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Abstract

By using multinuclear (1D and 2D) magnetic resonance spectroscopy, D-galactonic acid
was found to form four complexes with tungsten(VI), in aqueous solution, depending on pH
and concentration conditions: two isomeric 1:2 (metal:ligand) complexes involving the
carboxylate and the adjacent OH group, and, at high pH, two 2:1 complexes involving the
four OH groups of the central part of the carbon chain. Homologous species were found with
molybdenum(VT), in similar conditions, but four additional complexes were detected: two 4:2
isomers, at low pH, involving the carboxylate and all the hydroxyl groups, and two 2:1
complexes at intermediate pH. These complexes are not present in the case of W(VI) because
of competition of polymerization equilibria of tungstate at low pH. Detailed structures are
proposed for most of the complexes and formation constants are estimated for the W(VI)

complexes. © 1997 Elsevier Science Ltd.
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1. Introduction

Studies of the interaction of carbohydrates and
their derivatives with metal ions have increased dur-
ing the last few years, mainly due to the potential
importance of such interactions in a variety of indus-
trial, pharmaceutical, and biological processes [1,2].

Aldonic acids have been found to have various
applications, for example, they are present in prepara-
tions of medical and pharmaceutical importance [3,4],
in detergents as environmental protectors [5], in in-
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dustrial processes as corrosion inhibitors [6], and
especially in cosmetic preparations [7].

We have been carrying out a systematic and com-
parative study of sugar acids and their complexation
with metal oxoions, in aqueous solution, using multi-
nuclear high-field NMR spectroscopy (1D and 2D).
Having studied some aldaric acids [8—10] and some
uronic acids and their complexation with tungstate
and molybdate ions [11], we now address an impor-
tant aldonic acid: D-galactonic acid.

2. Experimental

Analytical grade sodium tungstate and sodium
molybdate and commercially available D-galactonic
acid (source D-galactono-1,4-lactone) were used.
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The pH was adjusted (cautiously, to reduce the
possibility of drastic local disturbances of equilibria
that may be slow to disappear) by addition of DCI
and NaOD; the pH"® values quoted are the direct
pH-meter readings (room temperature) after standard-
ization with aqueous (H,0O) buffers.

The 'H and *C spectra were obtained on a Varian
Unity 500 NMR spectrometer (at 499.843 MHz) and
on a Varian XL-200 (at 50.300 MHz), respectively.
Solvent signal suppression was achieved by a selec-
tive saturation of the H DO resonance. The °C spec-
tra were recorded using proton-decoupling techniques
(Waltz-16) with suppression of the nuclear Over-
hauser effect. The methyl signal of fert-butyl alcohol
was used as internal reference for 'H (8 1.3) and '°C
(8 31.2), relative to Me,Si. The Mo and '"®W
spectra were obtained on a Varian Unity 500 NMR
spectrometer (32.576 and 20.825 MHz, respectively),
using D,O solutions of Na,MoO, and Na,WO, at
pH* =9.0 and pH" =9.5, respectively, (§=0) as
external reference. The ''O spectra were obtained on
the same spectrometer (67.760 MHz), using D,0O
(8 = 0) as external reference. Detailed conditions can
be found in previous papers [8—10]. The 2D NMR
spectra, DQFCOSY [12], HETCOR [13], and COLOC
[14] were recorded on a Varian Unity 500 NMR
spectrometer.

3. Results and discussion

D-Galactonic acid (1) has been shown to exist
preferably in a planar zigzag conformation in solution
by Horton et al. [15] from a study of the '"H NMR
spectrum in pyridine solution, compared with the Pe
spectra of the corresponding aqueous solution. The
C signals could not be assigned unambiguously at
that time, the same being said of other BC NMR
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studies of those systems reviewed by Bock and Ped-
ersen [16].

COH

HCOH @

HOCH

HOCH
HCOH

CH,0H © 1

In order to characterize the complexes formed, a
proper assignment of all the proton and carbon sig-
nals of the ligand is necessary, for various pH condi-
tions. This we have done, using C-H HETCOR
spectra to remove the ambiguities concerning the
carbon shifts. The proton and carbon chemical shifts,
as well as the proton—proton coupling constants, are
shown in Tables 1 and 2, for different pH values.
Whenever necessary, the proton assignments were
established by COSY recordings, and the parameters
were confirmed by spectrum simulation of the sec-
ond-order patterns. Our results are in agreement with
the previous studies. It was found that the various
NMR parameters change only slightly with pH, which
is an indication that no major conformational changes
occur.

