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A multinuclear (1H, 13C, 17O, 51V) 1D and 2D NMR study
of the complexation of L-lactic acid with vanadium(V) and
hydrogen peroxide shows that four peroxo complexes are
formed in aqueous solution in the pH range 1−7. Two iso-
meric 2:2:1 (metal:ligand:peroxo) complexes, together with a
2:2:2 species, are found over the entire pH range. At pH

Introduction

Over the past few years increasing attention has been
paid to the chemistry of peroxovanadium(V) complexes.
This interest is mainly due to the important role of these
complexes in biological systems and their application in ox-
idation reactions. Peroxovanadium(V) complexes have been
found to have antitumour[1] and insulin mimetic activi-
ties,[2,3] and have been studied as functional models for the
vanadium haloperoxidase enzymes.[4,5] These enzymes cata-
lyse the oxidation of halides by hydrogen peroxide and are
thought to be involved in the biosynthesis of a large number
of marine natural products, many of them with potent anti-
fungal, antibacterial, antiviral (e.g. HIV) and antineoplastic
properties.[6] In addition, a large variety of oxidation reac-
tions can be efficiently performed by peroxovanadium(V)
complexes. These complexes have been shown to hy-
droxylate benzene and other aromatics, epoxidise and hy-
droxylate alkenes and allylic alcohols and oxidise sulfides
and primary and secondary alcohols.[7]

Previously, the vanadium(V) complexes that form with
several α-hydroxycarboxylic acids were the object of a mul-
tinuclear NMR study carried out by this group.[8210] In
view of the interest in peroxovanadium(V) compounds and
the need to know their structures in order to fully under-
stand both their chemistry and biochemistry, we have now
extended our previous work to the more complex systems
involving hydrogen peroxide. This paper deals with the per-
oxo complexes that form when hydrogen peroxide is added
to a mixture of a vanadate(V) salt and -lactic acid in aque-
ous solution. Our intention was to investigate these species
with respect to their number, stoichiometries, structures and
stability by NMR spectroscopy. This technique has been
intensively used in the study of vanadium(V)/hydrogen per-
oxide systems, both in the presence and absence of other
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values below 2 an additional 1:1:1 complex is formed. The
acid was found in all cases to act as a bidentate ligand
through the carboxylic and the adjacent hydroxyl groups. To
the best of our knowledge, this is the first report of dinuclear
peroxovanadium complexes in which one of the metal
centres is an oxovanadium centre (2:2:1 species).

ligands,[11218] and has proved to be successful in the struc-
tural characterisation of the species present in solution.

A previous 51V NMR study[17] revealed that a mono-
peroxovanadium complex of -lactic acid is formed at pH
1. This species was characterised as being octahedral with
a 1:1:1 stoichiometry (metal:ligand:peroxo). No additional
studies of this system using NMR or other techniques were
found in the literature.

Results and Discussion

Vanadium(V) undergoes very complex hydrolysis and
polymerization reactions in aqueous solution, forming a
large variety of products depending on the concentration,
pH and ionic strength.[19,20] In the presence of hydrogen
peroxide and a ligand such as an α-hydroxycarboxylic acid,
new equilibria are established and, as a consequence, addi-
tional species can be formed, namely peroxovanadates, oxo
complexes and peroxo complexes. The formation of peroxo
complexes will result, therefore, from competition between
several equilibria.

1H, 13C, 17O and 51V NMR spectra of VV--lactic
acid2H2O2 were obtained for D2O solutions of the com-
plexing species (concentrations ranging from 0.15  to 2.0
), with various molar ratios (H2O2:metal from 5:1 to 1:1
and metal:ligand from 3:1 to 1:3), and for different pH*
values (129.5). Figure 1 shows a typical 1H NMR spectrum
of this system obtained for the pH* range 227. In this spec-
trum, signals due to several complexes, free ligand and de-
gradation products (mainly acetaldehyde and acetic acid)
are observed. The observation of distinct signals for both
bound and free ligand is a consequence of slow ligand ex-
change on the NMR time scale.

