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Abstract 

A full pH range ‘H and 13C NMR study was per- 
formed on the complexation of UOs*+ with (D,L)- 
and meso-tartaric acids, for variable concentrations 
and molar ratios, in comparison with (D)-tartaric 
acid. The main result is that, in spite of the already 
high number of complexes formed with the active 
ligand, an additional species occurs with the racemic 
mixture for which experimental evidence indicates 
a cyclic trimer structure. A smaller number of com- 
plexes is formed with meso-tartaric acid. Information 
on the conformation of bound ligand is also obtained. 

Introduction 

NMR spectroscopy has proved to be a powerful 
technique in speciation studies of complexation of 
oxoions with hydroxycarboxylic acids [l-4] and 
other ligands [5] in aqueous solution. The forma- 
tion of complexes undergoing comparatively slow 
exchange processes, especially at temperatures close 
to 0 “C, is revealed by the observation of different 
spectra for different species, namely for the free 
ligand and for the various situations of bound ligand. 
This enables the determination of the number of 
species and their concentrations as a function of 
pH and concentration conditions and, in some cases, 
the determination of their stoichiometries and geo- 
metries. In favourable instances exchange processes 
can also be investigated [l] . 

One of the systems we have previously studied in 
this manner is uranyl ion + (D)-tartaric acid (R,R(+)- 
tartaric acid) in aqueous solution [l] . Proton and 
Carbon-13 NMR evidence for the existence of at 
least six complexes was obtained as a function of pH. 
For some of them, it was also possible to gain insight 
on the corresponding stoichiometries and conforma- 
tion of bound ligand. 
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We now extend this study to (D,L)-tartaric and 
meso-tartaric acids ((RJ)-tartaric acid), as stereo- 
specific effects are expected on complex formation. 
We also resume the uranyl + (D)-tartaric acid sys- 
tem in a systematical manner at higher radio 
frequency and at lower temperature, thus identify- 
ing new species. A brief study in DMSO-de is also 
made. 

Experimental 

(D)-, (D,L)- and meso-tartaric acids, as well as 
uranyl nitrate, were commercially obtained. D20 
and DMSO-de solutions were used and the concen- 
trations were established by weight. Concentrated 
NaOD and DC1 were used for adjusting the pH: 
no corrections were performed on the direct meter 
reading (pH*). 

‘H NMR spectra were recorded at 300 MHz on a 
Bruker CXP-300 spectrometer at 275 K; some of the 
signals were assigned by spin decoupling techniques. 
13C NMR spectra were run at 20 MHz and 50 MHz 
using Bruker WP 80 SY and Varian XL-200 instru- 
ments, respectively, at the probes temperature (302 
K) with ‘H BB decoupling. 

Tert-butanol and p-dioxane (6, = 1.23 and 6, = 
67.40) were used as internal references when running 
‘H and 13C spectra, respectively. 

Results and Discussion 

The proton NMR spectrum of tartaric acid, 
CO,H-CH(OH)-CH(OH)-C02H, bonded to uranyl 
ion, U02*+, can be either a single peak or a quartet 
(AB or AX spectrum), depending on whether or not 
the two methyne H atoms are equivalent. The first 
case applies namely to tartaric acid acting as a bridg- 
ing ligand between two U atoms in a symmetrical 
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structure; if the bridged structure is not symmetrical, 
then an AB type spectrum can be obtained. For a 
tartaric acid molecule as a terminal ligand involving 
only one of the hydroxyl groups (as well as one or 
two carboxyl groups), the expected spectrum will be 
of the AX type. In the latter two cases, an H-H 
vicinal coupling constant (“Jr& reflects the 
approximate conformation of the ligand. 

radio frequency study [ 1 ] are numbered 9 and 10 
(both of small abundance), 11 and 12 (this detected 
at high pH) and the various complexes 4 and 5 which, 
being in rapid exchange at room temperature, had 
been taken as just one conjugated acid-base pair cor- 
responding to structure I proposed by Rajan and 
Martell [6] or its cis isomer. 

