the presence of VAlaser species.
c ∆δ = δ(VAlaser) � δ(Alaser). d Not observed. 
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the ligand in the case of *VAlaser2� as compared to that of
VAlaser�. The difference of the shift for the methylene carbon
*C6 in *VAlaser2� is almost the same as in VAlaser�, which
indicates that the hydroxy group is not coordinated in this case
either. Deprotonation of this function is unlikely, owing to this
result and potentiometric data. Apart from this similarity, the
coordination mode of the dipeptide in *VAlaser2� seems to be
different from that of in VAlaser�. From the 13C chemical shift
data (Table 3), the dipeptide seems to be tridentate in *VAla-
ser2� as well, but most probably using different dentation sites
than in VAlaser�: the amide nitrogen, carboxylate oxygen, and
the deprotonated peptide nitrogen instead of the peptide oxy-
gen (Scheme 2(b)). This explains the difference between the 51V
chemical shifts of the two complexes and locates the peptide
nitrogen as the source of deprotonation. The formation of two
five-membered ring is favourable and the same dentation sites
were observed earlier for the ternary complexes of vanadate
with other dipeptides, such as Alahis,11 prolylalanine and
alanylglycine.15

The H�/H2VO4
�/H2O2/Alaser system

In this system five new resonances for quaternary complexes
appear in addition to those of the ternary peroxovanadium
species over the wide pH range 3–10. By comparison with
the recently investigated H�/H2VO4

�/H2O2/Alahis system,12 and
by means of LAKE calculations the signals can be assigned
to VXAlaser2�/VXAlaser� (�659 ppm), *VXAlaser� (�656
ppm), **VXAlaser2� (�677 ppm), VX2Alaser2� (�743 ppm)
and *VX2Alaser� (�714 ppm), where X is used instead of the
peroxo ligand to shorten the formulae (Fig. 4). The species
VXAlaser2�/VXAlaser�, *VXAlaser�, **VXAlaser2� and
VX2Alaser2�, *VX2Alaser� when having the same nuclearity,
are differentiated by the asterisks, in the way that the more
asterisks in the notation, the least dominating the species is. No
changes in the chemical shifts with pH occur for any of the five
resonances (Fig. 4). Calculations showed, however, that the
species VXAlaser2� undergoes protonation, even though its
chemical shift remains unchanged. It indicates that the proton-
ation occurs remotely, not affecting the electronic environment
of vanadium. No protonation/deprotonation was observed for
any of the other quaternary species.

It is worth mentioning that all quaternary species can be
deduced from ternary VAlaser species with addition of one or
two peroxides. Similarly to other systems,9 spectra can be
divided into two regions, the low field part corresponding to
species containing VX moieties, and the high field part for
complexes with VX2 moieties. In addition to this feature of the
chemical shift curve, it also provides information about the pH
range over which a certain species exists (Fig. 4).

Equilibria in this quaternary system show somewhat similar
properties to that of the corresponding system with Alahis.12

They are slow owing to slow formation of the mono-
peroxovanadate dipeptide complexes and slow decomposition
of decavanadates initially formed in acidic solutions. However,
if the dipeptide is added to equilibrated peroxovanadate solu-
tions with a c(H2O2) to c(V) ratio less than two, the formation
of ternary VAlaser complexes is faster than the formation of
quaternary monoperoxo vanadate species. Thus, decom-
position of these ternary complexes here has to be taken into
account as well. Serial 51V NMR measurements were carried

Scheme 2 Proposed structures of (a) VAlaser� and (b) *VAlaser2�.

out after adding hydrogen peroxide or the dipeptide as the last
component to determine the equilibration time and the influ-
ence of decavanadates and peroxide decomposition. A total of
11 serial measurements were recorded with different c(V)/
c(H2O2)/c(Alaser) ratios in the pH range 3.7–8.2. When
solutions are prepared in the way that the dipeptide is added
to equilibrated peroxovanadate solutions with c(H2O2)/c(V)
ratios higher than two, the formation of the bisperoxo
complexes (VX2Alaser2� and *VX2Alaser�) is already accom-
plished after 2 h, while at lower ratios the formation of
the quaternary monoperoxo species takes up to about 10 days
(Fig. 5(a) and (b)).

