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Abstract

A multinuclear 1D and 2D NMR study of D-galacturonic and D-glucuronic acids in aqueous
solution and their complexation with tungstate and molybdate ions for variable concentration and
pH conditions has been undertaken. The acids exist mainly in the pyranose forms, but complexes
were detected involving the less stable a- and B-furanose anomers as well as the a-pyranose
form. Thus, NMR evidence was gathered for the formation of two 1:2 (metal-ligand) complexes
of W(VI) with the furanose forms. These are stronger with D-galacturonic acid and when the 8
forms are involved. The same was found with Mo(VT), but, in addition, 2:1 complexes also form.
In the case of D-galacturonic acid, three such complexes were detected, two involving the
a-pyranose form, in an approximately J'C and a IC conformation, respectively, and the other
presumably involving the B-furanose isomer. With D-glucuronic acid. only one such complex
could be characterized, involving the o-pyranose isomer in a distorted ‘c 4 conformatlon More
detailed information on the structure of the various complexes was obtained from 'H, "¢, "0,
Mo, and "W NMR data. The 2:1 complexes with the a-pyranose forms, insofar as they
involve metal binding to the ring oxygen atom, are considered to play an important role in the
oxidation of the acids especially by Mo(VI). © 1996 Elsevier Science Ltd.

Kevwords: Tungsten; Molybdenum: Complexes; Uronic acids

1. Introduction

Studies of the interaction of metal ions with sugar molecules, particularly with uronic
acids, are of interest in pharmacology and health sciences [1-3], and especially in soil
science in view of its biological role in plant nutrition [4]. D-Galacturonic acid, which is
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the main sugar derivative in plant pectins, is associated with extracellular organic
chelating agents that can remove nutrient cations from poorly soluble salts and make its
storage in the walls of plant cells [5,6]. It may also play an important role in heavy metal
detoxification processes [7].

Microorganisms like Pseudomonas aeruginosa (a rhizosphere bacterium) are known
to produce large quantities of extracellular polysaccharides capable of binding molybde-
num and thereby reducing its availability as a micronutrient to plants [8,9]. It was
suggested that the uronic acid residues in the extracellular polysaccharides are active in
this binding process [9] and, as a result, the interaction of molybdate with uronic acids in
aqueous solution was investigated [10]. The complexation of sugars and derivatives was
recently reviewed [11].

In the present work we report on the structure of D-galacturonic acid and p-glucuronic
acids in aqueous solution and on their complexation with tungstate and molybdate, using
'H, "c, "0, "®W, and Mo NMR spectroscopy. In our comparative study of
complexation of sugar acids with Mo(VI) and W(VI) [12-15], multinuclear NMR
spectroscopy as a single technique proved to have clear advantages over other methods
for studying these systems. This is mainly due to relatively slow exchange phenomena
that enable distinct spectra to be obtained for different species.

The 'H and C signals due to free and bound ligand and their changes with molar
metal-ligand ratio and pH, together with the number and intensity of the Mo and "W
signals, enabled the determination of the number of complexes. From "H and “C shifts
it was possible to establish the ligand coordination sites, and ”O, » Mo, and '**W shifts
provided information about the metal centre. Information about the stoichiometry of the
species was obtained by comparing BC and 'H with Mo, "*'Ww, and /or O NMR
spectra of the same solutions. The proton vicinal coupling constants were used to
establish the approximate conformations of the bound ligands.

2. Experimental

Analytical grade sodium tungstate and sodium molybdate and commercially available
D-galacturonic and D-glucuronic acids were used.

The pH was adjusted (cautiously, to reduce the possibility of drastic local distur-
bances 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,O) buffers.

The 'H and °C spectra were obtained on a Varian Unity-500 NMR spectrometer (at
499.843 and 125.695 MHz, respectively). The Bc spectra were recorded using proton-
decoupling techniques (Waltz-16) with suppression of the nuclear Overhauser effect.
The methyl signal of rert-butyl alcohol was used as internal reference for 'H (8 1.3) and
"*C (8 31.2) shifts. 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, (8 = 0) as external
reference. The ''O spectra were obtained on a Varian Unity-500 NMR spectrometer
(67.760 MHz), using D,O (§=0) as external reference. Detailed conditions can be
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found in previous papers [13,15]. Whenever intensity considerations had to be drawn
from the "W spectra, longer delay times (10 s) were used.

