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The enthalpies of protonation of epimeric threonines and isoleucines were 
determined calorimetricaiIy ar 298.15 K in 0.1 mol drns3 NaN03. The enthaipies 
of ligation of the same ligands with Co*+ and Cu*+ were determined under the same 
conditions_ 

I?iiODUCllON 

The complexes of natural forms of threonine (Thr) and isoleucine (Ile) with 
cobalt(I1) and copper(U) are appreciably more stable than those formed by respective 
ail0 epimers’. *_ This difference in the stability, which does not correlate with the 
&and configuration, is not easy to understand on the &round of the existing stabil- 
ity’- ’ and spectral’ data. Therefore a calorimetric investigation of these ligational 
reactions was undertaken. 

Chemicals 
All reascnts were of the analytical reagent grade (or equivalent) and were used 

without further purification provided the assay was >99%. The ligand solutions 

wefe standardised by potentiometric titration and the metal ion stock sohttions by 
visual compIexometric titration. All solutions contained a NaN03 background (0.1 

mol dmW3). 

Calorimeier design 
An isopcribol calorimeter of Lund type was built for the purpose of the p-nt 

investigation_ The constructional detaiis can be seen from Fig I. The temperature 
WasSensedbynMZUls oftwo 100 kf2 thermistors (ITT, type F 15) connected as two 
opposite legs of a symmetrical dc. Wheatstone bridge energkti From a amstant- 

voltage power supply (?_2 IQ_ The remaining bridge components were two high 
quahty beiipots (100 kQ and 1 kQ) and a 92 M manganin resistor. The bridge output 
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Fig- I. Sckmatic dmwi;ig of the Qlorimcra used. A, moukicd g&s ampoule of cx I cm= volume; 
c. stainkss stacl tu-k aaxxtmodating stirrer. thermistors, heater, and nitrogen inlet; H, heater; 
J. outer czm (us’. afuminic.m); K. FTFE cover; L, outa lid (sminks stcct); M, stirrer motor 
(~tironous, 2.50 min-1); P. stirrer bhdcs (stinks steel); R. smpouk breaking tip (stainless steel); 
S. stirrer shjft (fkstcncd to the bhdes by muns of two PTFE pieces); T, them&or; V, catorimctric 
wsscl (copper. chromium-pltcd from outside, cpoxy~tcd from inside; ~olumc Q- 5OcnP). 

was Jed to a Burr-Brown Instrumentation Amplifier 362X whose output was 
attenuated (if desired) and then either read on a 4.5 digit digital voltmeter (Systron 
Donner 7100 A) or recorded by means of a 10 mV strip&art recorder (U&am SP 22) 

For the electrical calibration a ca_ 20 R heater was spun from manganin wire 
and put into a thin-walled g@ss tube filled with pa&Tin oil_ The heater was equipped 



301 

with four leads, those serving to measure the potential drop across the heater being 
attached approximately half-way between the calorimeter and the cover of the ourer 
can. The potential drop was measured by means of the DVM used for temperature 
monitoring_ The heater was fed from a constant-voltage supply and the current 
through the heater was sel,-ctabIe in the limits of 543-150 mA. The time of heating 

was measured by a stop-watch (Gebriider Haake), readable to 0.01 set, which was 
coupled mechanically fo the switch actuating the heater. Thecalorimeter was immersed 
in a well-stirred water bath whose temperature ws conrrded to & i mK by means 
of a Tronac PTGIOOO A temperature controller. The temperature wxs 298.15 5 0.1 K. 

Either solid or liquid reagent couid be added by breaking the glass ampoule which 
was mo!ded in order to ensure an easy breaking accompanied with a negligible heat 
elffect. 

