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The complex L[Co(en)({(—)pn):]Br, showed some
structure in the methyl region. This may be due to a
mixture of the possible geometrical isomers I, II, and
III. The racemate D[Co((+4)pn)s((—)pn)]ClyL[Co-
((—=)pn)2((4)pn) JCl; also showed a trace of structure
in this region, possibly for the same reason.

CH; N CH,._ N
N N
N N
N
1I III

For the complexes containing (—)1I1,2-diaminopro-
pane all the D isomers gave at least two bands in the
NH region whereas the L isomers showed only a single
band. It seems unlikely that this separation in the
D series is due to a mixture of c¢is and frans isomers
since p[Co(en)s((—)pn) |*+ exists only in one geometri-
cal form. It is conceivable that the different chemical
shifts indicate the presence of the less stable conformer
which is consistent with our knowledge of the stereo-
chemistry in these systems. The ions p[Co(en),((—)-
pn) *+, p[Co(en)((—)pn):J**, and p[Co((—)pn)s]**
have one, two, and three rings, respectively, in the less
stable k' conformation and the separation of the NH
chemical shift increases from the first complex to the
last. The spectrum for the racemate L[Co((—)pn),-
((+)pn) *+p[Co((+)pn)s((—)pn)]** is also consistent
with this proposal since both ions contain ligands in
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both conformations and the peaks in the N-H region
are separated about the same as for D[Co(en),((—)-
pn) PF.

The discussion above suggests an explanation for the
two N-H signals observed with the [Co(en);]** ion.
Both r[Cofen);]*+ k’k’k’ and wL[Co(en);]*t k'k’k
would be expected to be present in solution probably
in the ratio of about 2:1.1® The presence of both the
stable and the less stable conformer then could give
rise to the two bands in the N-H region.

Fine structure which would allow the assignment of
coupling constants between the various protons in the
chelate rings is shown only for two complexes, L- and
p[Co((—)pn);]*+ (Figure 4). Decoupling at the CH
peak relaxes the methyl doublet to a single peak in
both cases but the reverse sharpens the CH peak only
for the L complex perhaps because the CH signal is so
broad. Deuteration of the amine groups sharpens
the CH-CH, region some.

The results of this study indicate the kind of informa-
tion that may be obtained about chelate ring con-
formations and some of the problems involved. Al-
though the results as they stand would not allow un-
ambiguous ring conformation assignments, they are
completely consistent with what is known about these
complexes, Work in progress shows that ring con-
formation of L[{Co((—)pn)s;]*T may be assigned on the
basis of its nmr spectrum.

Acknowledgment.—S. T. S. wishes to thank Dr. W.
B. Schwabacher for experimental assistance and help-
ful discussions.

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY,
BriGHAM YoUNG UNIVERSITY, PrROVO, UTAH

Formation Constants and Enthalpy and Entropy Values for the
Association of H* and Cu?* with Glycinate and Phenylalanate
Ions in Aqueous Solution at 10, 25, and 40° 1=

Bv KEITH P. ANDERSON,®» WILBUR O. GREENHALGH, axp REED M. IZATT

Received February 23, 1966

Enthalpy change, entropy change, and equilibrium constant values at 10, 25, and 40° are reported for the formation in
aqueous solution of glycine and phenylalanine from their respective ions and for the stepwise formation of the copper(II)

chelates of glycine and phenylalanine from Cu?+ and the ligand anions.

The AH® values were determined by a calori-

metric method. Comparison data from the literature ate listed for pK, AH®, and AS® values.

Introduction

This paper is another in a series*? involving the de-
termination of the thermodynamiic properties associated
with copper(II)-amino acid interaction in aqueous
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solution. The present work is a continuation? of a
calorimetric study of the temperature dependence of
the thermodynamic quantities associated with metal-
amino acid chelation.

The glycine, copper(II)—glycine, phenylalanine, and
copper(Il)-phenylalanine systems were investigated
in the present study at 10, 25, and 40°. The reactions
studied are represented by eq 14, respectively.
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H,L+ > HL + H* 1)

HL > H* + L~ (2)
Cu?*+ 4+ L- :__.) CulL+ 3)
Cul* + L- = Cul, (4)

The symbols, Kp, Kp, K; and K, represent the
thermodynamic equilibrium constants corresponding
to eq 14, respectively. The ligand anion (glycinate
or phenylalanate ion) is represented by L.

Values of pKpi, pKps, log K;, and log K. for the
glycine and copper—glycine systems at 10, 25, and 40°
have been reported by a number of workers.®4-1? En-
thalpy change values AHDp,°, AH,°, and AH,° for reac-
tions 2—4, respectively, have also been reported.?—%8:10,12

Data for the phenylalanine and copper—phenyl-
alanine systems are much fewer than for the glycine
and copper—glycine systems. Other than those data
previously reported from this laboratory,!® pKm and
pKpe values have been reported at 20, 24, and 25° 1477
and log K: and log K, values at 20 and 25°.1417.18
The only enthalpy change values in the literature for
these systems are those reported from temperature-
coefficient experiments performed in this laboratory.?