The methyl (methyl «,B-D-galactofuranosid)uronates were obtained by mixing D-
galacturonic acid (1.5 g, 6.0 mmol), MeOH (200 mL), and Dowex 50X8-100 (H" form)
resin (2.0 g) and boiling the mixture in a Soxhlet extraction apparatus, whose porous
thimble was filled with zeolite KA. After 4 h, 100% conversion was achieved. The
catalyst was filtered off and the filtrate was concentrated in vacuo. The residue was
characterized by 'H and ""C NMR data: much weaker signals, probably due to
pyranosides, also formed.

The 1D TOCSY [16] and the 2D NMR spectra, COSY [17], DQFCOSY [18],
HETCOR [19], and COLOC [20] experiments, were performed on a Varian Unity-500
NMR spectrometer.

3. Results and discussion

Structure of D-galacturonic acid in aqueous solution.—In aqueous solution, D-galac-
turonic acid can exist as the equilibrium shown in Scheme 1. Only the pyranose forms,
@, and B, have so far been detected by 'H and °C NMR spectroscopy [10,21]. Our
results at 500 MHz, assisted by homonuclear and heteronuclear correlation experiments
(COSY and HETCOR, respectively), confirmed the assignments of the previous work

COH
HO

OH (op)

OH
0] O
OH — OH
(&)
H OH
HCOH OH HCOH OH
CO,H COH
Bp (og)
OH (Bp)

OH

Scheme 1.



4 M.L.D. Ramos et al. / Carbohydrate Research 286 (1996} 1-15

Table 1
"H NMR parameters * for D-galacturonic acid, W(VI)+ p-galacturonic acid, and Mo(VI) + D-galacturonic acid
H-5 H4 H-3 H-2 H-1 Jis Jas Jig Jis
p-Galacturonic acid ®
pH™ 2.5
pyranosidic forms
a, 4.75 4.36 3.96 3.83 534 384 10.50 342 127
B, 4.43 429 3.74 3.52 463 790 9.93 353 1.28
furanosidic forms
oy 4.39 4.17 4.32 4.12 528 491 6.35 769 235
Bs 4.45 441 422 4.03 523 3.63 5.50 6.84 230
pH"™ 4.0
pyranosidic forms
@, 4.57 4.36 4.00 3.89 538 385 1047 342 127
8, 4.22 4.29 3.78 3.57 467 791 9.94 353 1.28
furanosidic forms
o, 4.41 4.16 4.36 4.15 531 492 7.50 7.30 330
By 4.40 442 4.23 4.09 528 342 5.34 7.00 235
W(VI) + D-Galacturonic acid (pH 4.0, 294 K)
complex a *
1) 5.04 4.44 435 4.01 5.28  4.00 6.00 6.00  2.00
AS(Bp) 0.64 0.02 0.12 -0.08 0.00
complex a ¢
6 5.00 4.17 441 4.15 5.28  4.50 8.00 8.00 250
Ad (ap) 0.59 0.01 0.05 000 -0.03
Mo(VI) + p-Galacturonic acid (pH 4,0, 294 K)
complex a ¢
8 4.89 4.47 431 401 527 366 5.13 586 219
Ad (By) 0.49 0.05 008 —-008 —0.01
complex a’
8 4.88 4.18 4.38 4.12 529 512 7.32 732 293
AS (ap) 0.47 0.02 002 -003 -0.02
complex b ¢
8 5.23 5.01 438 4.63 522 0 0 3.66 586
Ad () 0.66 0.65 0.38 074 —0.16
complex ¢ °
é 5.10 4.78 4.99 5.11 552 0 0 0 443
Ad (a) 0.53 042 0.99 1.22 0.14
complex d ¢
& 4.92 4.30 3.89 4.96 552 0 2.2 10.5 0
A8 (By) 052 -012 -034 087 —0.13

* 8 Values, in ppm, relative to Me, Si, using terr-butyl alcohol (8;; 1.3) as internal reference; J values in Hz.
® 0.50 M p-Galacturonic acid solution.