In weakly to more acidic solutions VX2Alaser2� does not
appear, but the minor *VX2Alaser� complex exists even at as
low pH values as 3. Contrary to the comparatively fast equi-
libriation in the case of the bisperoxo species, the formation of
the monoperoxo vanadium complexes is very slow. Fig. 5(a)
shows the results of a serial 51V NMR measurement at pH 7.5.
The equilibration time was set to 88 h (dashed line in Fig. 5(b))
in the calculations and all solutions for quantitative measure-
ments were allowed to equilibrate for that time after addition of
hydrogen peroxide. Although the VXAlaser species did not
reach complete equilibrium over this time, it does not affect the
results substantially. This was clearly confirmed when further
calculations were made on data older than 9 days (last three
points in Fig. 5(b)) and the resulting formation constant was in
good agreement with that obtained after 88 h (logβ = 8.31 and
8.14, respectively). Owing to significant decomposition of per-
oxide in acidic solutions, only 51V NMR integral data in the
range pH 5–10 were used for the LAKE calculations. In this
region, the peroxide content of the solutions was found to be
exceptionally stable, no substantial peroxide loss was observed
even after 12 days (Fig. 5(b), upper part).

The complexation of vanadium with peroxide is quite strong;
at a ratio H2O2/V = 2, most of the vanadium is present in the
form of inorganic diperoxovanadates and, at pH values higher
than 7, in the quaternary complex VX2Alaser2�. To get appre-
ciable amounts of quaternary monoperoxospecies, a lower
H2O2/V ratio and excess of the dipeptide are necessary. The
former is needed to hinder the formation of VX2Alaser2�, while
the latter is required to suppress the strong VX2 species.

Fig. 4 51V NMR chemical shift values for the species present in the
quaternary H�/H2VO4

�/H2O2/Alaser system vs. pH, except for
decavanadates.
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Fig. 5 (a, top) 51V NMR spectra of an aqueous solution containing 10 mM vanadate, 13 mM hydrogen peroxide and 40 mM Alaser at pH 7.5 after
different reaction times. (b, bottom) Concentrations of the main complexes and H2O2 vs. time in the aforementioned solution.

The 51V NMR integral data for the signals of all quaternary
species (�656, �659, �677, �714 and �743 ppm) were evalu-
ated with the computer program LAKE to find compositions
and formation constants for the set of complexes which explain
the experimental data best. The results of these calculations are
presented in Table 2 and the speciation is in accordance with the
preliminary assignments. The low 3σ values obtained even in
the case of minor species illustrate the power of combined
NMR and potentiometric techniques in speciation studies of
complicated systems.

For the signal at �743 ppm, a quaternary diperoxo complex,
VX2Alaser2�, gives the best fit to the data. The complex exists in
the pH range 6–9, and no change in its chemical shift was
observed owing to protonation/deprotonation. There is, how-
ever, a minor protonated species with the same nuclearity
(*VX2Alaser�) being present from pH about 3.5–8 with a con-
stant chemical shift of �714 ppm. The two signals for the
quaternary monoperoxo complexes VXAlaser2�/VXAlaser�

and *VXAlaser� at �659 and �656 ppm, respectively, exist
over an even wider pH range (3–10) with maximum amounts at
pH 6, while the one for **VXAlaser2� at �677 ppm is present
only at pH values between 7.5 and 9.5, with a maximum at
about pH 8.5. All these four species have the same nuclearity
but only one of them shows a protonation step. This proton-
ation/deprotonation, however, is not accompanied with any
change in the 51V NMR shift, indicating that the proton trans-
fer occurs remotely from vanadium, not disturbing its
electronic environment.

Figs. 6 and 7 show the distribution of vanadium, FV, as a
function of pH at different conditions. At a H2O2/V ratio 2.2

(c(V) = 10 mM, c(H2O2) = 22 mM, c(Alaser) = 40 mM, Fig. 6),
no monoperoxovanadium species are formed. However, not
more than 30% of vanadium is present in VX2Alaser2� (�743
ppm) at its optimum at pH 8. Ternary inorganic per-
oxovanadates, in particular VX2

� and VX2
2�, are the predomin-

ating species over the whole range. Thus, the quaternary
complex VX2Alaser2� is not nearly as strong as the correspond-
ing complex in the recently investigated system with Alahis.12

At a lower H2O2/V ratio (1.3, c(V) = 10 mM, c(H2O2) =
13 mM, c(Alaser) = 40 mM, Fig. 7) monoperoxo species appear,

Fig. 6 Distribution of vanadium, FV, vs. pH in the quaternary H�/
H2VO4

�/H2O2/Alaser system at c(V) = 10 mM, c(H2O2) = 22 mM,
c(Alaser) = 40 mM.
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binding more than 60% of vanadium at pH values between 5
and 7. With this ratio, however, ternary VAlaser species are also
present. At the physiological pH of 7.4, the quaternary bisper-
oxo vanadium complex VX2Alaser2� integrates about 10% of
the total vanadium, and in more alkaline solutions (pH above
8) the inorganic diperoxo vanadate species start to dominate.
Symbols in this figure represent experimental points, and the fit
to the calculated curves is very good, considering the slow
equilibria and relatively broad, overlapping peaks of the differ-
ent VXAlaser species.