Uranyl Ion + (D)-tartaric Acid 
Sixteen distinct spectra (3 of smaller intensity) 

of bound ligand can be detected at low temperature 
for the system UOZz+ + (D)-tartaric acid, depending 
on pH and molar ratio. The type of spectrum and 
the ‘H and 13C parameters (only the simplest mix- 
tures of complexes were characterized by 13C NMR) 
are shown in Tables I and II (we note that there are 
two similar spectra numbered 12, two similar 
complexes numbered 4 and four related species 
numbered 5). Although there is a range of concentra- 
tion and pH conditions for which these spectra 
are detected, those enabling more precise determina- 
tion of the NMR parameters are given in the Tables. 

Figure 1 shows the signals due to the main com- 
plexes in 1:2 solutions at variable pH. Figure 2 gives 
the percentage of bound ligand as a function of pH, 
for the various complexes present in solutions of 
2: 1, 1: 1 and 1:2 molar ratios. The new species 
detected in this work relative to our previous low 

By taking the changes of the overall concentra- 
tion of 4 and 5 as a function of pH (Fig. 2) we get an 
effective pK, value of about 5. 

The ‘H shifts relative to free ligand in the case of 
species 4 and 5 fall into two ranges: ca. 1 ppm and 
ca. 2.5 ppm, respectively for a non-bonded CH(OH) 
group and for a CH(OH) group bonded to a uranium 
atom, in accordance with structure I. A similar situa- 
tion occurs with species 11 and 12. The remaining 

TABLE I. ‘H NMR Parameters 

Complex Nature of the spectrum Tartaric acida 

@I- (D,L)- meso- 

Experimentald 

conditions 

A6 A6 3JEIH A6 3JHH 
pH* Molar ratio 

1 Single peakC 

2 Single peak 

3 Single peak 

6 

7 

8 

9 
10 

11 

AB quartet 

Single peak 

AB quartet 

Single peak 

Single peak 

Single peak 

AX quartet 

0.6 _ 0.6 _ 

3.4 - 3.3 _ 

2.91 _ 2.91 - 

3.1 

3.3 
8.5 

3.1 

3.3 
8.5 

_ _ 2.6 - 

_ 

4.0 

2.9 

A: 0.90 
x: 2.51 

_ 2.71 2.13 8.1 

3.15 

b 

-b 
- 

2.0 

4.0 
b 

2.8 
-b _ 

A: 0.92 2.0 

x: 2.51 

0.6 - 2.4 2:l 
3.5 - 3.5 2:l 
_ _ 5.0 2:l 

3.2 
3.4 4.7 8.5 1:2 

_ _ 8.5 1:2 

6.0 1:l 

4.5 2:l 

4.2 2:l 
A: 0.9 -’ 4.2 2:l 
X: 2.5 -= 

12 AX quartet A: 1.16 1.14 2.0 A: 1.1 2.0 - - 9.0 1:l 
X: 2.58 2.54 x: 2.5 _ _ 

aA : Chemical shifts relative to free ligand in ppm. 3J~~: Coupling constants in Hz. 

dExperimental conditions for which the tabulated parameters were obtained. 
bLess abundant species. ‘Broad signal. 
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TABLE II. NMR Parameters of Species 4 and 5 (AX Quartets) 

Tartaric Complex Solvent D20 
Acid 

‘H 

A6 

Solvent DMSOde 

13C ‘H 

3JI-IH Experimentala A6 A6 3JHH 
conditions 

C_H(QH) F2H 

PH* Molar 
ratio 

4 

UW 

5 

4 

(D,L)- 

5 

A: 0.86,0.89 3.29 4.19 A: 0.98 b - 
x: 2.55 1.5 4.0 1:l 15.71 9.26 X: 2.44 

A: 1.08, 1.12 3.92 5.55 A: 0.84 
1.5 

X: 2.48,2.52, 2.58, 2.61 
1.5 8.5 1:2 

13.76 10.66 X: 2.19, 2.24 

A: 0.85,0.88 
X: 2.54 

1.5 4.0 1:l 
3.10, 3.22 4.42 A: 1.0 

16.04, 16.10 8.55, 8.72 X: 2.3 
1.5 

A: 1.05, 1.09 “’ 8’5 1:2 3.95 5.37 A: 0.81,0.82,0.84 
X: 2.46, 2.49, 2.51, 2.54 14.29 10.66 x: 2.15,2.19,2.21 

1 . 5 

A: 0.70,0.79 
9.6 

4.0 1:2 
0.0 6.81 A: 0.80,0.84 

X: 2.30. 2.51 12.87 9.92 X: 2.31,2.39 
9.6 

;i ;:,9”;;“;‘,“;;‘;,$ 7. ,. , 9.6 8.5 1:2 0.0 9.62 12.23 6.28 9.6 

‘Experimental conditions for which the tabulated parameters were obtained. bBroad signal. 