Calorimeter check 

The linearity of calorimeter response was checked by determining the effective 
heat capacity of the calorimeter (1 < &/_I < 1 I) fiiled with 35 cm3 of water for 
varying Joule heats evolved by the heater. The corrected temperature rise, 0, was 

estimated by the Dickinson’s method (in the elcctricai calibrations a factor of OS 
was applied instead of 0.63 which was used in the chemical experiments). In a series 
of calibration runs a very satisfactory linear response was observed, the slope - 
which is eq*ual to the effective heat capacity_ E = Q,,_/O - being (3219 & O-008) 
J mV_‘. This corresponds to a sensitivity of 0.31 J mV- ‘. The resolution of the 
calorimeter can then be estimated to be near I5 ml (with a IO mV recorder). It is 
possible to improve this figure to some extent by increasiq the amplifier gain provided 

the temperature readiqs are made with the DVM and then processed numericaily3. 
In order to check the accuracy of the calorimeter two reactions with very well 

known heat effects were performed, i.e. neutralisation of HN03 and NaOH and the 
dissolution of tris (hydroxymethyl) aminomethane (THAM) in 0.1 mol dmm3 HCL 
For the first reaction (0.4 cm3 of 0.2818 mol dm-’ HNOj was added to 25 cm3 
of 0.088 mol dme3 NaOH) an enthalpy change of -57.36 2 0.23 kJ mol- ’ was 
obtained which, recalculated to the infinite dilution, gives (AH)” = -55.80 i. 0.23 
kJ mol- ’ (the figures under & sign are double standard errors of the mean), in 

excellent aFeement with the generally accepted value of - 55.805 & 0.062 kJ mol- ’ *_ 

The molar enthaipy change for the dissolution of THAM (40 to 60 mg in 35 cm3 
O-1 moi dmB3 HCI) was found to be -29.63 $ O-16 W moI_ I, which agrees well 
with Gunn’s’ value of -29.73 kJ mol- ‘, considering the lower grade of THAM 
used in the present work (it is interesting to note that it is quite difScuIt to remove the 
moisture from THAM by drying at 110°C). 

Experiment design and calcrrlotion 

Two kinds of experiments were performed: (i j the measurements of the protona- 
tion en&alp& of the ligands, and (ii) the measurements of the li@tional enthalpies. 

In the first group of experiments a preckly known amount of a neutrai amino acid 
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solution was put into the ampoule which was broken at a suitable instant and its 
contents mixed with an excess of NaOH. The initial and Enal pH values were 
measured (to 0.01) in order to enabIe the calculation of the concentration of HL and 

L- species_ In the other group of experiments a rather crmcentrated metal ion solution 
was put into rhe ampoule while the calorimetric ves~rl contained an alkaline ligand 

solution. The ligand concentration was varied in various runs so that at least two 
metal/Xgand ratios were used for every system studied- The pH value of the calori- 
meter contents was measurec! before and after every run. Needless to say, every 
exmment was accompanied with an appropriate blank run. The concentration of 
a;ly species in the final solution did not exceed 0.02 mol dms3. 

The calculation of the enthalpy changers for the two costive ligation reactions 

;$j” + L- = ML+ ASXH (1) 

ML+ + L- = ML2 4,lH (2) 

were calculated from the experimenti data (analytical concentrations, overall and 
dilution heats, pH) and the previously determined stability constants’ as described 

by Barnes and Pettit6. 

The calculation of AG and AS from the stoichiometric stability constants, 
K,‘, and listional enthalpies deserves a short comment on the solute standard states_ 
Conventional@, the soJute standard state is defined as that of a hypothetical solution 
of unit concentration (c” = moI dm-‘) possessing the properties of an idealsolution 
which are believed to be approached in the limit of infinite dilution. Besides this, the 
standard pressure (most commonly P” = 101.325 kPa) and the solvent have to be 

