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Abstract

Meso-2,3-dimercaptosuccinic acid (DMSA), which is used as an antidote for heavy metal poisoning and in complexes of 99mTc for
diagnostic purposes, forms several complexes with tungsten(VI) in aqueous solutions, as found by 1H, 13C, 17O and 183W NMR spectroscopy.
In the pH range ;4–7, there are four complexes in which the acid acts as a bidentate ligand through one carboxyl group and the adjacent
sulfhydryl group (a dominant 2:2 species and three 1:2 metal–ligand isomers are proposed) and 2:1 complexes in which the ligand is twisted
in order to use the four binding groups. It is proposed that in both the 2:2 and 2:1 cases the S atoms bridge the two W atoms. At lower pH,
the acid is again predominantly a tetradentate ligand in m:n associations with the metal (m)n). q2000 Elsevier Science Ltd All rights
reserved.
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1. Introduction

2,3-Dimercaptosuccinic acid (DMSA; HO2C-CHSH-
CHSH-CO2H), in both the meso form and as the racemic
mixture, has been used in pharmacology for more than four
decades, mainly as an antidote for heavy metal poisoning,
particularly lead(II), in humans [1–5]; more recently,
DMSA has been used as the complexing agent in the admin-
istration of technetium (99mTc) for diagnostic purposes [6–
9]. Several research groups have compared the antidotal
actions of meso- and rac-DMSA and studied the biotransfor-
mation of the acid, in addition to more chemically oriented
studies [10–12]. In particular, the ionization and the com-
plexation equilibria have been discussed in terms of the con-
formations of the acids [12]. One of the advantages of the
racemic mixture is the greater solubility of the complexes in
water. One disadvantage is that it leads to a greater loss of
endogenous zinc(II) than the meso form, because of differ-
ences in the formation constants of the complexes [13].

The complexation of DMSA with metal oxo ions has been
reported in two cases: (1) oxovanadium(IV) complexes
[14] in relation to the importance of V–S coordination in
various biomolecules; and (2) arsenate and arsenite com-
plexes in connection with the biotransformation of arsenic
and the transfer of arsenite from glutathione to dithiols [15].
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In the presence of As(V), the acid is readily oxidized and the
formation of a 2:3 (metal–ligand) complex with As(III) was
proposed involving only the SH groups as donors [15]. With
V(IV), the carboxyl groups are also involved in chelation
[14]. As for As(V), the oxo ions of vanadium(V) and
molybdenum(VI) are strong oxidizing agents of DMSA, but
the same does not apply to tungstate. Comparison with the
complexes of W(VI) with tartaric acid [16,17] and with
thiolactic [18] and thiomalic acids [19] leads us to expect
the formation of stable complexes of DMSA with tung-
sten(VI). Tungsten is the active centre of some enzymes. It
was only recently found that this metal can have a positive
biological role, contrary to the traditional view of W as an
antagonist of the biological functions of Mo (for a review,
see [20]). In this paper we report the complexation of
W(VI) with meso-2,3-dimercaptosuccinic acid in aqueous
solution, at various pH and concentration conditions. Multi-
nuclear magnetic resonance spectroscopy was used in one
and two dimensions.

2. Experimental

Commercially available dihydrate sodium tungstate and
meso-DMSA were used. Because of the low solubility of the
acid, the metal–ligand mixtures were prepared by adding the
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Fig. 1. 500 MHz 1H NMR spectrum of a 0.10 M:0.40 M solution of sodium tungstate and meso-DMSA in D2O, pH* 5.4, 298 K. f. lig. denotes free ligand;
imp. denotes ligand impurity; satel. denotes satellite.

appropriate amount of the solid acid to the tungstate solutions.
D2O solutions were used throughout. The concentrationrange
for the metal and the ligand was 0.025–2.0 M and 0.10–1.0
M, respectively. The pH was adjusted by adding DCl and
NaOD in D2O. Drastic changes of concentration were
avoided in order to reduce local disturbances of equilibria
that may be slow to disappear. The pH* values quoted (from
2.5 to 9) are the direct pH-meter readings (room tempera-
ture) after standardization with aqueous (H2O) buffers.

The NMR spectra were obtained on a Varian UNITY-500
spectrometer. The residual water signal was reduced using
the Presat sequence.

3. Results and discussion

The 1H NMR spectrum due to the CH groups of the acid
in aqueous solution is a singlet, but the doublet corresponding
to the 13C–H satellites shows an HH vicinal coupling constant
which varies from 10.3 to 11.4 Hz on increasing pH* from
2.1 to 7.5. This proves that, irrespective of ionization of the
carboxylic groups, the meso-2,3-DMSA exists preferentially
in the conformation:

In this conformation, the repulsion between the bulky
sulfhydryl groups is minimized. Essentially the same result
is found for methanol–water mixtures as a solvent of lower
dielectric constant.