I , , 

7 wm 

Fig. 1. Spectra of UOz2+. .(D)-tariaric acid solutions; mola: 
ratio = 1:2, obtained for the following pH* values: (a) 4.03, 
(b) 5.91, (c) 8.54 and(d) 9.37. 

complexes, except 1, give rise to well-shifted single 
signals (Aa -3-4 ppm) thus indicating a simultaneous 
involvement of both OH groups in complexation. 
The position of the broad signal for 1 is highly affect- 
ed by pH in the region l-2.5 ; this is probably a result 
of exchange processes too complex for us to pursue 
at this stage. 

The values for 3JrrH (1 S-2 Hz) in complexes 4,5, 
11 and 12 show that the ligand has the two methyne 
protons in approximately a gauche orientation with 
respect to each other. In contrast, the mutual arrange- 
ment of these protons is basically trans in species 
6, as indicated by 3Jr.rH = 85 Hz. 

The 13C shifts for 4 and 5 (only averaged spectra 
for all species 4 and all species 5 are obtained) are in 
agreement with the proposed structure I: the 13C 
shift for the bound CH(OH) group relative to free 
ligand is large (14-16 ppm) and that for the neigh- 
boring carboxylate group (in a five-membered ring) 
exceeds that for the other carboxylate group (in 
a six-membered ring). The decrease of A6 for the 
bound CH(OH) group upon deprotonation of species 
4, with little change in the signal of the other 
CH(OH) group, agrees with the ionization of the 
bound CH(OH) group on going from 4 to 5. The 
approximate pK, value of 5 obtained from the ‘H 
NMR data is therefore assigned to this OH group. 

Dilution of a 1: 1 solution of U(W) + (D)-tartaric 
acid, at pH* 6.0, from 0.1 M:O.l M to 0.0125 M: 
0.0125 M leads to a transfer of population between 
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Fig. 2. Populations of bound ligand us. pH* values for the system UOz*+ + (D)-tartaric acid. Molar ratio: (a) 2:1, (b) 1:l and (c) 1:2. 

0 Precipitation occurs. 

species 5 and 3; a sharpening of the residual free 
ligand signal is also observed, implying the existence 
of exchange processes involving bound and free 
ligand. 

The number of proton NMR signals of species 

plexes present. The fact that the spectra are similar 
in DMSO-de and DsO rules out the existence of ola- 
tion bridges in these species, an hypothesis advanced 
by Feldman et al. [7]. 

4 or 5 is smaller in DMSO-de solution; but due to Uranyl Ion + (D,L)-tartaric Acid 
changes in chemical shifts this does not enable us to As expected, all species identified in the previous 
conclude unequivocally for a smaller number of com- system are also present in aqueous solution of uranyl 
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Fig. 3. Spectra of UOz’+: (D,L)-tartaric acid solutions; molar ratio = 1:2, obtained for the following pH* values: (a) 3.96, (b) 
6.06, (c) 8.44 and(d) 9.46. 

ion with (D,L)-tartaric acid, but some differences 
are detected (Tables I and II). Firstly, all the species 
denoted by 5 are now of similar stability, leading to 
signals of approximately equal intensity (Fig. 3). 
The other major difference is the formation of a new 
species [8] which is dominating from pH* 5 to pH* 8 
in a 1: 1 solution (Fig. 4). This gives rise to an AB 
quartet (“J,, = 8 Hz) at about 2.7 ppm to high 
frequency of free ligand and a single peak with A6 = 
3.15 ppm. The value of 3JrrH = 8 Hz points to a ligand 

conformation in which the vicinal protons are 
approximately trans to each other. 

We have assigned these two signals to different 
ligand molecules belonging to the same complex 
on account of a constant intensity ratio of 2:l 
irrespective of pH and concentration conditions 
(molar ratio and dilution effects). A polymer (4:3) 
of formula II could account for the spectrum observ- 
ed (this formula does not attempt to show the fact 
that the various U02=+ axes are not parallel to each 
other). 