Complexation with W(VI).—No reference has been
found in the literature to complexes of D-galactonic
acid with tungstate or molybdate ions. Indeed, the
only previous studies of complexation of this acid
with metal ions have been limited to Fe(Ill) using
potentiometric techniques [17], Ni(IT) and Co(II) us-
ing potentiometric techniques and “C NMR spec-
troscopy [18], and Zn(II) whose metal-sugar salts
were isolated and characterized by elemental analy-
sis, FT IR spectroscopy, thermogravimetric analysis,
and °C NMR spectroscopy [19].

Table 1
'"H NMR parameters ¢ for p-galactonic acid " at 298 K

H-2 H-3 H-4 H-5 H-6a  H-6b J,; Jy, Jis  Jsea  Jsen el
pH ™ 3.0 4.61 4.12 3.75 4.02 3.76 3.75 2.0 10.0 1.0 53 6.8 11.5
pH * 5.0 4.34 4.02 371 4.02 3.76 3.75 2.0 10.0 1.0 53 6.8 1.5
pH * 75 4.33 4.02 3.70 4.02 3.76 3.75 2.0 10.0 1.0 53 6.8 11.5
pH " 10.6 432 4.02 3.70 4.03 3.76 3.75 1.5 9.5 1.0 53 6.8 11.5
* & Values, in ppm, relative to Me, Si, using tert-butyl alcohol (§,; 1.3) as internal reference; J values in Hz.

® 0.10 M p-Galactonic acid solution.
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Table 2
C NMR chemical shifts * for D-galactonic acid ® at 298

C-1 c2 C3 C4 C5 Co6

pH " 3.0 17946 72.18 72.62 7071 71.35 64.76
pH “ 5.0 181.04 72.84 7296 71.14 71.53 64.79
pH " 75 181.19 72.84 7284 71.14 7153 64.79
pH " 10.6 181.19 72.84 72.84 71.14 71.53 64.79

* 8 Values, in ppm, relative to Me,Si, using tert-butyl
alcohol (8. 31.2) as internal reference.
® 0.50 M p-Galactonic acid solution.

Depending on pH, concentration, and molar ratios,
mixtures of sodium tungstate and D-galactonic acid,
in aqueous solution, show additional 'H and “C
signals due to complexed forms, besides those of the
free ligand. An illustration is given in Fig. 1. The
observation of distinct signals for bound and free
ligand is a consequence of slow ligand exchange on
the NMR time-scale, which renders a speciation study
more direct using this technique.

Spectra of W(VI)—D-galactonic acid were recorded
for total concentrations of the complexing species
ranging from 2.5 to 0.10 M, metal:ligand molar ratios
from 4 to 0.25, and pH ™ values ranging from 3 to
10. Under these conditions, four different sets of
signals were detected. Signal intensity considerations
enabled the conclusion that these sets correspond to
four different complexes. Two of them, a and b, are
formed at any pH, especially when the metal:ligand
molar ratio is less than 1. The other two, ¢ and d,
only occur at pH* greater than 4 and for molar ratios
larger than 1. The way in which the concentrations of
the various complexes vary with pH *, for two differ-
ent molar ratios, is shown in Fig. 2.

The above observations suggest that a and b might
be isomers of stoichiometry 1:2 (metal to ligand),
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Fig. 2. Concentratlon of the ligand as a function of pH ",
obtained by '"H NMR for (a) a 0.20 M:0.10 M D, 0
solution (2 M KNO,) of sodium tungstate(VI) and D-
galactonic acid at 298 K, and (b) a 0.05 M:0.10 M D,0O
solution (2 M KNO,) of sodium tungstate(VI) and D-
galactonic acid at 298 K.

whereas ¢ and d could be n:1 complexes, with n > 1.
Taking advantage of conditions for which only a and
b are present, and others in which ¢ and d are
dominant, Job’s plots based on the proton NMR
intensities could be attempted. These are shown in
Figs. 3 and 4 and strongly support the proposal of 1:2
complexation for a and b, and 2:1 complexation for ¢
and d.