In the presence of sodium tungstate, and depending on the
molar ratio and on pH, a large number of signals (at higher
frequency relative to free ligand) is observed corresponding
to bound ligand. Except at low pH and in the presence of
excess of metal ion, free ligand is also present, in slow
exchange (in the NMR time scale) with the bound ligands.
Apart from one set of broad signals close to the residual water
(DHO) signal, each bound ligand gives rise to two compar-
atively sharp doublets of equal intensity (AX spectrum)
instead of singlets. The vicinal HH coupling constant is now
directly obtained. A set (six AX spectra) dominant at mod-
erate pH (;4–7) and for metal–ligand molar ratios equal or
below to 1 (group A complexes) shows couplings between
7.5 and 9.2 Hz and proton shifts that vary from 0.3 to 0.6
ppm for one of the doublets and from 0.9 to 1.2 ppm for the
other, as illustrated in Fig. 1 and tabulated in Table 1. In the
same pH range but for metal–ligand molar ratios greater than
1, a set of four to six broad singlets are recorded at 1.2–1.4
ppm to high frequency of free ligand (group B complexes).

At low pH (;3) and for metal–ligand ratios greater than
1, a set of five well-resolved AX spectra of about the same
intensity are recorded, showing splittings that lie between 3.0
and 3.8 Hz and high-frequency shifts relative to free ligand
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Table 1
1H NMR parameters a for W(VI)qmeso-DMSA (at 298 K)

pH 5.4
Free ligand ds3.26 3JHHs11.2
B ds4.5–4.7

dA DdA dx Ddx
3JHH

a1 3.55 0.29 4.13 0.88 9.2
a2 3.59 0.33 4.19 0.93 8.9
a3 3.61 0.35 4.22 0.96 8.9
a93 3.83 0.57 4.46 1.20 7.5
a4 3.64 0.38 4.26 1.00 8.2
a94 3.78 0.52 4.45 1.19 7.2

pH 2.9
Free ligand ds3.40 3JHHs10.5

dA DdA dx Ddx
3JHH

C1 4.4 1.0 4.92 1.51 3.2
C2 4.4 1.0 4.93 1.52 3.4
C3 4.42 1.02 4.95 1.55 3.8
C4 4.39 0.99 4.99 1.58 3.2
C5 4.37 0.97 5.02 1.61 3.0

a d values are in ppm relative to Me4Si, using tert-butyl alcohol (dHs1.2) as internal reference; J values are in Hz.

Fig. 2. 500 MHz 1H NMR spectrum of a 0.40 M:0.10 M solution of sodium tungstate and meso-DMSA in D2O, pH* 2.9, 298 K. f. lig. denotes free ligand;
imp. denotes ligand impurity.

of about 1.0 and 1.6 ppm (group C complexes) (Fig. 2 and
Table 1). Some weaker signals are also detected in the latter
case. The assignment of each pair of doublets in each AX
spectrum was made on the basis of the coupling constants
and, in the case of doubt, by proton decoupling and COSY
spectra.

The number of complexes is likely to be smaller than the
number of spectra of bound ligand, as magnetic non-equiv-
alence of ligands may occur in complexes having more than
one ligand molecule. For example, the AX spectra a3 and a39

in Fig. 1 always have the same intensity irrespective of pH
and concentration conditions, and the same is found for a4

and a49. This suggests that each of these pairs of AX spectra
arise from the same complex, probably having 1:2 (metal–
ligand) stoichiometry. Accordingly, there will be four com-
plexes in group A. When a Job’s plot is constructed based on
the 1H NMR intensities for complexes A, at pH* 5.5, a clear
maximum at 1:1 is obtained for the dominant complex, A1,

which points to an n:n stoichiometry. Due to the presence of
various competing species, no other firm conclusion can be
directly extracted from that plot alone, but 1:2 complexes are
likely to be formed by analogy with thiolactic [18] and
thiomalic acids [19] and tartaric acid [16,17].

The existence of one small high-frequency proton shift
(0.3–0.6 ppm) upon complexation together with a higher
one (0.9–1.2 ppm) indicate the involvement of only one
sulfhydryl group in complexes A, whereas the observation of
high-frequency shifts (1.0–1.6 ppm) for both CH protons in
complexes B and C show that both S atoms are bound to the
metal. This is corroborated by the corresponding 13C shifts
relative to free ligand in the same conditions. In fact, for
complex A (at pH* 5.5), high-frequency complexation shifts
between 4.0 and 5.0 ppm are observed for the 13C bonded to
the more deshielded H atom, and almost no shift for the other.
For complexes B and C, the two 13C(SH) complexationshifts
(at pH* 2.8) lie in the range 7–8 ppm. Whenever necessary,
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the assignment of the 13C signals was made by running HET-
COR 2D spectra.

