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ABsTRhCT - The complexaticu of gadoliniumnn(III), as a model cation for cal- 
cium(fI), with a series of (hydroxy)carboxylates in aqueous medium has been 
a 
15 

udied by MR using the Gd(XII) induced relaxation rate anhauceaants of the 
C nuclei of the ligand6. In this way the coordination bahaviour of a nuolber 

of essential structural units has been investigated, i.r. the carboxylate 
group, the 2- and tha 3-hpdroxycarboxylate moiety, the 2,3dihydroxycarboxyl- 
ate moiety, and combinations thereof. lhe results show that (i) an isolated 
carboxylate group coordinates in a Mdentate fashion, (ii) a 2-hydroxycarbox- 
ylate moiety coordinatea bidentately through a carboxylate oxygen and a hy- 
droxyl oxygen, (iii) a 3-hydroxycarboxylate moiety largely acts as a biden- 
tate Iigand through the tuo carboxylate oxygens, (iv) a 2,3-dihydroxyearb 
ylate moiety acts largely as a bidentate ligand through one of the carboxpl- 
ate oxygens and the a-hydroxyl group; the contributiou of the &hydroxyl 
group to the complexation is of minor importance. 

Ihe lanthanide(I11) cations are chamically closely related to Ca(II) cations and, therefore, the 

paramagnetic L&III) catioua are useful NMR-probes for the ‘silent’ Ca(II> In the structural 

analysis of Ca(If) complexes in solution. 1-3 Coordination phenomena of polyoxygen compounds with 

Ca(II) in aqueous medium are of interest because of the essential role of cS(II) in the regula- 

tion of biological processea and also because of the relation with the search for suitable 

phosphate substitutes in detergent formulations. 

In principle Ln(III) induced shifts contain information on the atoichiometry of the complexes, 

the chelation of the ligands, and the geometry of the complex in solution. 4.5 In order to fully 

utilize the information present in the Ln(II1) induced shifts it is important to dissect abifts 

into contributions of the various shift mechaniems.6*7 Previously, we have shown that, in this 

analysis, it may ba helpful to identify the coordination sites of the figands. 8 

Therefore, we have investigated the applicability of Gd(IIf) fnduced relaxation rate enhance- 

ments to a series of hydroxycarboxylates in aqueous solution. 9 Since the effect maasured usually 

is inversely proportional to the sixth power of the distance between Cd(IE1) and the nucleus 

under consideration, WIII) induced relaxation enhancements are particularly auf table for the 

elucidation of the geometry of the ligand In the proximity of the Cd( III) cation, 

THEORY 

Cf the Ln(IX1) cations Cd(II1) has the longest electronic relaxation times, and therefore that 

ion is best suited as paramagnetic relaxation reagent. An extensive description of relaxation 

phenomena can be found in literature. 10 

The relaxation rate% of ligand nuclei in Gd(II1) complexes usually are very Iarge (> lo3 s-$. 

Therefore I3 C relaxation time measurements, which are commonly perfomd at relstively Ngh con- 

centrations of the ligand L (0.1-I ?4), are carried out at low molar Cd(III)/L ratios (p < 10-3). 

Under these conditions Cd(II1) will bs mainly preoent in its highest liganded state CdLm (n - 2 

or 3 for hydroxycarboxylatea), r&areas self-association phenomena3 can be naglected. Assiaaing 

that the mean residence time of the ligand in tba Cd(II1) complex is short with respect to the 
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longitudinal relaxation time, Tl(CdLJ, the observed relaxation rate, l/Tl(obn), mm b-e ex- 

pressed as: II-13 

I/Tl(obe) - m~/Tl(Cdh) + l/T*(L) + l/Tlinter ( 1) 

Rere l/Tlinter ia the contribution of intermolecular interactions to the relaxation, l4 which in 

proportional to the amount of Cd(II1) added. So, a plot of the relaxation of a nucleus 

(l/T&oh) - l/Tlinter) vereua p ahould be linear with a elope, that is determined by the relar 

ation rate of that nucleus in the Cd( III) complex. 

lhe relaxation rates in the complex are related to the molecular structure via eqn (2).11-13 

l/Tl(Gdl,J - k/r6 (2) 

Here r is the distance between cd(II1) and the nucleus under consideration and k is a constant. 

In case of ligandr, with tro or nore modes of coordination different distances between the 

Cd(II1) cation and a certain nucleus have to be considered and therefore an averaging is needed. 