A rough estimate of the formation constants for
complexes a and b, based on the proton signal inten-
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Fig. 1. ”C NMR spectrum (50.30 MHz) of a 2.0 M:0.50 M aqueous solution (33% D,0) of W(VI)-D-galactonic acid,

H* =5.0, 294 K.
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sities, leads to conditional pK values of —3.8 and
—3.7, for pH™ 3.6 and assuming the equation M +
2L = ML,. Similarly, for ¢ and d, with 2M + L =
M,L, at pH™ 7.5, we get pK —3.7 and —3.5,
respectively.

The way in which the ligand is bonded to the
metal can be established from the proton and carbon
chemical shifts, compared with the free ligand at the
same pH. The "W and O chemical shifts can
elucidate the nature of the metal centre in the com-
plex. The vicinal proton—proton coupling constants
can be explored to infer the conformation of the
bound ligand. Vicinal tungsten—proton coupling con-
stants can also help to establish some details of the
structures. The 'H, °C, "0, and '"®W NMR parame-
ters are shown in Tables 3-6, respectively. Whenever
necessary, COSY and HETCOR experiments were
performed to assign the proton and carbon shifts. An
example (DQFCOSY) is given in Fig. 5.

So far as complexes a and b are concerned, the
tungsten shifts are characteristic of WO3" centres
[10,11,20] and the oxygen shifts are typical of termi-
nal W=0 groups [10,11,21,22]. The high frequency
shifts observed for the carboxylic and the adjacent
carbinol carbon nuclei, upon complexation, are char-
acteristic of the involvement of these groups in com-
plexation [8-11,23-28]; the other carbon shifts are
much smaller. Accordingly, only the proton H-2 un-
dergoes a significant chemical shift, which is to high
frequency.

All these findings point to a and b being the
diastereomers 2 and 3. The two ligand molecules are
magnetically equivalent, complex a being slightly
more stable than b mainly for steric reasons involv-
ing the R chains. These geometries are also consistent
with only small changes of the proton coupling con-
stants upon complexation and with a small vicinal

0.05

5 0.04

3

E

g 0‘03J

E

g 00

3

=

a().()l 1

=
W7 T T T T T T

000 010 020 030 040 050 060 070 080 0%

[Lig MLigJt+[Metallt

Fig. 3. Job’s plot based on "H NMR spectral intensities for
the system W(VD)+ D-galactonic acid; total concentration
of complexing species, 0.10 M (D,O solutions, 2 M in
KNO,, pH* = 3.6, 298 K).
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Fig. 4. Job’s plot based on 'H NMR spectral intensities for
the system W(VI)+ p-galactonic acid; total concentration
of complexing species, 0.10 M (D,O solutions, 2 M in
KNO,, pH " =7.5, 298 K).

W-H-2 coupling constant (not measurable in the W
signals having linewiths of 3.3 and 2.2 Hz, respec-
tively, for complexes a and b). In addition, the fact
that H-2 in structure 2 is more affected by the
magnetic anisotropy associated with W=0O groups,
leading to a higher screening constant, is in accor-
dance with a smaller 6 value for complex a. Similar
complexes have been found for other related systems
[11,20,24,26,27].
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Concerning the 2:1 complexes ¢ and d, which are
formed specially at high pH ™, we note the shifts to
high frequency of C-2, C-3, C-4, and C-5, as well as
those for the corresponding H nuclei. This shows that
the coordination is made via the deprotonated OH
groups in positions 2, 3, 4, and 5. This situation is
similar to that found by Verchére et al. [29-33] for
the complexes of alditols with tungstate and molyb-
date and by us for the complexes of galactaric acid
with those metal ions [9,10]. Both the "W and 'O
spectra help in further characterizing the structures.
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Thus, the two sets of tungsten signals observed and
the corresponding & values indicate the presence of
W,02" groups in both complexes, with non-equiv-
alent tungsten atoms. Accordingly, the oxygen spec-
tra show signals due to terminal W=0 and to bridge
W-0O-W oxygen atoms [10,21,22].