Figure 1 also illustrates, through the presence of several
-lactic acid oxo complexes,[8,10] the various competing
equilibria in which the ligand is involved.
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Figure 1. 1H NMR spectrum (499.824 MHz) of a 0.05 :0.05 :0.05  solution in D2O of VV2-lactic acid2H2O2, pH* 5 4.0, temp.
298 K, approximately 3 hours after preparing the solution, (*): oxo complexes.

Three peroxo complexes, a, b and b9, are formed in the
pH* region between 2 and 7. Their concentrations relative
to the other species present in solution are at a maximum
in the pH* range 225. 51V NMR results show that at higher
pH* values the metal is essentially involved in the formation
of peroxovanadates. At pH* values below 2, besides a, b
and b9, an additional complex is formed: species c.

Dinuclear Complexes

The 1H NMR spectra of complexes b and b9 show the
occurrence of two different sets (A3X spectra) of ligand sig-
nals for each complex. Attributing two sets of signals to one
complex is based on the observation that the two doublets
due to the methyl protons have equal intensities, irrespective
of concentration and pH* conditions. These observations
suggest that both complexes b and b9 have two ligand mole-
cules in different magnetic environments. Complex a, on the
other hand, shows only one set of signals for the ligand, sug-
gesting either the existence of only one ligand molecule in
the complex or that all the ligand molecules present are mag-
netically equivalent. Similarly, the 13C NMR spectra show
the occurrence of two sets of ligand signals for complexes b
and b9 and only one set for complex a.

Table 1 shows the 1H and 13C NMR parameters at pH*
4 for complexes a, b and b9. HETCOR and homonuclear
decoupling experiments were performed in order to assign
the proton and carbon shifts of complexes b and b9.

The 1H and 13C chemical shifts observed for the ligand
on complexation indicate which groups are bound to the
metal. The high frequency shifts observed for the carboxylic
carbon nucleus and the adjacent carbinol carbon and pro-
ton nuclei in complexes a, b and b9 are a clear indication
that those groups are involved in complexation.

An analysis of Table 1 and Figure 1 shows that one of
the ligand molecules in each one of the complexes b and b9
undergoes significantly smaller 1H shifts on complexation
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(0.1520.68 ppm) than the other (0.4421.41 ppm). In fact,
while one set of signals for each complex is found near to
those of the oxo complexes, the other is found at higher fre-
quencies.

The metal to ligand molar ratio has no significant effect
on the relative concentrations of the three peroxo complexes
a, b and b9, which indicates that these complexes have sim-
ilar metal:ligand stoichiometries. Simple calculations invol-
ving metal and ligand (CH3 protons) signal intensities lead
to the conclusion that the three peroxo complexes are n:n
(metal:ligand) species.

The formation of peroxovanadium(V) complexes of -lactic
acid strongly depends on the hydrogen peroxide:metal molar
ratio. Those species are present only if this ratio is equal to or
smaller than 2. If greater than 2 equivalents peroxide to metal
is used, peroxovanadates are the main species in solution.
When equal molar amounts of hydrogen peroxide and vana-
dium(V) are used, the peroxo complexes are the major species
present immediately after preparation of the solution. If the
ratio is 2, the major species initially formed is the diperoxovan-
adate [VO(OO)2(H2O)n]2. Over time, as the peroxide concen-
tration decreases due to disproportionation catalysed by vana-
dium(V),[13] the concentration of the peroxovanadates de-
creases and the concentration of -lactic acid peroxo com-
plexes increases. These results suggest that no more than one
peroxide ion is involved for each metal centre. This conclusion
is supported by 51V NMR results. 51V chemical shifts in vana-
dium complexes are known to be sensitive to the coordination
number and to the nature of the ligands. For α-hydroxycar-
boxylic acids, such as -lactic acid, 51V signals at approxi-
mately δ 5 2595 have been attributed to monoperoxo species
which have a seven-coordinate VO31 metal centre.[21] Figure 2
shows a 51V NMR spectrum where three signals ascribed to
complexes a, b and b9 are observed at approximately δ 5
2595, indicating that these complexes have monoperoxovana-
dium(V) centres. However, two additional signals attributed to
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Table 1. 1H and 13C NMR parameters for VV 1 -lactic acid 1 H2O2 at pH* 5 4.0 (1H) and pH* 5 4.2 (13C) (298K)