For twm coordination sitea A and B the ratio R of tVo carbon ligand nuclei (1 and 2) ia Riven by 

the relation : Is 

R _ fA*DIA + f .D 
B 1B 

f’D2A + ‘BoD2B 
(3) 

in which fA and fB are the fraction8 of the ligand in site A and B, reepectively, and D is the 

inverse eixth power of the Cd(III)-C distance in question. 

EXFRRIURNTAL 

lbe l3 C relaxation timee were measured on a Varian CPT-20 apparatus (20 MRz) at four or more 

different Cd(III) concentrations using either the fast inversion recovery 16 or the inversion 

recovery pulse sequence. The 13 C relaxation times were calculated using a non-linear least 

squares curve fitting procedure. 

The different Cd(III) concentration.9 ware obtained by eucceseive addition of emall volumee 

(S-10 ul) of a stock solution of Cd(ND3)3 in D20 (0.026 M) to solutions of the aodiua salt6 of 

the carboxylic acids (1.0-2.0 Ii) in D20 containing the internal reference tetraxethylaeeoniue 

chloride. The relative relaxation rate enhancements of the various ligand nuclei were calculated 

from the alopea of a plot of the obeerved relaxation rates (corrected for l/Tlinter) versus P. 

The experimental data were compared with those calculated from molecular models using eqn (2). 

The interatomic distances and the valence angles were assumed to be: C-C 1.54 A, C-O (COO-) 

1.27 A, C-O (OR) 1.43 A, Cd-0 2.5 A, < O-C-O (COO-) 115’. and < C-C-C 109’, unless stated other- 

wise. 

RRSIJLTS MD DISCUSSION 

The relaxation rate enhancements of the 13C nuclei of the sodium carboxylates were measured at 

four different Qi(II1) concentrationa. In all cases a linear relationship between the relaxation 

rate and the molar Cd(III)/ligand ratio (p) was found an ia shown in Fig. 1 for acetate and laC- 

tate. This iti in accordance with eqn ( 1). 
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pig. 1. lhe longitudinal relaxation rate (l/T1 - l/T,inter) of the 13C nuclei 

in acetate CO CH3, 0 COO) and lactate (UCE3,WllOB, OCOO) (LB a function of 

the Cd(III)/ligand ratio (P) at 20 Hiz in D20 and 37 ‘C; [ligand] - 2 H. 

Sodim acetate 

From Fig. 1 the relative relaxation raten for Cl and C2 of acetate in the Cd-complex were deter- 

mined to be 1.0 and 0.08, reepectively. For carboxylatee two wdee of coordination have to be 

envisaged: bidentately via both oxygene (I) or mnodentately (2). A comparison of the experimen- 

tal relaxation rates with calculated veluee for I and 2 (Fig. 2) unambiguously ehove that under 

the condition8 applied a bidentate coordination occurs, which is in agreement with the molecular 

etructure of b-acetate0 in the solid etate.17-19 

Experimental Calculated 

1 2 

Fig. 2. Comparison of experimental and calculated relative 13C relaxation 

Sodim glycolete 

The relative &I( III) induced 

acetate. From a coapariaon of 

sinultageoue coordination of 

agreement with the resulte of 

rates in Cd-acetate complexes. 

relaxation rates for glycolate differ substantially from those of 

the experimental and calculated valuee (Fig. 3) it ie obvious that 

the COO- and the o-CB occurs. lhls mde of carplexation is in 

a complete analyaie of Ln(II1) induced multinuclear ehifts in the 

Ln-glycolate-D20 eystem.5 An analogoue We of coordination is found in the cryrtal structure of 
20,21 

WC2H303)3. Jt should be noted that the ainilarity between cryetal and liquid molecular 

structure holde only for the Mnding mde. The geometry of the Ln(II1) coordination polyhedron 

appears to be different in crystal 20,21 and in eolution etructuree. 5 
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Calculated 

3 4 

Fig. 3. Comparison of experimental and calculated relative 13C relaxation 

ratea in Cd-glycolate complexes. 

Sodium lactate 

~ompariaoa of the experimental relative relaxation ratea of Cl and C2 vith those obtaiaad for 

acetate and glycolate points to a afmultaneoua coordination of the COO’ group (in a monodentate 

fanNon) and the CE group ae the predominant mode of coordination. however, a minor contribution 

of a complex in which Gd(II1) ie coordinated to the COO- group in a bideatate way cannot be ex- 

cluded (pig. 4). Ihie result ia in agreement with the stability coaatanta (log Kl) of the 

Experimental Calculated 

0 

5 6 

Fig. 4. Comparison of experimental and calculated relative 13C relaxation 

rate6 in Cd-lactate complexes. 