©0.25 M:0.50 M W(VD-p-galacturonic acid solution.

40.25 M:0.50 M Mo(VI)-D-galacturonic acid solution.

¢ 0.20 M:0.10 M Mo(VD)—b-galacturonic acid solution.

(Tables | and 2). But, in addition, new signals of small intensity were detected. A
detailed comparison of the ">C signals with the corresponding spectrum of the furanose
forms of D-galactose [22] suggests that those additional signals are due to the two
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Table 2
“NMR chemical shifts * for D-galacturonic acid, W(VI)+ p-galacturonic acid. and Mo(VD) + p-galacturonic
acid
C-6 C-5 C-4 C-3 C-2 C-1
b-Galacturonic acid °
pH™ 2.5
pyranosidic forms
@, 174.45 71.22 71.76 70.22 69.39 93.94
B8, 173.52 75.55 71.69 73.87 72.83 97.77
furanosidic forms
o 176.86 70.95 83.16 74.78 77.54 96.47
B, 176.79 70.60 84.20 76.46 82.57 102.62
pH™ 4.0
pyranosidic forms
a, 176.84 72.63 72.17 70.67 69.46 93.76
Bp 176.12 76.74 71.72 74.25 73.00 97.50
furanosidic forms
a; 179.08 72.01 83.64 75.00 77.48 96.23
By 178.93 71.80 84.80 76.87 82.63 102.48
W(VI) + D-Galacturonic acid (pH 4.0, 294 K)
complex a *
8 183.75 83.15 85.28 75.67 81.52 101.66
AS(By) 4.82 11.35 0.48 —1.20 — 1.1 —0.82
complex @ ©
o 183.78 82.68 83.15 73.88 75.90 95.78
Ad (ay) 4.70 10.67 —-0.49 —-1.12 -1.58 —-045
Mo(VI) + D-Galacturonic acid (pH 4.0, 294 K)
complex a ¢
& 183.80 84.12 85.99 76.25 81.87 102.00
A8 (B 4.87 12.32 1.19 -0.62 -0.76 -0.39
complex a’
8 183.80 83.67 83.67 74.41 75.75 96.15
Ad (o) 4.72 11.66 0.03 -0.59 -1.73 -0.08
complex b ¢
1) 187.81 81.87 87.07 82.78 80.77 99.33
Ab (ap) 10.97 9.24 8.90 12.11 11.31 5.62
complex ¢ ©
8 186.34 82.87 86.47 88.25 86.00 104.97
Ad (a) 9.50 10.24 14.30 17.58 16.54 11.21
complex d ©
I3 183.60 86.70 80.15 82.48 87.50 102.21
A8 (B;) 4.67 14.90 —4.65 5.61 4.87 —0.27

* & Values relative to Me, Si. using tert-butyl alcohol (8, 31.2) as internal reference.

" 0.50 M p-Galacturonic acid solution.

©0.25 M:0.50 M W(VI)-D-galacturonic acid solution.
40,25 M:0.50 M Mo(VI)-D-galacturonic acid solution.
¢ 0.20 M:0.10 M Mo(VI)-b-galacturonic acid solution.
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Table 3
"H and "*C NMR parameters * for methyl (methyl a- and B-D-galactofuranosid)uronates
H-5 H-4 H-3 H-2 H-1 OCH; COOCH; Jy, N S SR
a 447 419 432 417 492 345 3.86 4.91 752 800 405
B 457 435 423 410 496 340 3.87 231 404 636 2.89
C-6 C-5 C-4 C-3 C-2 C-1 OCH, COOCH,;
a 17453 TL18 8262 7412 76.84 10992 53.82 56.42
B 17457 70.28 8445 76.69 81.43 10351 5384 56.01

*8 Values, in ppm, relative to Me,Si, using fert-butyl alcohol (8 1.3, §- 31.2) as internal reference; J
values in Hz.

anomeric furanose forms of the acid. Further confirmation was gained by running the
proton and the carbon spectra of the methyl ester methyl glycosides (Table 3). These
were found, in comparison with D-galactose, to involve predominantly the furanose
forms. In this way, the full assignment of the proton and carbon signals of the furanose
forms of D-galacturonic acid was possible as is shown in Tables | and 2.