specified_ Such a choice does not seem to be very practical in the frequently encountered 
case when the thermod_ynamic measurements are made with solutions which contain 
an excess of an “inert” electrolyte in order to keep the conventional activity co&i- 
cienfs appro_ximateiy constant_ If, instead of water, a 0.1 mol dmD3 NaNOX solution 
is regarded as the solvent the definition of the standard state has to be modified: 
this :viIl be the state of an ideal solution of unit concentration (c’), at standard 
pressure, in O-1 mol dmS3 NaNO, (in ou r case). This standard state will be denoted 
by superscript r in order to distinguish it from the conventional one (denoted by “)_ 
If the conventional acdvi;ity coefiicients are virtua!Iy kept constant by means of the 
NaN03 exazss the relative activities of any reacting species B (defined in terms of 
the new standard state) should be nearly equal to +/co if q., 4 [NaNO,]_ It was, 
in fact, observed that both K,’ and AH values do not depend, within experimental 
error, on the concentration of any reacting species. Therefore it was considered 
legitimate to identify the observed values of A,H and co Kf with A,Ht and Kz thus 
enabling the ca.Iculation of 4,Gt and As!_ 

Besides the enthalpy of mater formation from Hi and OH- it is ~lccessary to 
determine the enthaIpy of &and protonation. As the experiments were conducted 



--4a= 
(kJd-‘) 

(G*I- 41.6 (4) 
(L-&O-lIU)- 42-06 (8) 

*Lk)- 43-2 (5) 
(LrdbIIe)- 435 (6) 

l Thl3figlESiIlpEdhCSS are the double standard errors of the 1[11c?n (in the units of the kzst 
da5mA +a)_ 
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SlEPWEE LIGATIONAL GIBBS FUSCllOs. EXlH.ALPlS A?cD E?CTROPlES OF co’- ASD ti” UXWUXES 

WTRiEpDIERlCTwRLli. W1zci ASD ISXXUCISES AT 38.15 R IS 0.1 MOL DH-= ?&ixt& 

Corn&x -AGt -AW AS 
(kJ mol-‘) (kJ mot’) (J K-1 moI--‘) 

co (L-Thr)’ 
co (DL-Thr)’ 
co <L=nr)z 
co (DL-Thr)z 
co (L-afb-Thr)+ 
CO(L-OlbThr)s 
co (L-UC)' 
co (-L-I& 
co @oIkdIe)f 
CO@-dbLle)i 
cu (L-Thrp 
Cka (DL-Tbr)’ 
cu (L-l-h+ 
cu (DL-Thr)z 1 
cu (L-cAwThr))’ 
cu (L-u&J-Thr)? 
cu (L-UC)+ 
cu (I_-II& 
cu @-f.tfkAe)+ 
cu (D-u&D-Ile)z 

24.3 10.8 45 

224 

228 
18.3 
26.2 
24.8 
23-4 
192 

459 

39.3 20.7 62 

42.6 23.1 65 
3711 18.8 61 
485 26-2 75 
41-6 18.3 78 
46.2 24-o 74 
39.7 18.0 73 

8.1 

25.6 

48 

49 
45 
26 
71 
36 
50 

68 

at high enough pH values only the first step of ligand protonation had to be taken 
into account (L- -f Hi = HL) and therefore the enthalpies of binding the second 
proton were not determined. The tirst protonation entbalpies are colkted in Table 1, 
together with respective double standard errors of the mean. The value for L-Thr 

(-41.6 kJ mol-‘) agrees well with the existing literature d.ata7-g which range from 
-40-9 to -41.8 kJ mo1- I_ 



The li_mtionzl heats are shown in Table 2_ The values for copper threoninates 
can again be compared to those reported by others’;“‘: -AolH values range be- 

tween 22 and 23 kJ mol- ‘, slightly lower than the value determined in the present 

work (243 kJ mol- I)_ On rhe contrary, the literature data for -AltH are almost 
invariably h@er than our value except the value determined by Sharma (A,,H + 

