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ABsIRAcT 

Calorimetric and potentiometric measurements have been m&e ,t 25°C of 
the formation of the mono- and bis-hydroxyproline complexes of cobalt(K), nickel(U), 
copper(U) and zinc(U) and the proline complexes of copper(U) and nickel(U). The 
data have been used to calculate AG, AH and AS values for both protonation and 
metal complexation and these are discussed in terms of the nature of the metal-l&and 
binding. 

IxI-RoDUcTION 

The transition metal amino acid and peptide complexes are convenient models 
for the metal-binding sites on proteins and enzymes and many studies of solution 

equilibria between metal ions and ligands have, in recent years, been biochemically 
motivated. Although investigations have been made of the association constants of 
such reactions, comparatively few precise values are available for the heat content 
changes which accompany these reactions. Such values are of fundamental impor- 
tance, because they can be used to give a direct measure of the bonding between 
metal ions and Iigands and ultimately, to relate the strength of the chemical bonding 
to the nature of the reacting species_ In addition, a knowledge of the heat content 
changes for reactions, tr>gether with corresponding equilibrium constants, permits the 
calculation of the entropy changes for these reactions. AS data provide additional 
insight into the interactions between the species and the solvent and the structures of 
the complex species formed in aqueous solutions. 

Most AH values which have been reported for ccimplex formation have been 
determined from the variation of the equilibrium constant with temperature; how- 
ever, because of the limited temperature range available, and because of the frequently 
observed small variation of log K with temperature, the values obtained are subject 
to considerable uncertainty. Thus the direct calorimetric method has become the 
most reliable technique for determining heats associated with the formation of 
coordination complexes in solution. 

In the present work, potentiometric and direct incremental titration calori- 
metric methods have been used for the determination of the free energy, enthalpy, 
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and entropy changes associated with the interaction of transition metal ions with 
proline and hydroxyproline in aqueous solution. Trends in the thermodynamic 

functions reported for the formation of hydroxyproline complexes of Co’+. Nit +, 

CLP, and Znzt as weI1 as Cu2* and Ni” proline complexes are discussed. 

EXPERI_MEXT_4L 

? Yareriak 

Grade A glassw-are and reagent grade chemicals were used, and solutions were 

prepared with doubly disti!led water; carbon dioxide was excluded by bubbling with 

nitrogen. Hydrosyprohne and proline, obtained from Nutritional Biochemical 

Corporation, were used without further purification. Copper(H), nickel(H), cobaIt(I1) 
and zinc(H) nitrate soIutions were prepared from reagent grade chemicals and analyzed 

by EDTA complexometric titration, and aiso by passing through Dowex 50-W ion- 

exchange resin in the hydrogen form and titxatin_g the liberated nitric acid with 

sodium hydroxide. 

Porentiometric experimcnrs 

E.m.f_ measurements were made at 25i:O.O2’C with ceils of the type glass 

electrode$oIution under studyt’satd. KCIiHg2CI,, Hg using Beckman Type 39099-E-3 
and 41263 giass electrodes, a Leedr zr?d Ns,-throp l’_vpe K3 potentiometer, and a 

Victoreen picometer (Model 474) as mzli detector; the e_i;?.f. reproducibility was 

50.1 mV. Each cell incorporated a pair of glass electrodes so that any irregularity 
in the behavior of one of them was immediately apparent. The electrode systems 

were standardized before and after each experiment with NBS standard buffer SOIU- 

tions prepared according to Bates ‘: 0.09 Af potassium chioride; +0.01 .+f hydro- 

chIoric acid, pH 2.07; 0.05 Jf potassium hydrogen phthalate, pH 4.008; 0.025 

potassium dihydrogen phosphate: to.025 ,jI disodium hydrogen phosphate, pH 

6.865; and 0.01 Af borau, pH 9.180. pH measurements were made in a nitrogen 

atmosphere in solutions containing the amino acid with or without added metal 

nitrate in I:1 and I:2 metal to ligand ra:ios; the solutions were titrated with carbon 

dioxide free sodium hydroxide solution_ The metal nitrate concentrations were 

-5 x 10s3 Af and the concentration of amino acid ranged from 5-10 x low3 ,%f. 