At room temperature, the ratio between the pyranose and the furanose isomers is
about 9 and the B anomers are in both cases the most stable ones. The acyclic form,
however, was not detected in the pH range (2-8) and temperature range (20-80 °C)
covered. In this temperature range, the relative concentrations of the various ring forms
change as shown in Fig. 1. Based on these data, a rough estimate of 17 kJ mol ™' is
made for the energy difference between the pyranose isomers taken as a whole and the
furanose forms.

Structure of D-glucuronic acid in aqueous solution.—In aqueous solution, D-
glucuronic acid can exist as the equilibrium shown in Scheme 2. In parallel with the
relative stability of the pyranose and the furanose forms of glucose in comparison with
galactose [23,24], the furanose anomers of p-glucuronic acid are even less abundant than
with D-galacturonic acid, as found by NMR at 500 MHz. While our 2D correlation
experiments confirm the assignments of ref. [10], being therefore at variance with the 'H
data of ref. [21], only a few proton and carbon-13 assignments were possible for the
furanose forms (Tables 4 and 5). This was due not only to the very low concentrations

60.0
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Fig. 1. Concentration of species as a function of temperature, obtained by "H NMR fora 0.10 M D, O solution
of D-galacturonic acid at pH™ 2.5.
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of these species, but also to superposition with the pyranose signals and to the presence
of a,B-p-glucofuranurono-6,3-lactone [22] (Scheme 3).

The relative concentration of the furanose forms could not in this case be increased
by heating because of degradation of the acid at temperatures approaching 60 °C.

Complexes W(VI)-D-galacturonic acid.—In the presence of sodium tungstate, the
proton and carbon-13 spectra of aqueous solutions of D-galacturonic acid show new
signals which are due to complexation, while the signals of the free ligand become
weaker (Fig. 2). The existence of separate signals for bound and free ligand means that
ligand exchange is slow in the NMR time-scale as has been found for related systems
already studied [12-15].

A systematic recording of spectra was performed for metal-ligand molar ratios
ranging from 2 to 0.25, the total concentration of species ranging from 1.25 M to 0.10
M, and pH values ranging from 3 to 8. Besides some weak signals due to minor species
formed, the spectra show two intense sets of signals due to bound ligand, one set having
an intensity which is about double that of the other, at room temperature.

The 'H and °C assignments were done with the aid of homonuclear and heteronu-
clear correlation experiments (COSY and HETCOR, respectively), starting with the H-1
signal related to the well-separated signal due to the C-1 anomeric carbon atom. Tables
2 and 3 show the carbon and proton chemical shifts, respectively. Comparison with the
values for the free ligand (namely for positions 2, 3, and 4 in the rings) shows that the
bound ligand molecules are the «- and pB-furanose forms, the [ anomer being
responsible for the signals of larger intensity. Therefore, complexation involves almost
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Table 4
'"H NMR parameters * for b-glucuronic acid and Mo(VI)+ D-glucuronic acid

HS H<4 H3 H2 HlI P Jia Jys

p-Glucuronic acid ® (pH ™ 4.0)
pyranosidic forms

a, 416 356 378  3.63 530  3.80 10.30 10.30 10.08
B, 3.81 356 356 334 4.71 8.06 8.06 - 9.62
furanosidic forms
ap -9 -d -d -d 526 184 ¢ -4 -
B -4 459 441 -0 546 427 - - -
Mo(VI)+D-Glucuronic acid (pH 4.0, 294 K)
complex a ©
5 _f i ot ot 543
AS(B) ~0.03
complex a’ ©
5 - 5.20
Ad (ap) —0.06
complex b &
8 5.51 492 466 405 5.11 4.1 1.8 0 0
Ad (ap) 1.35 1.36 088 042 -0.19

* & Values, in ppm, relative to Me, Si, using tert-butyl alcohol (8, 1.3) as internal reference; J values in Hz.
® 0.50 M p-Glucuronic acid solution.

“ Not obtained due to superposition with other signals.

4 Not obtained due to experimental difficulties related with its small concentration.

¢ 0.25 M:0.50 M Mo(VD)-p-glucuronic acid solution.

f Very broad signals.