Inspired by the structures found by X-ray diffrac-
tion for the complexes of molybdate with mannitol

[34] and erythritol [35] and the suggested structures in
solution [29-33], we propose structures 4 and 5 for
complexes ¢ and d, which are similar to those found
for the system W(VI)—galactaric acid at high pH [10].
In both complexes, the central part of the carbon
chain of the acid must adopt a sickle arrangement so
that the four OH groups point in the appropriate
direction. This is required in view of the erythro

Table 3
'"H NMR parameters * for W(VI) + p-galactonic acid and Mo(VI) + p-galactonic acid at 298 K

H2 H3 H4 HS5  H6a H6 1,  Jia Jis Jsee  Jse ewes]
W(VI) + p-Galacronic acid
Complex a ” (pH * 5.0)
8 5.17 4.12 3.80 4.05 3.76 3.75 1.2 9.8 1.0 5.3 6.8 11.5
Ad 0.83 0.10 0.09 0.03 0.00 0.00
Complex b ® (pH * 5.0)
o 5.50 4.02 3.79 4.10 3.76 3.75 1.6 9.8 1.0 5.3 6.8 11.5
A8 1.16 0.00 0.08 0.08 0.00 0.00
Complex ¢ ¢ (pH * 7.5)
15} 4.89 5.65 4.86 4.95 3.94 3.82 4.4 0 0 8.1 5.2 11.5
Ad 0.56 1.63 1.16 0.93 0.18 0.07
Complexd © (pH * 7.5)
o 5.08 5.27 5.40 4.58 3.76 3.75 0 4.4 0 6.6 6.6 11.5
Ad 0.75 1.25 1.69 0.56 0.00 0.00
Mo(VI) + D-Galactonic acid
Complex a ¢ (pH * 5.0)
o 5.03 4.07 3.74 4.07 3.76 3.75 - ° - ° - ¢ - ¢ - ¢ - ¢
Ad 0.69 0.05 0.03 0.05 0.00 0.00
Complex b ¢ (pH * 5.0)
o 5.31 4.07 3.74 4.07 3.76 3.75 - ¢ - ¢ - ¢ - ¢ - ¢ - ¢
AS 0.97 0.05 0.03 0.05 0.00 0.00
Complex ¢ F (pH * 7.5)
8 4.76 5.09 4.71 4.63 3.93 3.80 4.4 0 0 8.1 53 11.3
Ab 0.43 1.07 1.00 0.61 0.17 0.05
Complexd ' (pH * 7.5)
o 4.83 5.16 4.86 4.40 3.76 3.75 0 4.3 0 6.6 6.6 11.5
Ad 0.50 1.14 1.16 0.38 0.00 0.00
Complex e " (pH * 3.0)
8 5.25 4.84 . . 4.77 4.43 4.4 0 0 2.7 0 10.3
Ad 0.64 0.72 1.39 1.16 1.01 0.68
Complex f ' (pH * 3.0)
8 5.35 5.13 4.54 4.80 4.03 3.87 6.3 3.7 0 0 2.8 10.0
A8 0.74 1.01 0.79 0.78 0.27 0.12
Complex g " (pH * 5.0)
é 5.04 4.57 4.51 5.00 4.40 3.87 3.1 10.5 0 0 3.2 10.4
A8 0.70 0.55 0.80 0.98 0.64 0.12
Complex h ' (pH ~ 5.0)
o 4.90 5.11 4.52 473 3.95 3.84 4.0 0 0 8.4 5.1 11.6
A8 0.56 1.09 0.81 0.72 0.19 0.06

* 8 Values, in ppm, relative to Me, Si, using ters-butyl alcohol (8, 1.3) as internal reference; J values in Hz.

®0.05 M:0.10 M W(VI)—p-galactonic acid solution.
©0.20 M:0.10 M W(VT)-D-galactonic acid solution.
40.05 M:0.10 M Mo(VI)-D-galactonic acid solution.
¢ Broad signals.

'0.20 M:0.10 M Mo(VI)-p-galactonic acid solution.
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configuration of the central diol group. As a conse-
quence, the C-3 nucleus in complex ¢ and C-4 in
complex d undergoes a larger low-field shift due to
distortion with respect to the zigzag geometry of the
free ligand [29]. The two isomers arise because the
ligand O atoms involved in the W-O-W bridges can
be either O-2 and O-4, structure 4, or O-3 and O-5,
structure 5. The increase of the J (H-2, H-3) value
upon complexation is in accordance with a slight

increase of the corresponding HCCH dihedral angle
as shown by molecular models. Also, the observed
vicinal W-H coupling constants between each W
nucleus and protons H-3 and H-5, and protons H-2
and H-4, respectively, for structures 4 and §, point to
WOCH dihedral angles close to 180°, in agreement
with those models. The assignment of the structures 4
and 5 to complexes ¢ and d, respectively, was possi-
ble by a COLOC experiment. This shows that, for