δH [ppm][a] JHH [Hz] δC [ppm][a]

-lactic acid
1.32 (CH3) 6.8 21.43 (CH3)
4.13 (CH) 69.46 (CH)

182.89 (CO2H)
VV1-lactic acid1H2O2
complex a
δ 1.87 (CH3) 7.1 19.88 (CH3)
∆δ 0.55 21.55
δ 5.45 (CH) 80.39 (CH)
∆δ 1.32 10.93
δ 188.44 (CO2H)
∆δ 5.55
complex b
δ 1.82, 1.59 (CH3) 6.8, 6.8 21.49, 19.24 (CH3)
∆δ 0.50, 0.27 0.06, 22.19
δ 5.38, 4.47 (CH) 80.73, 84.69 (CH)
∆δ 1.25, 0.34 11.27, 15.23
δ 187.09, 186.50[b] (CO2H)
∆δ 4.20, 3.61
complex b9
δ 1.76, 1.47 (CH3) 6.8, 7.1 23.03,[c] (CH3)
∆δ 0.44, 0.15 1.60
δ 5.54, 4.81 (CH) 84.30, 85.88 (CH)
∆δ 1.41, 0.68 14.84, 16.42
δ 186.72[b,c] (CO2H)
∆δ 3.83

[a] δ Values relative to TMS, using tert-butyl alcohol (δH 1.2, δC 31.2) as internal reference. 2 [b] The oblique line refers to the possibility
of a reverse assignment. 2 [c] Not observed due to its superposition with more intense signals.

Figure 2. 51V NMR spectrum (131.404 MHz) of a 0.05 :0.05 :0.05  aqueous (30% D2O) solution of VV2-lactic acid2H2O2, pH* 5
4.5, temp. 298 K, approximately 24 hours after preparing the solution, (*): oxo complex.

the complexes b and b9 are observed at approximately δ 5
2520 (Figure 2 and Table 2).

The assignment of the two signals at δ 5 2518.6 and
2520.4 was made possible by a time-dependent 51V NMR
study, which shows that the disappearance of the signal due
to complex a is followed by the appearance of two sets of
signals, each with two peaks of equal intensity. By combining
these data with the information provided by 1H NMR spec-
tra, the two 51V signals of greater intensity can be attributed
to complex b and the two weaker signals to complex b9. We
note that in the meantime part of the hydrogen peroxide has
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Table 2. 51V NMR chemical shifts for VV1-lactic acid1H2O2 at
298K

δV [ppm][a]

VV 1 -lactic acid 1 H2O2
complex a (pH* 4.0) 2595.9
complex b (pH* 4.0) 2520.4, 2592.2
complex b9 (pH* 4.0) 2518.6, 2590.6
complex c (pH* 1.1) 2546.0

[a] δ Values relative to VOCl3 as external reference.
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disproportionated and signals due to free metal can con-
sequently be detected. 51V chemical shifts at 2520 ppm are
not, however, expected for peroxo complexes, but for five-
coordinate oxovanadium(V) complexes.[21]

These results, together with the previously mentioned ob-
servations concerning the 1H NMR data, suggest that b and
b9 are probably isomers of stoichiometry 2:2:1 (metal:li-
gand:peroxo). Several hypotheses could be advanced for the
structure of these complexes, depending on the groups in-
volved in V2O2V bridges and on the possible arrange-
ments of the oxo and peroxo groups. We choose to propose
an equatorial position (relative to the axial V5O) for the
peroxo group in a bipyramidal pentagonal geometry on the
basis of the solid state structures found by X-ray diffraction
for most peroxovanadium complexes.[7] In addition, OH
bridging is expected to be preferred to CO2H bridging, as
found for numerous peroxovanadium complexes.[1,22,23] Ac-

Scheme 1

cordingly, structure 1 (Scheme 1) can be proposed. The oc-
currence of two complexes can be explained by considering
apical or equatorial positions for the V5O group in the
oxovanadium centre.