% 0.20 M:0.10 M Mo(VI)-D-glucuronic acid solution.

exclusively the furanose forms although these are the less stable ones for the free ligand
in aqueous solution. The data in Tables | and 2, namely the pronounced high frequency
shifts for the nuclei of positions 6 and 5 (carbon shifts of ca. 5 ppm for the carboxylic
group and ca. 11 ppm for the adjacent carbinol group, and shifts of ca. 0.6 ppm for H-5),
are evidence for complexation involving the carboxylic group and the adjacent carbinol
group [12-15,25-30].

The relative intensities of the signals due to bound S3; and «; ligands change from
2.2 at room temperature to 1.7 at 80 °C, in accordance with the hypothesis of a more
stable complex with the B, form. Two close tungsten-183 signals at 6 35.4 and 37.4,
relative to external Na,WO, (ag) (pH" 9.5), are detected, the more intense one
(complex with the B, form) lying at lower frequency. These values fall in the range of
those found for the systems W(VI)-galactaric acid and W(VI)~D-mannaric acid, and are
typical of WO2* centres [15]. In agreement with this finding is the observation of a ''O
resonance at 6 642, relative to an external D, O reference, a value which is characteristic
of a W=0 group [15,31,32]. No signal characteristic of a W-O~W bridge was detected.

The fact that the acid acts as a bidentate ligand, associated with the presence of
WOZ?* centres, suggests a 1:2 stoichiometry, as found for simpler systems [26,28,29].
Verchére and Chapelle have obtained similar results by using spectrophotometric
methods [33]. This is further supported by the effect of the metal-ligand molar ratio on
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Table 5
"C NMR chemical shifts * for D-glucuronic acid. W(VI)+ p-glucuronic acid, and Mo(VI) + p-glucuronic acid

C-6 C-5 C-4 C-3 C-2 C-1

D-Glucuronic acid ® (pH = 4.0}
pyranosidic forms

a, 177.70 72.75 73.48 74.05 73.08 93.69
B, 176.86 77.02 73.26 77.44 75.45 97.42
furanosidic forms
o7 178.77 - -* - - 104.48
By 178.61 71.80 -¢ - - 96.99
WIVI) + D-Glucuronic acid (pH 4.0. 294 K)
complex a ¢
& 184.45/184.75 - - ¢ - - ¢ 96.79,/96.23
As(B))
complex a’ ¢
8 183.06,/183.19 =< - - -° 102.55/103.22
AS (ay)
Mot V1) + D-Glucuronic acid (pH 4.0, 294 K)
complex af
8 183.30 -t - ¢ - ¢ - ¢ 96.17
Ad(Bp) 4.69 -0.82
complex a' '
8 183.30 - ¢ - ¢ - ¢ -t 102.42
A8 (o) 4,53 —2.06
complex b
] 183.94 90.46 87.14 77.49 - 101.96
Ad(ay) 6.24 8.27

* & Values relative to Me, Si, using rert-butyl alcohol (8. 31.2) as internal reference.

" 0.50 M p-Glucuronic acid solution.

“ Not obtained due to experimental difficulties related with its small concentration.

4025 M:0.50 M W(VI)-p-glucuronic acid solution,

“ Not obtained due to experimental difficulties retated with the signal's small intensity and large line-width.
0,25 M:0.50 M Mo(VD)-D-glucuronic acid solution.

¥ Broad signals and in some cases superposed with other signals.

" 0.20 M:0.10 M Mo(VI)-D-glucuronic acid solution.

' Not obtained due to superposition with other signals.

ocC ocC
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O O
enmrm———
—_———

OH
OH OH
(ag) B

Scheme 3.
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Fig. 2. 500-MHz 'H NMR spectrum of a 0.20 M:0.30 M D,O solution of sodium tungstate(VI) and
D-galacturonic acid at pH ™ 3.4, and 298 K.

the concentration of the various species measured by the intensity of the proton signals.
A rough estimation of the formation constant for the two complexes (a and a'), based on
M+ 2 L = ML,, leads to conditional pK values of —5.4 and —5.5, at pH" 3.0.

Molecular models suggest that the carboxylate groups must be cis to each other in
these complexes, so that steric hindrance is minimized. Structure 1 is proposed for the
1:2 complex involving the B, form (complex a).