Table 4
*C NMR chemical shifts * for W(VI) + p-galactonic acid and Mo(VI) + D-galactonic acid at 298 K

C-1 C-2 C-3 C-4 C-5 C-6
W(VI) + p-Galactonic acid
Complex a ® (pH * 5.0)
13} 186.46 84.90 75.13 71.19 71.36 64.81
Ad 5.42 12.06 2.17 0.05 —-0.17 0.02
Complex b ® (pH * 5.0)
o 184.94 86.33 74.29 71.36 70.76 64.81
Ad 3.90 13.49 1.33 0.22 —-0.77 0.02
Complex ¢ € (pH * 7.5)
d 181.66 82.55 93.90 79.20 82.18 64.05
Ad 0.47 9.71 21.06 8.06 10.65 —-0.74
Complexd ¢ (pH * 7.5)
o 179.81 81.31 85.67 91.14 78.52 64.86
Ad —1.38 8.47 12.83 20.00 6.99 0.07
Mo(VI) + p-Galactonic acid
Complex a * (pH * 5.0)
o 185.80 85.52 75.19 71.16 71.47 64.85
Ab 4.76 12.68 2.23 0.02 —~0.06 0.06
Complex b ¢ (pH * 5.0)
o 184.19 87.13 74.20 71.16 71.47 64.85
Ad 3.15 14.29 1.24 0.02 —-0.06 0.06
Complex ¢ * (pH * 7.5)
o 182.95 83.23 94.53 80.09 83.09 64.12
Ad 1.76 10.39 21.69 8.95 11.56 -0.67
Complex d ° (pH * 7.5)
é 180.78 82.48 86.55 91.53 78.94 65.13
Ad —0.41 9.64 13.71 20.39 7.41 0.34
Complex e ¢ (pH * 3.0)
o 186.18 85.22 86.48 85.79 85.99 75.67
A 6.72 13.04 13.86 15.08 14.64 1091
Complex f ¢ (pH " 3.0)
é 187.88 81.87 85.97 84.55 86.57 70.09
Ad 8.42 9.69 13.35 13.84 15.22 5.33
Complex g ° (pH * 5.0)
8 183.59 83.91 80.16 81.89 83.85 70.02
Aé 2.55 11.07 7.20 10.75 12.32 5.23
Complex h € (pH * 5.0)
o 183.59 83.31 93.81 87.67 82.32 64.08
Abd 2.55 10.47 20.97 16.53 10.79 —-0.71

& Values, in ppm, relative to Me,Si, using fert-butyl alcohol (8. 31.2) as internal reference.

® 0.25 M:0.50 M W(VI)-p-galactonic acid solution.
© 1.0 M:0.50 M W(VD)-D-galactonic acid solution.

¢ 0.25 M:0.50 M Mo(VD-b-galactonic acid solution.
¢ 1.0 M:0.50 M Mo(VI)-D-galactonic acid solution.
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Table 5

O NMR chemical shifts * for W(VI) + p-galactonic acid and Mo(VI) + D-galactonic acid at 298 K
f | |

_¥=170 _M-"0-M-
J J

W(VI) + p-Galactonic acid

Complex a ° (pH * 5.0) 636 -

Complex b ® (pH * 5.0) 647 -

Complexes e +d ¢ (pH * 7.5) 615, 625, 628, 630 246, 300

Mo(VI) + D-Galactonic acid

Complex a ¢ (pH * 5.0) 839 -

Complex b ¢ (pH * 5.0) 849 -

Complexes ¢ +d © (pH * 7.5) 812, 798, 786, 670 320, 314

Complexes e + £ ° (pH * 3.0) 740, 715, 691, 660 291, 377

Complexes g+ h ¢ (pH * 5.0) 757, 729, 719, 700 414

8 Values, in ppm, relative to external reference D, 0.
® 0.25 M:0.50 M W(VI)-b-galactonic acid solution.
1 0 M:0.50 M W(VI)-p-galactonic acid solution.

¢ 0.25 M:0.50 M Mo(VD)-D-galactonic acid solution.
1.0 M:0.50 M Mo(VI)-b-galactonic acid solution.

complex ¢, the (trans) W—H couplings arise between
W-1 and H-3 and between W-2 and H-5 (Table 6).
Similarly, for complex d, the (¢zrans) W-H couplings
arise between W-1 and H-2 and between W-2 and
H-4 (Table 6).