The two ligands and the two vanadium centres in 1 are
clearly magnetically nonequivalent, one ligand spectrum
showing a smaller shift on complexation and two 51V sig-
nals arising, characteristic of oxovanadium(V) and peroxov-
anadium(V) centres. This kind of dinuclear peroxovana-
dium complex, in which one of the metal centres is an oxo-
vanadium centre, has not been previously reported.

Regarding complex a, its 51V chemical shift indicates a
monoperoxo seven-coordinate metal centre,[21] similar to
the peroxovanadium centres of complexes b and b9. Since a
1:1:1 species would require two water molecules bound to
the metal, a 2:2:2 species, which does not have this require-
ment, is expected to be favoured. Based on these considera-
tions, and on the fact that the 1H and 13C NMR results
require that the two ligand molecules are magnetically
equivalent, we propose structure 2 (Scheme 2) for complex
a. A similar structure has been found by X-ray diffraction
for the complex K2[{VO(O2)(-tartH2)}2(µ-H2O)]⋅5H2O.[23]

Additional support for this proposal is provided by the ki-
netic behaviour observed for the three peroxo complexes.
Over time, complex a, which has two peroxovanadium
centres, will convert into complexes b and b9 by losing one
of the peroxo groups. This was confirmed by some experi-
ments which showed that the addition of hydrogen peroxide
to b and b9 lead to the formation of a.

Some support for the proposed structures comes from
the (natural abundance) 17O NMR spectra. Although no
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Scheme 2

signals due to V2O2V bridges and the peroxo groups
could be detected, resonances due to terminal V5O atoms
are consistent with the presence of two equivalent V5O
groups in complex a and two nonequivalent V5O groups
in complex b (complex b9 is too weak to be detected by 17O
NMR). Thus, two signals at δ 5 1179.0 and δ 5 1188.8 are
found for complexes a and b, respectively, in accordance
with reported values for other peroxovanadium(V) com-
plexes.[24] In addition, a signal at δ 5 1054.5 is detected for
complex b, which is in the region of V5O oxygen signals
due to oxovanadium complexes with -lactic acid (δ 5
1094.9 and 1067.8).

Mononuclear Complexes

The 51V NMR spectra recorded for solutions at pH* 1
having a hydrogen peroxide:metal molar ratio equal to or
smaller than 2 and metal:ligand molar ratios from 0.5 to 2
show, besides the signals of the complexes a, b, b9 and
[VO(OO)2(H2O)n]2 (δ 5 2690.3),[12] the signal of the mono-
peroxo cation [VO(OO)(H2O)n]1 (δ 5 2536.3),[11,12] the
peaks of the two major oxovanadium complexes of -lactic
acid (δ 5 2533.3 and 2542.4)[8,10] and a signal at δ 5
2546.0. The latter is attributed to a new peroxovanadi-
um(V) complex, species c. This species is especially favoured
if the hydrogen peroxide:metal molar ratio is equal to 1.
Over time, complex c disappears and the oxo complexes
become the dominant species.

The 1H NMR spectra of the same solutions show the
peaks of complexes a, b, b9, those of one of the oxo com-
plexes and a broad dominant signal at δ 5 1.39 which coin-
cides with the chemical shift of the CH3 protons of the
other oxo complex. However, the corresponding CH signal
is not observed. Over time, as complex c disappears, the
CH signal of the oxo complex becomes visible and the peak
at δ 5 1.39 becomes a well defined doublet. These results
suggest that the ligand is involved in a rapid (on the NMR
time scale) exchange process between species c and one of
the oxo complexes, leading to extreme broadening of the
CH signals (they are not observed) and to the coalescence
of the CH3 resonances into a broad signal. Because of rapid
degradation of complex c, it was not possible to obtain any
13C NMR spectra of this species.