H
5
OQ(,:/CL
o, ,20
\\w,"/’
N
o) (6]
|
0=
E\R
i
1
OH
R = OH
OH

The values of the vicinal H-H coupling constants for the complexes are not
significantly different from those of the free ligand forms. This shows that there are no
major changes of conformation of the ligand on complexation.
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0.00 L) T L]
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pH*
Fig. 3. Concentration of species as a function of pH ", obtained by 'H NMR for a 0.05 M:0.10 M D.O
solution (2 M NaNO,) of sodium tungstate(VI) and p-galacturonic acid at 294 K.

Fig. 3 shows the effect of pH on the concentrations of total bound ligand and of total
free ligand for a typical situation.

Complexes Mo(VI)-D-galacturonic acid. —This system was studied in a manner
similar to that for tungsten—D-galacturonic acid, except that concentrated solutions were
precluded because of rapid redox phenomena.

Again, strong evidence was found for the formation of two 1:2 complexes (a and a')
homologous to the complexes formed with W(VI). The corresponding 'H and "C NMR
parameters are shown in Tables 1 and 2, respectively. The *Mo spectrum is a broad
signal that can be analyzed as two close signals (& 94, Avl/2 =214 Hz; and & 102,
Av, ,, =446 Hz; shifts relative to an external solution of sodium molybdate at pH " 9)
as expected for the two complexes. The Mo chemical shifts are consistent with the
presence of MoO2* groups [12—14.34]. The 'O NMR spectrum shows two signals (8
842 and & 833 relative to an external reference of D,0) which are characteristic of
Mo=0 groups; no signal corresponding to Mo—O-Mo bridges was found [32,35-37].

In this system, however, new complexes are detected for metal-ligand molar ratios
larger than 1: complexes b, ¢, d. Such complexes were not found (or were of very small
concentration) in the tungsten system, presumably because of the competing polymeriza-
tion equilibria of tungstate.

The total assignment of complexes b. ¢. and d is very difficult, mainly due to the
observation of several single signals in the '"H NMR spectrum. In addition. all the
possibilities point to the involvement of all (with a possible exception, see below) OH
groups and CO, H groups in complexation. This fact is consistent with a 2:1 composition
for these complexes. The *Mo spectrum is a complex pattern which has been analyzed
as four signals with the following chemical shifts: 8 32, 42. 59, and 72. These values
are consistent with the presence of MoO; or Mo,0: ™ centres [12.13,38,39].

In the case of complex b, COLOC (correlation through long-range couplings) C-H
second-order correlation experiments were performed to eliminate some of the possibili-
ties. By considering the vicinal H-H coupling constants and the approximate conforma-
tions they suggest for the bound ligand, models were built. In this way, we concluded
that the most likely structure for the complex is a 2:1 species (2) involving the
a-pyranose form in an approximate 4Cl conformation. The shift undergone by C-5 and
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H-5 can be explained by involving the oxygen ring atom in complexation, besides the
CO,H and the various OH groups. Thus, we propose that one MoO, centre is bonded to
the carboxylate group, the deprotonated OH-4 group, and the ring oxygen atom, whereas
the other MoO, group is bonded to positions OH-3, OH-2, and OH-1.

R0
L\

=2

oMo

2

Oy

gt
AN

Mol |

3

According to a molecular model, a similar complex (3) involving the ' C, conforma-
tion of @, is possible, and having the HCCH dihedral angles close to 90° for the
positions 1 and 2, 2 and 3, and 3 and 4. This is taken as complex ¢, showing proton
coupling constants J, ,=J,,=J,,=0 Hz. Now, one metal centre is bonded to the
carboxylate group and to the deprotonated OH-4 and OH-3 groups, and the other metal
centre is bonded to the ring oxygen atom and to the OH-2 and OH-1 positions.