Comparison with the recently investigated quaternary H�/
H2VO4

�/H2O2/Alahis system 12 reveals that peroxovanadate and
diperoxovanadate form only weak complexes with Alaser, while
the complex of diperoxovanadate and Alahis, where the imid-
azole residue coordinates to the vanadium, is quite strong.
Thus, complexation of vanadate with oxygen containing func-
tional groups seems not to be favoured in the presence of per-
oxide compared to that of with aromatic nitrogen containing
ligands 9 (Alahis 12 or imidazole itself 25). Furthermore, only
anionic and no neutral complexes are formed with Alaser, like
in the corresponding ternary system.

Modelling was carried out to elucidate the behaviour of dif-
ferent peroxovanadate/ligand complexes under hypothetical
physiological conditions.9 Since the biological studies showed
that vanadium complexes mimic insulin efficiently at 1 µM con-
centration,10 the vanadate total concentration was set to this
value. A tenfold excess of hydrogen peroxide and a 20.000
fold excess of the ligands were applied in the modelling. With
Alahis, approximately ninety percent of vanadium was bound
in quaternary diperoxovanadate–Alahis complexes at pH = 7.4,
and less than ten percent of the total vanadium was found
in ternary diperoxovanadates. With Alaser, however, these
inorganic diperoxovanadates contribute to approximately thirty
percent, and quaternary VX2Alaser species to only about ten
percent at the same pH. The dominating species are the mono-
peroxovanadate–Alaser complexes, having approximately fifty
percent of total vanadium bound. The remaining ten percent
was found in the ternary VAlaser� species. It clearly shows the
difference between the complexing behaviour of the two
dipeptides in peroxovanadates, and illustrates the preference of
diperoxovanadates towards aromatic nitrogen donor atoms.

The determination of the structures of the formed per-
oxovanadate complexes in solution can prove to be a difficult
task and is beyond the scope of the present study. Proposals,
however, can be given, based on already known structures of
similar peroxovanadium compounds and on the tentative
structures of the ternary complexes VAlaser� and *VAlaser2�

(Scheme 2(a) and (b)). We can safely assume that in all of the
monoperoxovanadate-Alaser complexes, the peroxo ligand is
bound to vanadium in a side-on manner, extending the

Fig. 7 Distribution of vanadium, FV, vs. pH in the quaternary H�/
H2VO4

�/H2O2/Alaser system at c(V) = 10 mM, c(H2O2) = 13 mM,
c(Alaser) = 40 mM. Symbols represent experimental points.

coordination number of the central metal from 6 to 7, changing
the geometry from octahedral to pentagonal bipyramidal. This
does not require alteration of coordination mode for the
dipeptide to produce more than one possible isomer. Con-
sidering that there is difference already between VAlaser� and
*VAlaser2�, adding a peroxo ligand to each would produce dif-
ferent monoperoxo complexes, in accordance to our observ-
ations. In the case of diperoxo complexes (VX2Alaser2� and
*VX2Alaser�) it requires further investigations to determine
whether the ligand is still tridentate or not. Problems arise,
however, with multinuclear NMR, as the stability of the com-
pounds, their maximum possible concentration and relative
purity from each other are factors to be controlled simul-
taneously. Crystallography could give further insight, but our
efforts to obtain appropriate crystals have been unsuccessful so
far.

The H�/H2VO4
�/H2O2/Alaser/Alahis system

In case there are different ligands present, mixed ligand com-
plexes can in theory form. This is of particular interest in
understanding the fate of vanadium (complexes) in the blood-
stream, where many different ligands are present in high excess
to vanadium. This was clearly illustrated when mixed ligand
species were observed in the case of vanadium() complexes of
picolinic acid or 6-methylpicolinic acid and low molecular mass
blood serum ligands such as oxalate, lactate, citrate and
phosphate.27

On the other hand, if no formation of mixed ligand com-
plexes occurs, the system can be modelled from its subsystems.
This has been tested for peroxovanadates with the ligands
Alahis and Alaser. Since none of these ligands forms species
where there is more than one ligand present, no mixed ligand
complex was expected when having both ligands present simul-
taneously. A 51V NMR spectrum was recorded from a c(V) =
10 mM solution containing a small excess of hydrogen peroxide
(c(H2O2) = 22 mM) and the two ligands. Since Alaser is a much
weaker complexation agent than Alahis, the former was in
excess (c(Alaser) = 40 mM, c(Alahis) = 8 mM). As expected, no
other resonances than those already known from the two qua-
ternary systems were detected, indicating that no mixed-ligand
species were formed. To make sure that a resonance from a
mixed ligand species is not in perfect overlap with any of the
known resonances, the spectrum was evaluated and the experi-
mental points fitted perfectly to the calculated distribution
curves.9 This proves that no mixed-ligand Alahis-Alaser species
are formed at the prevailing pH value (6.7) and illustrates how
well the model from the subsystems can describe speciation
even with different ligands present.