Sufficient potassium nitrate or sodium perchlorate was added to maintain the ionic 
strength at 0-Z +O.OOl hf during the entire titration. pH (= -log Q+) values were 

converted to hydrogen ion concentraticrs by using afu+ activity coefficient vaIue of 

0.7815 calculated from the Davies equation7_ 

Calorimerrk meanuemenis 
The calorimeter assembly used for the heat measurements was similar to that 

described earlier’. In a typical experiment, the amino acid (proiine or hydroxyprtiline) 

was weighed into the calorimeter together with an appropriate amount of metal 

nitrate solution_ The ionic strength was adjusted to 0-l it1 with potassium nitrate or 
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sodium perchlorate. Sodium hydroxide solution was then added to achieve approxi- 

mately 80% metal-ligand complexation. .?-e he?,? of reaction accompanying the 

incremental addition of standard nitric acid was then measured_ In order to correct 

for the concomittant protonation reactions the heats of protonarion of the amino 

acids were determined independently by titrating the deprotonated ligand with nitric 
acid. 

RESULTS AM3 DISCUSSION 

Protonarion reactione 
The proton association reactions for proline and hydroxyproline 

shown in Eqns. (I) and :2) 

L--.+H+ *HL’ KB 

HL’tH’ aHH2L+ K, 

(Fig. 1) are 

(I) 

(2) 

Although the acid dissociation constants had been dttermined previously, it was 

necessary to determine the thermodynamic functions ibr the protonation of both 

proIine and hydroxyprohne under the present set of ex_%rimental conditions_ The 

H& 

& 

-y-c- Hi- 
?-+== 

.,P+ x2c.,/=2 
n, /\ 

H OH 

piwine hydmxypcorinc 

Fig. 1. Structural formula for prolinc and hydroxyproline. 

results summarized in Table i refer to the protonation of the amino group only 

(K,; eqn. l), however, since it is only necessary to consider reaction (1) under the 

conditions of the experiments reported in this paper. 

The concentrations of the ionic species reported in Table I were caicuiated in 

the usual manner from the mass balance and electroneutrahty expressions4. The mean 

of at least 25 determinations for each value of KE were used to obtain the results of 

Table I. 

TABLE I 

THERMODYNAMICS OF PROTONATION OF PROLINE AND HYDROXYPROLINE 
WI-I-H THE AMINE GROUP 

figand b x, 

proline 10.41 
hydroxyproline 9.46 

-AH 

kcai mole- ’ 

1 l-35 
10.34 

AS cd 

dcg- 1 mole- ’ 

9.4 
8.5 
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The observed heat changes Qcrpr, during the protonation titrations, correc:el 
for heats of dilution, may be expressed in terms of the heats of formation, in solution, 
of the species represented by the subscripts in Eqn. (3). 

Q expc = QH:~+ Q,, (3_ 

The changes in the concentration of the ionic species from point to point in the 
enthalpy titrations were used to calculate the enthalpy changes from Eqns. (4-6)_ 

Q H10 = A~,,,(---d [OH-I) 

A[OH-j represents the change, in moles of hydroxide ion in solution, while AH,,, is 
the heat of formation of water (- 13.49 kcal moie- i at an ionic stren+gth of 0.1 &j, 
calculated from AH”,, = - 13.34 kd mole- ’ at 1+ O)s. 

0 -HL =A~~L(ACHL]) (5) 

and 
0 

MHL = -c=pr - QH:O 

A L-HLI 
(6) 

The enthalpy values listed in Table I represent the mean of at least 10 determinations 
OfAiYm. The heat change for reaction (2), AHHIL, was too small to be detected under 
the conditions of our experiments and could, therefore, be neglected. 

The data in TabIe I indicates that the major contribution to AG for the protona- 
tion for both proline and hydroxyproline is made by the enthalpy term. The relatively 
huge exothermicity reflects the high degree of covalency of the bond formation 
between nitrogen and proton. As would be expected, the AH,, value is more negative 
for the more basic ligand, proline. 

The values of the entropy of protonation are similar in magnitude to those 
observed for other amino acids’. and may be understood in terms of the formation of 
zwitterion species. If the distance between the charged centers of the zwitterion is 
fairly small, then an effective intramolecular charge neu!ralization may occur with 
attendant release of electrostricted solvent and resultant positive entropy change. 

It is somewhat surprising that proline is more basic than hydroxyproline since 
the inductive effect of a hydroxy group present on the pyrolidine ring would be 
expected to increase the basic@ of the hydroxyproline secondary nitrogen. However, 
the same Fhenomenon does occur with the straight chain aliphatic amines with ethyl 
amine (pK 10.63, AH 13.63)6 being more basic than enthanol amine (pK 9.45, AH 
12.07)7; in each case the hydroxyl group is B to the amino nitrogen. 