For complex d, again presumably a 2:1 species, the proton and carbon chemical shifts
for position 4 are the less affected by complexation. This suggests that the ligand is a
furanose form. By making use of molecular models and considering the proton coupling
constant J,, =0 Hz, the B; isomer is selected. The proposed structure (4) for this
complex has a dinuclear core bridged by three oxygen atoms, resembling the structure of
Mo(VI) with lyxose [40].
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Complexation of W(VI) and Mo(VI) with D-glucuronic acid.—No reference to
complexation of this acid with tungstate has been found in the literature. In fact, the
additional signals observed in the carbon and proton spectra on adding tungstate to the
acid are very weak and broad. The only assignment possible is the anomeric region, the
corresponding carbon and proton shifts being very similar to those of the furanose
forms. By analogy with p-galacturonic acid as ligand. two weak [:2 complexes (a and
a’) seem to be formed.

The system Mo(VI)-b-glucuronic acid has been studied by Stojkovski et al. [10] who
suggested the presence of a dominant complex with a bidentate pyranose form,
involving the carboxylate and OH-4 groups. They based their proposal on ‘dramatic’
upfield shifts for the C-4 position and the disappearance of the carboxylic signal after
one week. We were not able to reproduce this result; we attribute those shifts to
extensive oxidation of the acid. Instead, in spite of the rapid redox phenomena (which,
for example, precluded 2D correlation experiments) we have gathered evidence for 1:2
complexes (a and a') involving the furanose forms as before, and for a 2:1 complex (b)
involving the a, isomer (Tables 4 and 5). The carbon chemical shifts observed on
complexation suggest that all the donor groups are involved in the complexation,
including the ring oxygen atom. By making use of molecular models and the values of
the proton vicinal coupling constants. the ligand seems to be adopting a distorted IC4
conformation (5). One of the metal centres is bonded to the carboxylate group, to the
deprotonated OH-3 group, and to the ring oxygen atom; the other is bound to the
deprotonated OH-4, OH-2, and OH-1 groups. Two non-equivalent MoO, centres are
therefore expected which is confirmed by the **Mo chemical shifts of two broad signals
(8 56, Av,,, =652 Hz; and & 25, Av, ,, =720 Hz). In general accordance with these
observations, all the proton signals undergo a downfield shift except H-1 which can be
affected by magnetic anisotropy and electric effects due to the close Mo=0 groups.

MoOs
/
coy 1\
o)
o \°
/
O3Mo
52 NG

5

4. Conclusion

Although Mo(VI) forms complexes with the pyranose forms of D-galacturonic and
D-glucuronic acids (which are the most stable isomers of the acids) in solutions of higher
metal-ligand molar ratio (2:1 complexes), it also stabilizes the furanose isomers
specially by leading to two 1:2 complexes with both the o and B anomers. This
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stabilization is much more pronounced in the case of W(VI), which only complexes
significantly the a- and B-furanose forms, leading to 1:2 species.

It was also found that Mo(VI) is easily reduced [to Mo(V)] by the uronic acids, faster
with D-glucuronic acid, in solutions of higher metal-ligand molar ratios in which 2:1
complexes involving the a-pyranose form are dominant. As has been suggested for the
reduction of Cr(VI) to Cr(IIl) by D-galacturonic acid [41], the involvement of the ring
oxygen atom in such a complexation is expected to play a role in the redox phe-
nomenon. In this way, ring opening is favoured, leading to the acyclic form having a
readily oxidizable aldehyde group.

Acknowledgements

This work has been supported by JNICT, the Portuguese Agency for Scientific and
Technological Research. The authors thank Professor H. van Bekkum and Dr. J.A.
Peters (University of Delft, The Netherlands) for helpful discussions, and Professor J.-F.
Verchére (Université de Rouen, France) for constructive suggestions.