HA OH ! 
H 

‘\ ’ t’ \ / ‘\\ /‘O\ ,?, 

H,O” 
,uo,z y-c< 

>oc co; 
P.ocs-“c,o,~uQ~, ocrC -c~coYo~,oH 

2 2 2 2 
II 
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Fig. 4. Populations of bound ligand VS. pH* values for the system UOz’+ + (D,L)-tartaric acid. Molar ratio: 
1:2. Symbols as for Fig. 2. 8 Precipitation occurs. 

(a) 2:1, (b) I:1 and(c) 

The existence of three pairs of CH(OH) and central ligand has a different configuration (RR or 
COzH signals in the 13C spectrum supports the SS) from that of the two remaining ligand molecules 
proposal of the above structure; the respective (SS or RR). An alternative structure in agreement 
AS values are 18.26, 17.86, 17.46 ppm and 8.14, with the ‘H and 13C data able to form stereospecifi- 
7.20,7.07 ppm. tally would be a cyclic trimer of C, symmetry involv- 

However, this hypothesis is difficult to sustain as ing two RR (or 5’S) ligand molecules and one SS (or 
it would mean a stable 4:3 complex only when the RR) ligand schematically as follows: 
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The RR ligands would give rise to the AB pattern 
at A8 = 2.77 and 2.73 ppm, whereas the SS ligand 
would give the single line at A6 = 3.15 ppm. We 
note that the existence of a trimer complex of uranyl 
and tartaric acid had been suggested by Rajan and 
Martell [6]. An unstrained molecular model for 
III (or its enantiomer) can be constructed provided 
that a cis disposition of COa- (or OH) groups is 
assumed around each UOz2+ center (Fig. 5). With this 
structure the HC-CH fragments have an approx- 
imately Cram conformation which is in accord- 
ance with the observed coupling constant of about 
8 Hz. 

10 - 

z 9- 
0 
X 8- 

g 7- 

4 6- 

2 : 5- 

4- 

3- 

2- 

0 
Fig. 5. Molecular model representing the trimer complex 

numbered 8 in accordance with Scheme 3. 

Uranyl Ion + meso-tartaric Acid 
It is seen from Table I that meso-tartaric acid with 

uranyl ion gives rise to a smaller number of signals. 
We have kept the same numbering as for (D) and 
(D,L)-tartaric acids. Figure 6 shows how the percent- 
age of bound ligand varies with pH for the various 

1 

0 I 1 2 3\ 4 t-e- :, 5 pH* 
* 

t-ii 

(a) 
9 (b) § 

Fig. 6. Populations of bound ligand vs. pH* values for the system UO, 2+ + meso-tartaric acid. Molar ratio: (a) 2:l (b) l:l, (c) 

1: 2. Symbols as for Fig. 2. 8 Precipitation occurs. 
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Fig. 7. Spectra of UOz’+. .meso-tartaric acid solutions: molar 
ratio = 1:2, obtained for the following pH* values: (a) 4.11, 
(b) 6.10, (c) 8.53 and,(d) 9.53. 

complexes. As with (D,L)-tartaric acid, the signals 5 
(and 4) are all of similar intensity (Fig. 7): the corres- 
ponding NMR parameters are shown in Table II. An 
important difference, however, is that the coupling 
constants in these AX spectra are now about 9.5 
Hz. This is a clear indication of an approximately 
Pans arrangement of the H atoms which implies 
the following conformation (C’,) for the bound 
ligand. 

co; 
HO 

@ 

H 

H OH 

co> 

Cl 

Although the above rotamer is the least popu- 
lated in meso-tartaric acid solutions at any pH value 
[8], that conclusion could be expected from the 

fact that a gauche arrangement of the H atoms 
occurs in the corresponding complexes of (D)- 
tartaric acid. On the other hand, species 6 shows a 
3J~~ value of ca. 4.5 Hz, more typical of a gauche 
arrangement, whereas the corresponding value with 
U(V1) t (D) or (D,L)-tartaric acids is ca. 8.5 Hz. 
In the case of the meso l&and, the conformation 
is then approximately C, in this complex: 

H OH 

c2 

No evidence is found for a trimer similar 
to that proposed for (D,L)-tartaric acid as li- 
gand. 

Some of the spectra obtained in DMSO-d6 show 
very broad signals due to specific exchange pro- 
cesses, probably involving solvent molecules coordi- 
nated to the metal ion, which we plan to investigate 
in the future. 
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