Complexes A also involve only one of the carboxylate
groups in bonding to the metal, as shown by a high-frequency
shift on complexation (in the range 5–7 ppm) of one of the
CO2

y groups, together with a low-frequency shift of about
y0.8 ppm for the other group. On the other hand, both car-
boxylate 13C signals of complexes B and C shift between 7
and 8 ppm to high frequency, which shows that both carbox-
ylate groups now participate in complexation.

Based on the above data, we can propose that the acid acts
as a bidentate ligand in complexes A, involving one carbox-
ylic group and the adjacent SH group, irrespective of the
stoichiometry being n:n or 1:2. The conformation of DMSA
is slightly changed on complexation, as indicated by HH
couplings of 7.5–9.2 Hz in the complexes compared with 10–
11 Hz in the free ligand. Since a 1:1 complex, involving two
water molecules bound to the metal, is not expected to be
particularly stable, we propose a 2:2 species with the follow-
ing structure, in which the ligand molecules are magnetically
equivalent:

Regarding complexes having 1:2 stoichiometry, we note
that several diastereoisomers are possible, for example:

In complexes B and C, the ligand acts as tetradentate and
undergoes much alteration of conformation on binding to the
metal. In fact, the HH coupling constants recorded for com-
plexes C lie between 3.0 and 3.8 Hz, showing that the con-
formation of bound DMSA is now close to:

The same conclusion must apply to complexes B, as the
line width of each signal is about 3 Hz. In spite of this con-

formational change, a molecular model suggests that it is
highly unlikely that a tetradentate DMSA molecule is bound
to just one W atom. The same has been recently advanced in
the case of complexes of DMSA with tin [21]. The formation
of several polynuclear species must then occur. This is cor-
roborated by the fact that complexes B are dominant for high
metal–ligand molar ratios. One of the possible structures is

which is similar to that previously found by X-ray diffraction
for a 2:1 complex of Mo(VI) with L-dithiothreitol [22].

Broad 1H NMR signals are a result of complexes B having
close proton resonances (a range of 0.2 ppm) that no longer
correspond to first-order spectra.

The proposal of similar metal centres, W2O5
2q, for the

most abundant complexes A and B (2:2 and 2:1 species,
respectively), which are present in a 1.0:1.0 M W(VI)–
meso-DMSA solution in D2O, at pH* 7.0, is corroborated by
the occurrence of 183W resonances between q579 and q592
ppm with respect to an external reference of Na2WO4 in D2O
(pH* 9.5), besides the three signals due to uncomplexed
W7O24

6y (at q269, y92 and y179 ppm) [23,24]. Values
close to q600 ppm were also recorded for the systems
W(VI)–thiolactic acid and W(VI)–thiomalic acid. The 17O
spectra of the same solution shows the signals of W7O24

6y

(terminal and bridging O atoms) [23,24] and some new
signals: a major peak at q534.5 ppm (relative to D2O as
external reference) which lies in the region of W_O reso-
nances [25] and a smaller one at q270.8 ppm in the region
of W–O–W signals [25]. This also points to the presence of
a W2O5

2q moiety in the 2:2 and 2:1 complexes.
For a 2.0:0.5 M solution at pH* 4.3, where complexes B

dominate, we have again several 183W signals between q580
and q593 ppm (besides those of W7O24

6y). An additional
and sharp signal appears at y120 ppm, the resonance of the
a-metatungstate ion, a-H2W12O40

6y [23]. A similar signal
has been detected in solutions of tungstate and mandelic or
isocitric acids and attributed to 2:2 complexes involving two
oxygen bridges [17]. We prefer to attribute the above reso-
nance to the isopolyanion expected to be present at low pH,
but additional studies are necessary.

Regarding signals C, dominant for high metal–ligand
molar ratios and low pH, which are the conditions for poly-
tungstate anions to be present in significant concentrations,
we again propose an m:n complexation, with m)n. The fact
that there are five AX spectra in this set, all with approxi-
mately the same intensity, suggests that a major polynuclear
complex C is present involving five ligands in slightly dif-
ferent magnetic conditions. However, further studies are
needed to clarify this and other points of such a complicated
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system. We therefore plan to go back to our previous work
on simpler systems [18,19] and carefully run 17O and 183W
NMR spectra.
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