Another result from this experiment was that the bisperoxo
complexes with Alahis still predominate over the corresponding
Alaser species, despite the five-fold excess of the latter ligand.
It again emphasizes the preference of peroxovanadium
species towards aromatic nitrogen donor ligands, over aliphatic
nitrogen or oxygen donating ligands.9

Experimental

Chemicals and analyses

-α-Alanyl--serine, C6H12N2O4 (Bachem), had been stored
below 0 �C, and was tempered to 25 �C prior to use. Possible
interactions between Alaser and hydrogen peroxide have been
checked by 1H and 13C NMR measurements which show no
changes after addition of H2O2. All the other chemicals were
used as described in ref. 12.

Notation

The equilibria studied are written with the components H�,
H2VO4

�, H2O2 and Alaser. Thus, complexes are formed accord-
ing to the following equation 
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Formation constants are denoted βp,q,r,s, and complexes are
given the notation (p,q,r,s) or VqXrAlasers

n�. X is used instead
of the peroxo ligand to shorten the formulae. The total concen-
trations of vanadate, hydrogen peroxide and -α-alanyl--serine
are denoted c(V), c(H2O2) and c(Alaser), respectively, and are
given in mM in the figures.

Equilibration of the solutions

In the ternary H�/H2VO4
�/Alaser system, the solutions were

stored overnight before the measurements for equilibration. In
the quaternary H�/H2VO4

�/H2O2/Alaser system, the samples
were in general prepared by adding hydrogen peroxide to the
equilibrated solutions containing vanadate and dipeptide.
However, cross-checks were performed by adding the dipeptide
or the acid/base at the end. The process of complex formation is
slowed down by the decomposition of the initially formed
decavanadates in the pH range 3–6, which takes approximately
16 h. The formation of the monoperoxo species, however, is an
even slower process, requiring nearly 10 days for complete equi-
libration of the VXAlaser species. Calculations showed that an
equilibrium time of 88 h provides reasonably good formation
constants; therefore, the solutions were allowed to stand for this
time before measurements. Owing to substantial decomposition
of peroxide in acidic solutions, only 51V NMR integral data in
pH 5–10 were used for calculations. Although the decom-
position of peroxide is only marginal in this pH range, it was
taken into account.

Potentiometric measurements

The EMF measurements in the binary H�/Alaser system were
carried out as potentiometric titrations in 0.150 M Na(Cl)
medium at 25 �C with an automated potentiometric titrator
as described in ref. 11. For the ternary H�/H2VO4

�/Alaser
and quaternary H�/H2VO4

�/H2O2/Alaser systems, pH was
measured as described in ref. 12.

NMR measurements

Spectra were recorded on a Bruker AMX-500 MHz spectro-
meter as described in refs. 12 and 25. 51V NMR and 1H/13C
NMR chemical shifts are given in ppm relative to VOCl3 and
TMS, respectively.

Potentiometric data

The acidity constants for Alaser were determined from four
titrations with a total of 88 points. The pH range was 1.9–10.6
and the total concentration range 5 < c(Alaser)/mM < 20.
Owing to slow equilibria in the ternary H�/H2VO4

�/Alaser
and quaternary H�/H2VO4

�/H2O2/Alaser systems and to the
decomposition of hydrogen peroxide, particularly in acidic
solutions, no titrations were performed in these systems.
Potentiometric data for these systems were obtained by meas-
urement of ‘point’ solutions with a combination electrode.

NMR data

In the ternary H�/H2VO4
�/Alaser system 56 spectra were

recorded in the ranges 2.5 < pH < 9.5, 4 < c(V)/mM < 16 and
2 < c(Alaser)/mM < 32. In the quaternary H�/H2VO4

�/H2O2/
Alaser system a total of 78 spectra and 11 serial measurements
were recorded in the ranges 2.64 < pH < 11.1, 2.8 < c(V)/mM
< 40, 2.5 < c(H2O2)/mM < 52.2 and 12.1 < c(Alaser)/mM
< 85. The pH of each solution was measured directly after
recording the NMR spectrum. In the calculations, altogether 35
spectra were used, owing to limitations in pH and required
equilibrium time.

pH� � qH2VO4
� � rH2O2� sAlaser 

(H�)p(H2VO4
�)q(H2O2)r(Alaser)s

p�q (1)
Calculations

The EMF and quantitative 51V NMR data were evaluated using
the least squares program LAKE 23 as described in ref. 11. The
LAKE program is able to calculate formation constants from a
combination of different kinds of data. In the present work,
potentiometric and quantitative 51V NMR integral data have
been used. Calculation and plotting of distribution diagrams
were performed using WINSGW,28 a program package based
on the SOLGASWATER algorithm.29
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