(1)/ \(2) O (1)/0\(2)

A 1N o7 \0’;7 Yo
\ / CH,OH \ ye \T\
/C<i‘H f / SN
o, H” CH,0H
4 5

Complexation with Mo(VI).—The study carried
out using molybdate solutions was similar to that for
tungstate. Depending on pH, concentration, and mo-
lar ratios, eight complexes were detected. The 'H,
B¢, "0, and Mo NMR parameters are given in
Tables 3—5 and 7, respectively. Whenever necessary,
COSY and C-H HETCOR experiments were per-
formed to remove any ambiguities concerning the
assignment of proton and carbon shifts.

Of those eight complexes, four are the homologous
species of the complexes found with tungstate: two
1:2 diastereomers (complexes a and b), at any pH
and, specially, when the metal:ligand molar ratio is
less than 1; and two 2:1 complexes (complexes ¢ and
d) at higher pH. Due to the presence of other com-
plexes, it was not possible to make a direct estimation
of formation constants. The same fact precluded the

use of Job’s plots based on proton signal intensities,
as was done with W(VI). The '’O and *’Mo chemical
shifts (Tables 5 and 7) lend support to the proposal of
structures similar to those advanced for the tungsten
system. In particular, for complexes ¢ and d, e
shifts characteristic of a Mo-O-Mo bridge were
recorded [22,36,37], as well as *>Mo shifts character-
istic of a Mo,02* group [9,29,30). Complexes a and
b show no bridge oxygen signals [22,36,37] and have
Mo shifts characteristic of MoO3 " centres [8,9,11,38].

For metal:ligand molar ratios larger than 1, four
additional complexes are detected. These are taken to
be polynuclear species which do not form in the case
of W(VI), presumably because of competition with
polymerization equilibria in the case of tungstate.
One pair, complexes e and f, shows an increase of
concentration relative to the other pair, complexes g

Table 6
83 W NMR chemical shifts * for W(VI) + D-galactonic acid
at 298 K

6183w BJW,H

W(VI) + p-Galactonic acid

Complex a® (pH * 5.0) 48.1 ~0
Complex b ® (pH * 5.0) 57.6 ~0
Complexc ¢ (pH * 7.5)  —67.8(W-1) 9.15 (H-3)
—80.2 (W-2) 7.94 (H-5)
Complex d © (pH * 7.5) —78.7(W-1) 8.43 (H-2)
~71.8(W-2) 9.55(H-4)

) Values, in ppm, relative to external reference Na,WQ,,
E * =9.5; J values in Hz.

0.25 M:0.50 M W(VD-D-galactonic acid solution.

¢ 1.0 M:0.50 M W(VI)-p-galactonic acid solution.
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and h, when the total concentration of the solution
increases. This suggests that complexes e and f are
4:2 isomers whereas complexes g and h are 2:1
species.

Fig. 6 shows the way in which the concentrations
of the various complexes change with pH, for two
concentration conditions.

The two ligand molecules in the 4:2 complexes are
magnetically equivalent and two Mo signals are
found for each complex (Table 7). As expected,
bridge oxygen signals are detected, one for each
complex (Table 5). All the carbon signals move to
high frequency on complexation, as well as the corre-

sponding proton signals. For one of these complexes,
structure 6 is proposed, where, for steric reasons, the
carboxylate groups are cis to the bridge oxygen
atom. This is similar to a structure previously pro-
posed for complexes of Mo(VI) with galactaric and
pD-mannaric acids [9]. Two possibilities exist for the
bonding of the OH group: cis or trans to the bridge
oxygen atom. We attribute the occurrence of two
isomers to this factor, in view of the different Be
shifts for that group in complexes e and f. The
alternative possibility of a cis-type complex with
both carboxylate groups bonded to the same Mo,O3*
moiety is excluded on the basis of molecular models

c d
C
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d d ¢
C
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Fig. 5. DQFCOSY of a 0.20 M:0.10 M D,O solution of W(VI)-p-galactonic acid (pH * = 7.5, 298 K).