Based on the 51V chemical shift, which is typical of six-
coordinated species,[21] we can propose c as being a six-co-
ordinated complex having a 1:1:1 (metal:ligand:peroxo)
stoichiometry. A 1:2:1 species would mean the metal is
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seven coordinate. The ligand will probably be bound in the
equatorial plane, as found by X-ray diffraction for the com-
plex VO(OO)(C5H4NCOO)(H2O)2.[25] The remaining posi-
tion in the coordination shell would be occupied by one
water molecule. A possible structure for c is 3 (Scheme 3),
which has been previously proposed by other authors.[17]

Scheme 3

Conclusion

In the presence of hydrogen peroxide and -lactic acid,
vanadium(V) forms several complexes in aqueous solution,
-lactic acid peroxovanadium complexes among them. The
aim of the present study was to obtain information on the
latter by using multinuclear NMR spectroscopy.

Four peroxo complexes were found to form under the
conditions of this study. At low-intermediate pH (227),
three dimeric complexes are formed, two of them (2:2:1 spe-
cies) being the result of partial degradation (loss of one per-
oxide unit) of a bis(peroxide) complex (2:2:2 species). Di-
meric 2:2:2 peroxovanadium complexes have been charac-
terised by X-ray diffraction for other α-hydroxycarboxylic
acids, such as citric,[1] -malic[22] and -tartaric acids.[23]

At very low pH (below 2) a 1:1:1 species is detected in addi-
tion to these complexes. This latter result is consistent with
the tendency of vanadium ions to undergo depolymeriza-
tion in very acidic media.

Experimental Section

Analytical grade ammonium vanadate(V) and commercially avail-
able -lactic acid and hydrogen peroxide (35%) were used. Vana-
date, lactic acid and hydrogen peroxide stock solutions were pre-
pared. The hydrogen peroxide stock solution was prepared immedi-
ately prior to use. The concentrations of the vanadate and acid
solutions were established by weight. Prior to use, the D2O lactic
acid solution was heated in boiling water for 2 hours to accomplish
depolymerization. The samples were prepared by adding the appro-
priate amounts of the stock vanadate, lactic acid and hydrogen per-
oxide solutions. The pH was adjusted (cautiously, to reduce the
possibility of drastic local disturbances of equilibria that may be
slow to disappear) by addition of solutions of DCl and NaOD; the
pH* values quoted are the direct pH-meter readings (room temper-
ature) after standardization with aqueous (H2O) buffers. The 1H
and 13C NMR spectra were obtained on a Varian UNITY-500
NMR spectrometer (at 499.824 and 125.692 MHz, respectively).
The residual water signal was reduced by using the Presat sequence.
The 13C spectra were recorded using proton-decoupling techniques
with suppression of the nuclear Overhauser effect. The methyl sig-
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nal of tert-butyl alcohol was used as internal reference for 1H (δ 5

1.2) and 13C (δ 5 31.2) relative to TMS. The 51V and 17O spectra
were obtained on the same spectrometer (131.404 and 67.792 MHz,
respectively) using VOCl3 (δ 5 0) and D2O (δ 5 0) as external
references for 51V and 17O shifts, respectively. Typically, spectral
widths of 30000 Hz, acquisition times of 1 s, pulse delays of 10 s
and 5000 pulses were used when recording 13C spectra. For 51V
and 17O spectra, the corresponding parameters were 80000 and
100000 Hz, 0.04 and 0.02 s, 0.01 and 0 s, about 16000 and 4 3 106

pulses, respectively. The 2D NMR spectra, HETCOR,[26] were also
recorded on the Varian UNITY-500 NMR spectrometer.
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