A,2H = -41-4 kJ mol- ) _ I lo However, regarding the unazrtainties introduced by not 
only calorimetric and a~alytiul errors but also by those in the pH measurement 
and in the stability constants, the agreement may be taken as reasonable. It is rather 

dificult to assess the accuracy of our (as well as others’) data. Even the precision is 
not easy to estimarc because only a limited number of runs (2-4) was made for any 
particular system_ As all the ligational enthalpies are of a similar magnitude the 
precision may be estimated by considerin, Q the deviations of particular AH values 
from the respective means: the r_m.s. error based upon all the v&es from Table 2 

amounts to +O. 13 kl mol- I, which is a very satisfactory figure probably even too 

good to be realistic. 
The ligational entropies, also shown in Table 2, were calculated from the respec- 

tive enthalpies and the stability constants obtained by potentiometric titration’. The 
latter are reliable within ca_ -_10.05 log units (&O-29 kJ mol- ’ in AG *) which, combined 
wifh a typic4 uncertainry of +O. I3 kJ mol - I for calorimetric data, indicates that the 
uncertainty of AS values should be approximately f2 J K- ’ mol- ‘_ 

DtSCCSSION 

The -greater b&city of isoleucine with respect to threonine may clearly be seen 
by comparing not only the pK values’ but also the protonation enthaipies: the 
protonation of either ile or al/o-Ile is by roughly 1.5 kl mol- ’ more exothermic than 
the protonation of Thr or allo-l+ir. This is evidently due LO the inductive effect of 

the OH soup in the Thr molecule_ The difference in the b&city is further reflected 

ia the stability constants and the listional enthatpies: the ligation of Ile to either 
co” or cu2+ 

LO form an ML complex is considerably more exothermic than Thr 

@ation. For %lLt complexes some exceptions from this reslarity can be found in 

the case of Co”. 
Funhermore. it can regularly be observed that the ligation of natural epimers 

is infallibly more exothermic than the analogous reactions ofol!eforms which parallels 
the relationships in the stability constants *_ On average, the ligation of natural forms 
of Thr and Ile is more exergonic by 3 (&OS) kJ mol- ’ and more exothermic by 2.3 
(50-7) kJ mol- ’ than is the case with the al/o-forms_ By inspecting the stepwise 
ligz-rional entropies no regularity can be observed, possibly owing to the accumulation 
of experimental errors in this quantity. The cumulative ligational entropiesof -ML, 
compIexes are, however, almost equal without respect to the @and configuratioa 
The stability difierence is hence caused by the enthaipy term_ In order to explain the 
_mtcr stability of complexes with natural epimers Krause et al.’ have tentatively 
assumed the existence of a hydrogen bridge in the Thr molecule connecting OH and 
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NH, groups. The observed differences in AC? and AN? dues are probably too smal! 

to support such an assumption. Of course, the behaviour of Ile complexes cannot be 
explained in this wry. A plausible explanation is still harder to find if one considers 

rhat the absolute configuration of the natural form of threonine (2R, 3s) is different 
from that of natural isoleucine (2R,3R). Therefore it seems that there can hardly 
be a unique explanation for the geater stability of complexes with natural epimers. 
By considering the crystal structures of Thr and IIe complexes, however, s3me tenta- 
tive suggestions can yet be given. Freeman et al. ’ I have determined the crystal 
structure of CuHisThr complex (the structures of CuThr or CuThr, do not seem to 
have been published so far). On the grounds of their data one might conclude that, 

in the solution, a Cu-OH (or Co-OH) interaction could take place, thou& a direct 
contact is not established but a H,O molecule is rather interposed. Such kind of 
bonding was detected by Larsson in his IR studies of glycolate complexes with heavy 
metals ’ ‘. If present, such bondin g should be sensitive to the cotiguration of the 
3-C atom. 

On the other hand, by considering the crystal structure of Cu(IIe), complex13 
one can imagine that the lower stability of allo-lie complexes with respect to those 
formed by natural isoleucine could be caused by a hindered rotation around the 

CI-C3 axis. 
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