M.L. Ramos et al. / Carbohydrate Research 297 (1997) 191-200 199

Table 7
Mo NMR chemical shifts * for Mo(VI)+ p-galactonic
acid at 298 K

§”Mo  Av,,
Mo(VI) +D-Galactonic acid
Complex a® (pH * 5.0) 105 318
Complex b ® (pH * 5.0) 100 225
Complex ¢ € (pH * 7.5) 39 323
27 225
Complex d © (pH * 7.5) 35 105
31 218
Complexes e+f ¢ (pH * 3.0) 74 386
51 541
64 245
41 668
Complexes g+h ¢ (pH * 5.0) 73 284
50 427
37 296
28 359

* & values relative to external reference Na,MoO,, pH"
=9.0; 4v,,, in Hz.

® (.25 M:0.50 M Mo(VI)-D-galactonic acid solution.

¢ 1.0 M:0.50 M Mo(VI)-D-galactonic acid solution.

4 1.0 M:0.10 M Mo(VI)-D-galactonic acid solution.

and the magnetic equivalence of the two ligand
molecules. Geometries adjusted to the observed vici-
nal H-—H coupling constants are easily established.
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Fig. 6. Concentration of the ligand as a function of pH",
obtained by 'H NMR for (a) a 020 M:0.10 M D,0
solution (2 M KNO,) of sodium molybdate(VI) and D-
galactonic acid at 298 K (2 M KNO;), and (b) a 0.05
M:0.10 M D,O solution (2 M KNO;) of sodium molyb-
date(VI) and D-galactonic acid at 298 K.

As pH™ is increased to 5, complexes e and f are
gradually replaced by complexes g and h. One of
these, h, gives rise to a "0 signal characteristic of a
Mo—-O-Mo bridge. In accordance, the ligand adopts
a sickle arrangement so that the four central OH
groups can be involved in chelation, as revealed by
the proton and carbon shifts. This distortion is con-
firmed by a large high-frequency shift of the C-3
signal. Therefore, this complex appears to have a
structure (7) similar to one of the high pH complexes
(¢, d), presumably only differing by an additional
involvement of the carboxylic group, as suggested by
a higher shift of C-1.
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o}

o 0 f et
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o

The other complex (g) differs in two ways: the
terminal OH group is involved in complexation and
the proton coupling constant J, is typical of a trans
configuration of H-3 and H-4. This points to a struc-
ture 8 involving two separate MoO; groups bridged
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by a ligand molecule with a zigzag conformation. A
similar structure was previously proposed for the
systems Mo(VI)-EDTA [39] and Mo(VI)-D-glucaric
acid [8].

4. Conclusion

Quite complex systems involving metal oxoions,
namely tungstate and molybdate, and sugar acids in
aqueous solution have been the object of a thorough
and systematic study for different pH and concentra-
tion conditions, using multinuclear (proton, carbon,
oxygen, and metal) magnetic resonance spectroscopy
(ID and 2D). Having studied aldaric and some al-
duronic acids [8—11], we have now turned to aldonic
acids; D-galactonic acid was the first study to be
completed, while D-gluconic and D-mannonic acids
will be the subject of future papers.

Four complexes were identified in the case of
tungsten(VI) (two 1:2 and two 2:1) and characterized
in some detail. In the case of molybdenum(VI), be-
sides a set of four complexes homologous of the
tungsten ones, four additional complexes (two 4:2
and two 2:1) were detected, at low pH, which are not
present in the W(VI) system probably because of
competition with polymerization equilibria.

Acknowledgements

This work has been supported by a grant from
JNICT, the Portuguese Agency for Scientific Re-
search.

References

[11 S. Yano, Coord. Chem. Rev., 92 (1988) 113-156.

[2] D.M. Whitfield, S. Stojkovsky, and B. Sarkar, Coord.
Chem. Rev., 122 (1993) 171-225.

[3] PCT Int. Appl. WO 95 02,326 (CI AOIN1/02), 1995.

[4] Jpn. Kokay Tokkyo Koho JP 06,154,794 [94,154,794]
(CL. CO2F11/00), 1994,

[5] Ger. Offen. DE 4,228,044 (CI. C11D3 /12), 1994,

[6] Eur. Pat. Appl. E P 408,082 (Cl. CO2F5 /12), 1991.

[7] Fr. Demande FR 2,707,647 (Cl. C078K4/10), 1995.

[8] M.L. Ramos, M.M. Caldeira, and V.M.S. Gil, Inorg.

Chim. Acta, 180 (1991) 219-224.

[9] M.L. Ramos, M.M. Caldeira, V.M.S. Gil, H. van
Bekkum, and J.A. Peters, Polyhedron, 13 (1994)
69-87.