Meful-ligand compiexarion 
In the presence of metal ions with a l:I and 1:2 metal to ligand ratio equilibria 

(7) and (8) 

M’++L- a ML* K* 

ML* +L- s ML, K2 

(7) 

(81 
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must be taken into account. The corresponding equiiibrium constants 

[ML+] 
Kl = [M2i][L7‘ 

and 
SW WLJ 

- = [ML+][L-7 

were first determined under the conditions of the calorimetric experiments by titrating 
-mixtures of metal nitrate and ligand with base. 

The stability constants Kr and K2 were computed from the folIowing equation’. 

(l-ii;[L-] = - 
@-2)[L--J 

(l-ii) 
K,Kz+Kr (9) 

The average number of protons bound per Iigand (&, Eqn. IO) is first determined 

KB[Hi]+2K~KB[H*j2 

nH = 1+KB[H+]+K~KB[H+-j2 
wo 

and then ii and [L-] are calculated from the experimental data by Eqns. (11) and (I 2), 
respectively. 

fi = jiHTL-(T--TB-[H+]+[OH-1) 

TU ir, 
(11) 

[L-l = 
T,-ii& 

l+KBIHf]i-K,,K&H+-j’ 
(12) 

In these equations, T, is the total metal ion and T, the total @and concentration, 
T, the total concentration of base added, and 6 the formation function representing 
the average number of hgands bound per metal ion. 

In the region ii = I, these functions become indeterminate and data for which 
1.1 ~fi~O.95 were therefore negiected. fi and [L-l values were determined at 20 or 

more points in the titration_ A typical plot of (1 _ii;LL- j verSuS 

(n-2) CL-3 is 
(1 -E) 

shown in Fig. 2. The lines were fitted to the data by a least squares procedure. The 
derived values for the association constants for all the zciai-ligaird systems are 
given in Table II. 

The concentrations of ionic species in sJIution at each stage of the znthalpy 
titrations were calculated from Eqns. (12-15). 

CM’+] =2TM -TL+KAKr,[H+]2[L-]+KB[H+][L-]+[L--J 

2+K, [L--I 
03) 



468 

-81 
-EC-T-~-G-G-6 t s -7-6 -5-i -3-G -; 0 1 i ; . j G I 5 I 6 I 7 I 8 I 0 . IOil I * 2 , 

Fig_ t. The Rossoni and Rossotti plot for the zinc and kydroxyproline system. 

[ML’] = K, [M’*][L-3 

[ML?] = KJML+][L-] 

The measured heat change QCXPc can be written 

0 ,c=pr = QH~o+QIIL-+QML+QHL~ 

with OH-0 and Qrlr defined above. 

Since 

Q ML = A&,(-A[M’+]) 

0 -ML2 - - A&,, (-A[M”]-A[ML’D 

equation (16) becomes 

QML+QML = AH,,+A 

ACM*+] 
4 

z 
ML: i- 

A CMLl 
A[M2+-j 

AH 

ML2 

(14 

(1% 

(16) 

(17) 

(18) 

(20) 

Values of AHML and AHML2 were obtained by least squares from plots of (QHL+ 

OML~)(AEM~+I)-~ against (A[ML])(A[_M2iD-x. A typical linear plot is shown in 

Fig. 3 with the thermodynamic functions for all the systems summarized in Table II. 

_3j-d.-oxyproline complexes 

Hydroxyproline, a mixed oxy_gen nitrogen chelator for_ms quite strong com- 
plexes with all four bivalent metal ions- The metal ions studied are borderline accep- 
tors in the “soft” and %hard” acids and bases classifkation9. The appreciable contri- 
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butions from both enthalpy ANand entropy AS terms to the driving force AG shown 

in Table II would, therefore, be expected. The enthalpy stabilization term can generally 

be attributed to the covalent bond formation between the metal ion and the nitrogen 
of the amino group. The positive entropy changes are due mainly to electrostatic 

interaction between the carboxylate group of the amino acid and the metal ion. 

More detaiIed analyses of the enthalpy terms as described earlier by Degischer 

and Nancollas’ ’ revreal that the temperature-independent contribution, AH,, is 

almost entireiy responsible for the observed heat changes. This term represents the 

short-range or quantum-mechanical forces which are insensitive to the environment 

and can be considered to rest& primarily from the covalent nitrogen coordination. 

The temperature-dependent term, AH,, although much smaller in magnitude for each 

of the hydroxyproline-metal interactions, nevertheless cannot be neglected. Th,ye 

values represen t *the net changes in the long-range eiectrostatic forces which are 

sensitive to the environment, in particular to the dielectric constant af the medium. 