References

[1] Z.1. Kertesz, The Pectic Substances, Interscience, New York, 1951.
[2] B. Dubois, B. Vandorpe. and 1. Olivier, Bull. Soc. Chim. Fr., 128 (1991) 181-184, and references
therein.
[3] H.A. Tajmir-Riahi, Inorg. Chim. Acta, 119 (1986) 227-232, and references therein.
[4] S. Ramamoorthy and G.G. Leppard, J. Theor. Biol., 66 (1977) 527-540.
[5] G. Micera, S. Deiana, C. Gessa, and M. Petrera, Inorg. Chim. Acta, 56 (1981) 109-113.
[6] C. Gessa, M.L. De Cherchi, A. Dessl. S. Deiana, and G. Micera, Inorg. Chim. Acta, 80 (1983) L53-L55.
[7] G. Micera and A. Dessi\. J. Inorg. Biochem., 34 (1988) 157-166.
[8] S. Stojkovski, R. Payne, R.J. Magee. and V.A. Stanisich, Soil Biol. Biochem., 18 (1986) 117-118.
[9] S. Stojkovski, R.J. Magee, and J. Liesegang. Aust. J. Chem., 39 (1986) 1205-1212.
[10] S. Stojkovski, D.M. Whitfield. R.J. Magee. B.D. James, and B. Sarkar, J. Inorg. Biochem., 39 (1990)
125-136.
[11] D.M. Whitfield, S. Stojkovski, and B. Sarkar, Coord. Chem. Rer.. 122 (1993) 171-225.
[12] M.L. Ramos. M.M. Caldeira. and V.M.S. Gil, Inorg. Chim. Acta. 180 (1991) 219-224,
[13] M.L. Ramos, M.M. Caideira. V.M.S. Gil, H. van Bekkum, and J.A. Peters, Polvhedron, 13 (1994)
1825-1833.
[14] M.M. Caldeira, M.L. Ramos, V.M.S. Gil, H. van Bekkum, and J.A. Peters. Inorg. Chim. Acta, 221
(1994) 69-87.
[15] M.L. Ramos, M.M. Caldeira, V.M.S. Gil, H. van Bekkum, and J.A. Peters. J. Coord. Chem.. 33 (1994)
319-329.
{16] L. Braunnschweiler and R.R. Ernst, J. Magn. Reson.. 53 (1983) 521-528.
[17] W.P. Aue. E. Bartholdi, and R.R. Ernst, J. Phys. Chem.. 64 (1976) 2229-2246. A.D. Bax and R.
Freeman, J. Magn. Reson., 44 (1981) 542-5361.
[18] U. Piantini, O.W. Sgrensen, and R.R. Ernst, J. Am. Chem. Soc., 104 (1982) 6800-6801.
[19] A.D. Bax and G.A. Morris. J. Magn. Reson.. 42 (1981) 51-59; A.D. Bax, J. Magn. Reson., 53 (1983)
517-520; J.A. Wilde and P.H. Bolton. J. Magn. Reson., 59 (1984) 343-346.
[20] H. Kessler, C. Griesinger, J. Zarbock, and H.R. Loosli, J. Magn. Reson., 57 (1984) 331-336.
[21] L.W. Jaques. J.B. Macaskill, and W. Weltner, Jr., J. Phys. Chem.. 83 (1979) 1412~1421



M.L.D. Ramos et al. / Carbohydrate Research 286 (1996) 115 15

22} K. Bock and C. Pedersen, Adv. Carbohydr. Chem. Biochem.. 41 (1983) 27-66.

231 S.J. Angyal, Angew. Chem. Int. Ed. Engl.. 8 (1969) 157-226.

24} S.J. Angyal. Adr. Carbohvdr. Chem. Biochem., 49 (1991) 20-35.

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

6] AM. Cavaleiro. V.M.S. Gil. J.D. Pedrosa, R.D. Gillard, and P.A. Williams, Trans. Met. Chem., 9 (1984)

62-67.

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

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

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

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

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

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

[33] J.F. Verchere and S. Chapelle, personal communication.

[34] 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.

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

[36] M. Filowitz. R K. Ho, W.G. Klemperer, and W. Shum, /norg. Chem.. 18 (1979) 93-103.

[37] K.F. Miller and R.A.D. Wentworth. fnorg. Chem.. 18 (1979) 984-988.

[38] M.A. Freeman. F.A. Schultz, and C.N. Reilley, /norg. Chem., 21 (1982) 567-576.

[39] M.M.C.A. Castro. C.F.G.C. Geraldes. and J.A. Peters. /norg. Chim. Acta, 208 (1993) 123-133,

[40] G.E. Taylor and J.M. Waters, Tetrahedron Lett., 22 (1981) 1277-1278.

[41] S. Deiana. C. Gessa. M. Usai. P. Piu. and R, Seeber, Anal. Chim. Acta, 248 (1991) 301-305.

(
[
[
{2
2