[10] M.L. Ramos, M.M. Caldeira, V.M.S. Gil, H. van
Bekkum, and J.A. Peters, J. Coord. Chem., 33 (1994)
319-329.

[11] M.L. Ramos, M.M. Caldeira, and V.M.S. Gil, Carbo-
hydr. Res., 286 (1996) 1-15.

[12] U. Piantini, O.W. Sgrensen, and R.R. Ernst, J. Am.
Chem. Soc., 104 (1982) 6800-6801.

[13] A.D. Bax and G.A. Morris, J. Magn. Reson., 42
(1981) 51-59; A.D. Bax, ibid., 53 (1983) 517-520;
J.A. Wilde and P.H. Bolton, ibid., 59 (1984) 343-346.

[14] H. Kessler, C. Griesinger, J. Zarbock, and H.R. Loosli,
J. Magn. Reson., 57 (1984) 331-336.

[15] D. Horton, Z. Walaszek, and 1. Ekiel, Carbohydr.
Res., 119 (1983) 263-268.

[16] K. Bock and C. Pedersen, Adv. Carbohydr. Chem.
Biochem., 49 (1983) 27-66.

[17] G.M. Escandar, F.H. Gandolfo, and L.F. Sala, An.
Asoc. Quim. Argent., 78 (1990), 37-48.

[18] G.M. Escandar, L.F. Sala, and M.G. Sierra, Polyhe-
dron, 13 (1994) 143-150.

[19] G.M. Escandar, M.G. Sierra, and J.M.S. Peregrin,
Polyhedron, 13 (1994) 909-914.

[20] M. Hlaibi, S. Chapelle, M. Benaissa, and J.F.
Verchere, Inorg. Chem., 34 (1995) 4434-4440.

[21] J.J. Hastings and O.W. Howarth, J. Chem. Soc.,
Dalton Trans., (1992) 209-215.

[22] R.I. Maksimovskaya and K.G. Burtseva, Polyhedron,
4 (1985) 1559-1562.

[23] M.M. Caldeira, M.E. Saraiva, and V.M.S. Gil, Inorg.
Nucl. Chem. Lett., 17 (1981) 295-304.

[24] AM. Cavaleiro, V.M.S. Gil, J.D. Pedrosa, R.D.
Gillard, and P.A. Williams, Transition Met. Chem., 9
(1984) 62-67.

[25] M.M. Caldeira and V.M.S. Gil, Polyhedron, 5 (1986)
381-385.

[26] M.M. Caldeira, M.L. Ramos, and V.M.S. Gil, Can. J.
Chem., 65 (1987) 827-832.

[27] V.M.S. Gil, Pure Appl. Chem., 61 (1989) 841-848.

[28] J.-E. Berg, S. Brandinge, L. Lindblom, and P.-E.
Werner, Acta Chem. Scand., Ser. A, 31 (1977) 325—
328.

[29] S. Chapelle, J.F. Vercheére, and J.P. Sauvage, Polyhe-
dron, 9 (1990) 1225-1234.

[30] S. Chapelle and I.F. Verchere, Carbohydr. Res., 211
(1991) 279-281.

[31] S. Chapelle and I1.E. Verchére, Inorg. Chem., 31
(1992) 648-652.

[32] S. Chapelie, J.P. Sauvage, and J.F. Verchere, Inorg.
Chem., 33 (1994) 1966—1971.

[33] S. Chapelle and J.F. Verchere, Carbohydr. Res., 266
(1995) 161-170.

[34] B. Hedman, Acta Crystallogr., Sect. B, 33 (1977)
3077-3083.

[35] L. Ma, S. Liu, and J. Zubieta, Polyhedron, 8 (1989)
1571-1573.

[36] M. Filowitz, W.G. Klemperer, L. Messerle, and W.
Shum, J. Am. Chem. Soc., 98 (1976) 2345-2346.

[37] K.F. Miller and R.A.D. Wenthworth, Inorg. Chem.,
18 (1979) 984-9388.

[38] S.F. Gheller, T.W. Hambley, P.R. Trail, R.T.C.
Brownlee, M.J. O’Connor, M.R. Snow, and A.G.
Wedd, Aust. J. Chem., 35 (1982) 2183-2191.

[39] M.A. Freeman, F.A. Schultz, and C.N. Reilley, In-
org. Chem., 21 (1982) 567-576.