AH, would be expected to become more endothermic with increasing loss of bound 

solvent molecules (as reflected by increases in AS and this is seen to be the case in 

Table II). The release of solvent molecules from the coordination spheres of the metal 
ions is facilitated by charge neutralization which occurs in these systems via electro- 

static interaction of the carboxyl group with the transition metal ions. 

In addition to the covalent and electrostatic terms discussed above, it is neces- 

sary to consider the ligand field stabihzation energy which is important in the inter- 

action of ligands with metal ions having unfikd d orbitals. The resulting Irving- 

Williams” order would predict the following order of stability for the hydroxy- 

proline complexes. 
-, 

, 

Co’+ cNi2* <Cu2+ *Zn” . _ 
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The results of Table II clearly show that this is the case with both AG and AH follow- 

ing the predicted order. 

Table II also shows that the heat changes for the second step, AHt, are more 

exothermic for all the systems studied than for those of the first step, AH,. The 

tendency of the successive heat changes to increase has been noted for many transition 

metal complexes and is generally ascribed to differences in the hydrational energies 

of the Mzt and ML* species”. 

The large positive entropy values observed for the metal-ligand interactions 

arise from both the net release of solvent molecules to the system accompanying the 

coordination of bidemate ligand moiecules to the hydrated metal ion and, in addition, 

an increase in the randomness of the system upon complexation by the anionic 

ligand to the positive charged metal ion species. Charge neutralization occurs during 

the latter process which decreases the attraction of the polar water molecules for the 

central metal ion. The order AS, CA& results from a greater disruption of the solva- 

tion sphere by the addition of the first ligand molecule to the very strongly hydrated 

-bare” metal ion than by the addition of the second molecuIe. The value of AS, for 

the nickel complexes appears to be anomalously low, however, suggesting a more 

ordered bis species. It is possible that a greater proportion of the dipolar cis isomer 

is formed, thus having a stronger orientation effect on the solvent molecules than for 

the other bis-hydroxyproline complexes. 

The lower exothermicity exhibited by the zinc complexes can be adequately 

explained by the absence of ligand field stabilization energy of the d” zinc ion. 

The relatively large positive entropy terms, however, may be due to structural effects 

and could represent the transition form an octahedral aqueous ion, Zn(H,O)z+ to 

a tetrahedral bis-hydroxyproline complex, Zn(HyPro), . This would liberate additional 

water molecules from the inner coordination sphere of the zinc ion as compared with 
the other metal-ligand complexes_ These trends have been observed for other zinc 

complexes r 3. 

Prohe complexes 
It is seen in Table II that for the transition metal-proline complexes, AH. is 

again the most important contributor to the total enttalpy of reaction. The values for 

successive additions of ligand are remarkably constant indicating that the energy 

involved in forming the covalent bonds is the same for the mono and bis complexes. 
The fact that AH2 is greater than AH, is again primarily caused by the less endo-her- 

mic contribution of the temperature-dependent term, AH,, indicating that less bound 

solvent is released in the formation of the 2:l l&and-metal complexes than for the 1:I 

species..The corresponding smaller positive entropy change observed for the second 

step of the ligation reaction (i.e., Eqn. 8) suppcrts this conclusion. 

In agreement with ligand field predictions, copper(H) forms more stable com- 

plexes with proline than does nickeI(II) and this is reflected by the AHand AC values 

in Table II. The low AS, v; *e obtained for nickel(I1) may again be interpreted by 

assuming that a cis isomer is _ mcd preferentially. 
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Copper proline complexes are somewhat more stabIe than those formed between 

hydroxyl proline and copper. Tne two sets of nickel species, however, have very similar 
AG values which is unexpected since the b-e streslgths of the two Iigands differ by 

0.95 log K units and the heats of protonation by I.0 kcaI/moIe (Tabie I). However, 

the heats of metal complexation follow the expected order with profine yielding more 

exothermic AH, vaiues than hydroxyproline. This indicates that the observed 

simiIarity of the free energy terms is primariIy due to compensating entropy changes- 

AS values for cop_per(II) interaction with proline and hydroxyproline are similar and 

the increased exothermicity of the proline reaction is reflected in the oven11 free 

aenergies of association. This trend of increasing enthalpy with increasing base strength 
.of the Iigands has also been shown in the thermodynamic properties for another 

series of structurally related amino acids’. 
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