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pared and titrated with NaOH solutions. In a typical experiment to investi- 
gate the metal-ligand system a solution of the p~ti~y-neutr~~ed ligand 
was added to an aqueous acid solution of tho~um(I~. The values of the 
formation constants were computed from the potentiometric data using the 
MINI~~A~ program and the values of en~~pies were computed from the 
calorimetric data using the LETAGROP program. Calculations were per- 
formed using a VAX 750 computer. All measurements were carried out 
under nitrogen at 25.0°C. The ionic strength of the solutions used was 
maintained at 1.0 mol dm-‘, using sodium perchlorate as neutral salt. 

REXJLTS AND DISCUSSION 

Proton-ligand system 

Glutathione is a tripeptide having a glycylcarboxylic acid group at one 
end and a glutamylcarboxylic acid group at the other. There are also two 
additional groups, ~-~ut~yl~o~um and ~-~ysteinyl-s~phyd~l, that 
ionize at pH > 7. At the pH range used in this work (pH < 3), glutathione 
behaves as a diprotic acid through the two carboxylic acid groups. Therefore 
we have labelled the ligand HL 

-~C-cH-CH2 
-CH,-CO-NH-Cf3-CO-NH-CH2-COOH 

Six 

The equilibrium constant values and the enthalpy changes relative to the 
protonation were determined for the two carboxylic acid groups only. The 
values obtained; log #3, = 3.50 & 0.01 M-l and log & = 5.78 t 0.01 M-l, 
are in fairly good agreement with those (log & = 3.48 M-i and log &. = 5.56 
M-i) already reported [4], when account is taken of the different experimen- 
tal conditions. Our values for the enthaIpy changes; AH1 = - 2.5 ir: 0.3 k.I 
mol-’ and AH,= - 3.8 _t 0.4 kJ mol-i, are, however, appreciably different 
from those reported in ref. 4, viz. AH, = -4.2 kJ mol-’ and AH, = - 8.4 
kJ mol-r, which are considered to be of reduced accuracy. 

The potentiometric results suggest that only ML, complexes are formed in 
aqueous solution. Because of precipitation of insoluble species, the maxi- 
mum Fi (mean number of coordinated ligands) value obtained was less than 
0.8. In a first attempt to interpret the experimental data, the formation of 
ML and ML, species was assumed, but the stability constant of ML, 
proved to be negative and this approach had to be rejected. However, the 
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TABLE 1 

The stability constants and changes in enthalpy and entropy for the Fo~at~on of tho~urn~~~ 
1: 1 complexes at 25.0°C in 1.0 mol drne3 NaClO, solution {estimated standard deviations 
in parentheses) 

L&and log B AH AS Ref. 
(kJ mol-‘) (J mol-’ K-‘) 

Aminoacetic acid 2.55 4.2 63 1 
3-A~noprop~o~c acid 3.20 4.2 75 3 
4-Aminobutanoic acid 3.44 7.9 92 3 
Acetate 3.86 11.3 112 5 
Glutathionate 4.27(2) 11.1(6) 119 

presence in the ligand of two carboxylic acid groups could allow the 
coordination of two metal ions to one glutathione molecule and hence 
chain-like polynuclear complexes could be formed. Consequently the possi- 
ble presence of dinuclear and higher complexes has been tested. The 
inclusion of these species does not significantly improve the fit, moreover, 
the degree of formation of polynuclear complexes was very low, except for 
M,L. An attempt to calculate values for the thermodyua~c functions of 
M,L gave a value of log B = 5.30, corresponding to a vzlfue of log PC = I.03 
for the partial reaction M + ML = M,L and a degree of formation K 12%. 
The enthalpy change cannot be dete~i~~ with sufficient accuracy to allow 
entropy determination. Moreover, the introduction of the formation con- 
stant for this species leads to only very small changes in the value of the 
corresponding constant for the main species present. In conclusion this 
species could be present, but only as a minor component. Thus we have 
considered only ML, the predo~n~t species in the system under investiga- 
tion and such a model gave a good description of the experimental data, the 
R factor in the MINIQUAD program being 0.0045. Sufficient heat output 
could not be achieved in the calorimetric experiments to provide an accurate 
value for the enthalpy change. The values obtained for the stability constant 
and enthalpy and entropy changes are reported in Table 1 where the limits 
of error refer to three standard deviations. For comparison, the complexa- 
tion data of tho~urn~I~ with some monocarboxylic acids are also reported. 
The value of AS for the formation of the tho~um(I~-gluta~onate com- 
plex suggests that the glycylcarboxylate group is bonded to the metal ion. In 
fact this value of the entropy change (AS = 119) indicates that there is, as 
regards the initial metal charge, an effective lowering of total charge in the 
complex which contains an anionic ligand (compare the value for the 
monoacetate complex, AS = 112). On the other hand, if the glutamylcar- 
boxylate group coordinates as a neutral group, the complex should have 
formally the same charge as the free metal ion and the higher charge thus 
retained should result in a smaller overall entropy gain (compare the values 
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AS = 63, 75, 92 for aminoacetic, 3-aminopropanoic and 4-aminobutanoic 
acids, respectively). 
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