Gd(III) complexes of lactate, glycolate, sad acetate, being 2.33 (25 l C, u = 2.0), 2.79 (25 l C, 

u - 1.0). and 1.34 (25 ‘C, u - 0.X), reepectively.22 Ihe crystal structure of the Gd(III) lac- 

tate complex is not known but almultaneoua coordination of the COO- group (in a monodentate 

fashtoa) and the 08 group ie obeerved in the CryEta Otructure Of ti(C3ii503)2.3h20.23 Uoreover , 

Brittain et al. have proved this mode of coordination in several mixed ligand complexes of 

Eu( III) or Tb( III) and lactate. 26-28 

Sodium glycerate 

The experimental relative relaxation ratee of $KE sad _$O” (1.27 and 1.00, respectively) 

suggest a eimultaneoue coordination of the COO- and the m-OH aa ~88 found for glycolate and 

lactate. In order to determine whether tridentate coordiaation of glycerate occura, i.e. ai- 

multaneous coordination of COO- and both 08 groups, Gd-C distances for these two possible sad&e 

are required. These ware estimated from the cryatal structurea of related Ce-complexem. Zbe 

crystal structure of calcium glycerate (Ca(C3ILj04)2~2H20) 29,30 shows Mdentate coordination by a 

carboxylate 0 and the eC& Ihe Ca( 1X)-C dietance ratica of the _cRCH and ~Il2Oli with respect to 

sC!Q- are 1.05 and 1.41, reapcctfvelp. Tridentate coordinatioa of a carboxylate 0 and the o- and 

WXi’s is found in the cryetal structure of Ca(I1) lactobionete (Ca(C~2~2~Oi2)~.4H20)31 and of 

Ca(II) arabonate (Ca(C5~O6)2.5R2O)~~~ In these crystal atructurea the Ca(LI)-C distance ratios 

for *CJKSi and S_CJICfi with respect to COO- are 1.00 and 1.09, respectively. If It Is assumed 

that the Ce( II)-0 and Gd( III)-0 distancea are about the same, the present relaxation data point 

to the occurrence of both bidentate and tridentate coordination of glycerate to Gd(II1) in 
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Expari=ntal Calculated 
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Fig. 5. Coapariron of experimental and calculated relative % telaxatloa 

rata0 in Gd-glycerata complexes. 

‘Ihla la in accordance vlth Dy(II1) induced shift meaeuresente which suggert a 10% participation 

of B-tXl in the coordination of glycarate. 33 

Sodium 3-hydroxybutyrate 

For the interpretation of the Gd(II1) induced relaxation rate enhancementr of 3-hydroxybutyratc 

the coordination dele 9 and 10 are taken into conalderatlon (pig. 6). 

Fxperlmental Calculated 

9 10 

Fig. 6. Comparison of +txperlmental and calculated relative 13C relaxation 

rates in Cd-3-hydroxybutyrata complexee. 

In Podel 9 the backbone of 3-hydroxybutyrate haa a xl&rag conformation vlth the C-atome, the 

O-at-, the COO- group, and the Gd(II1) cation poeltloned in one plane. In -de1 10 only the 

C-at- of 3-hydroxybutyrate are positioned la a plane, wherean the COO- group aakee an angle of 

about 70’ with that plane. Rem the data given in pig. 6 it can be concluded that 3-hydroxybuty- 

rata coordinatea predominantly wlth its COO- group In a bldentate faehlon (modal 9). In addi- 

tion, the relaxation rate of GCSi indlcatee a mlnot contribution of 10. Tide in in agreement 

wlth the anal1 difference in stability conetante of the Ca(II> coaplexee of acetate and 3-hy- 

droxybutyrate (0.53 at 20 ‘C and Y - 0.2 and 0.60 at 25 l C and )r - 0.2, reapectloely).22 Ran 

Dy( III) induced 170 rNft maeuremente it was concluded that the contribution of the l-de 

coordination is about 15%. 33 

Dleodiun 3-hydroxyglutarate 

The experiwntal relative 13 C relaxation rater of Gd(IIf) 3-hydroxyglutarate shov thet the enan- 

tlomeric spedee 11 occur predoPinantly @‘lg. 7). llae calculated veluee are baaed on a cig-xag 

conforsetlou, with the C-at- all poaltloned la one plane, together dth an averaging of the 

enantlonrlc complexto. 
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Celculated 

11 

F’ig. 7. Comparison of experimental and calculated relative 13C relaxation 

rates in Cd-3-hydroxyglutarate complexes. 

Meodium 1.2.~propanetricarboxylete 

For the coordination behevtour of propanetricarboxylate the modela 12, l3, and 14 are considered 

(Fig. 8). In models It and l3 the C-backbone hw a xi8-zag confomtion. In model 14 it ie 

Experimental Calculated 

‘c-o 
,/F- ; 

-. I 
‘Gdllll) 

12 

l3 14 

Fig. 8. Corperlaon of experimental and calculated relative 13C relaxation 

ratee in Cd-1,2,3_propanetricarboxylate complexee. 

aaeumed that the reeidence times of Gd(II1) at the three CO6 groups are equal. Ihe experimental 

data show that mxlel 12 is preferred over simultaneous coordination by two or three COO- groups 

(each in e monodentate faehion) a.s ehown in the models I3 and 14. lhfa is supported by the eta- 

bility constants of the Ca(I1) complexes of acetate and euccinate (0.53 at 20 ‘C and or - 0.2 end 

1.20 at 25 ‘C and u - 0.2, respectively); 22 the enhancement of the complex strength ten he ex- 

plained on etatietical grounds. 

Meodium mulate 

Three mdes of complexation are considered to describe the coordination of Gd(II1) to malste 

(pig. 9). In model 15 the cbackbon e of malate hee a xi&rag conformation and eo all C-atoms 
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Experimental Calculated 

.,O ---0d011) 

15 16 17 

Fig. 9. Comparison of experimental and calculated relative 13C relaxation 

rates in Cd-malate complexes. 

are positioned in a plane, whereas model 16 resembles model 10 for 3-hydroxybutyrate. In 17 

tridentate coordination is assumed with Gd( 111)-O-C angles of 120’. Comparison of the experi- 

manta1 and calculated relative relaxation rates shows that the latter mode of coordination is 

dominant, although a contribution of l5 has to be taken into account. Tridentate coordination is 

also found in the crystal structure of Ca(I1) malate (Ca(C4H405).2R2~).35 In addition, it may be 

noted that tridentate coordination was also indicated by the results of Dy(II1) induced 170 

shift measurements.33 Circularly polariaed luminescence measurements of 

complexes with mslate as ligand showed that the bonding mode is dependent 

presence of other ligands. 25-20,36-30 

Maodium citrate 

Eu(II1) and Tb(II1) 

oo the pH and on the 

In the case of citrate tridentate coordination as found for malate is also possible. In Fig. 10 

a comparison is made between the experimental relaxation rates and those calculated for model 

Experimental Calculated 

Fig. 10. Compariaoo of experimental and calculated relative 13C relaxation 

rates in Cd-citrate complexes. 

18. in which the C-backbone is in a eig-sag conformation. The data show that 18 is in a fairly 

good agreement with the experimental relaxation ratios. In the solid state tridentate coordina- 

tion analogous to that in 18 is found for Cs hydrogen citrate (Ca(C6&j07).3820).3g The solid 

state picture probably is just a snapshot of the situation in aqueous solution, since there the 

citrate complex occurs as a rapid interconversion of two forms, which might proceed without com- 

plete decwplexatioe of the cation. In addition, this dynamic behaviour explains the higher as- 

sociation -taut for citrate with respect to Balate (Apk~ = 2.2).22 
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cmcLusIm 

For the elucidation of the structure of Gd(III) complexes of hydroxycarboxylatea 
__ 

in aqueous me- 

dium ‘yC relaxation time mea6uremext6 are very helpful. Sy caspsrison of the experimental data 

uith relative refax&tiou rates calculated for the various possible bindiug modes, usually au 

uuambiguous choice can be usde. Iu most cases the mode of coordination of a Iigand is the saw 

in aqueou, solution and in the solid state. 

The solution structure show Chat a high preference sxfst6 for a 5-mmbered cheI6te ring. Au 

a-hpdroxycarboxylate moiety strongly favoura metal ion complexation. Furthermore, this xofetp 

induces the cooperation of a second COD- group in the coordination. 
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