Experimental Section

Materials.—Solutions of NaOH and HCIO, were prepared
from reagent grade chemicals (J. T. Baker Chemical Co.) and
were standardized using recognized analytical procedures. Stock
copper(II) perchlorate solutions were prepared as described pre-
viously.? Glycine (Matheson Coleman and Bell) and phenyl-
alanine (Eastman Organic Chemical) were used without further
purification to prepare stock ligand solutions. Titration of the
carboxyl group of glycine and phenylalanine in the presence of
HCOOH' showed these reagents to be 99.7 and 99.29, pure,
respectively.

Buffer solutions were prepared both by the method of Bates?
and from packaged powders formulated according to National
Bureau of Standards specifications by Beckman Instruments, Inc.
Buffer solutions prepared to maintain a given pH value by the
two methods were indistinguishable; that is, cross checking of
pH values of pairs of buffer solutions prepared by the two methods
gave values within #=0.002 pH unit of each other.

Apparatus.—The submarine isothermal calorimeter operating
in a well-stirred, constant-temperature water bath controlled to
+0.005° at 10, 25, and 40° has been described.? Temperature
differences of 0.0002° were detectable. Calibration was both elec-
trical and chemical as described previously.? A microtimer
(Dimco-Gray Co. 201) was used to measure the duration of heat
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input during electrical calibration runs. Values for the hydro-
gen ion activities of a number of the calorimetric solutions were
determined by means of a Beckman Model GS8 battery-op-
erated pH meter. A Beckman Model 76 expanded-scale pH
meter was used to measure the hydrogen ion activities of
the remainder of the solutions. The titrations performed
to determine the values of the equilibrium constants were car-
ried out under a nitrogen atmosphere in a temperature-controlled
(=£0.02°), 10-1. water bath using the method of Block and
Meclntyre.2! The output of a Leeds and Northrup 7664-A1 pH
meter was expanded by and recorded on a Leeds and Northrup
Speedomax H 177181 continuously adjustable recorder for these
titrations. At least three separate titrations consisting of at
least ten points for which equilibrium constants could be calcu-
lated were performed to evaluate each constant at each of the
three temperatures. Activity coefficients for singly and doubly
charged ions, v; and ~,, were calculated by means of equations
derived from the data of Crouthamel and Martin?? and Harned
and Owen?? as described previously.? Crouthamel and Martin?2?
assumed that the activity coefficients of all singly charged ions
(v1) were equal as were the activity coefficients of all doubly
charged ions (vy:) in solutions of ionic strength w less than 0.1
where the activity coefficient is independent of the specific na-
ture of the electrolyte apart from the charge of the ions. The
measured values of v* for HCl in KCl solutions?® of given u
values were assumed to be equal to v; for any singly charged ion
in any aqueous solution of the same u value. The differences be-
tween v,* and v: at 25° are small in these dilute solutions. These
differences are probably very nearly the same at 10 and 40° as
at 25°, This assumption permits the calculation of v, values at
10 and 40° with theé same accuracy with which the measured
values at 25° were determined.

Support for the validity of the assumptions of Crouthamel and
Martin in solutions with ¢ = 0.025 is given by the work of Kiel-
land,?* who calculated approximate radii and activity coefficients
for a number of hydrated ions. The values for v, given by Kiel-
land for ions with effective radii varying from 3.5 to 6 A (those
present in this study) ranged from 0.900 to 0.907 at . = 0.01
(our value was 0.904), and at 4 = 0.025 they ranged from 0.855
to 0.870 (our values were about 0.877 near u = 0.02). The
value for v, for hydrated Ni?* and Cu?* ions is given by Kielland
as 0.57 at u = 0.025 (our values were about 0.58 near p = 0.02).

A change in the value of y; from 0.875 to 0.831 (5%,) for a typi-
cal copper—glycine run changed the calculated value for the con-
centration of the CuL* species by only 1.26%,. A change in the
value of v, from 0.576 to 0.634 (109,) also made a 1.26%, change
in the calculated value of this quantity. Changes of 5 and 109,
in v, and v, for a typical copper—phenylalanine run each resulted
in about a 39, change in the calculated value of the concentration
of CuL*.

It is interesting to note that Kielland’s data indicate that a 3.6-
fold change in the effective ionic radius of a singly charged ion re-
sults in only a 1.89, change in v1 at ¢ = 0.01 and a 3.69%, change
at p = 0.025. A twofold change in the effective radius of a
doubly charged ion results in only a 4.5%, change in vy, at 4 =
0.01 and a 9.29, change at u = 0.025.

Calorimetric Determinations,—Three types of calorimetric
determinations (X, y, and z) were performed. Type x measured
the heats evolved when alkaline solutions of the amino acids were
mixed with perchloric acid solutions. Types y and z measured
the heats evolved when alkaline solutions of the amino acids were
mixed with copper(II) perchlorate solutions at different Cu2+:L~
ratios. These formality ratios in the mixed solutions for y runs
were about 2:1 for glycine and 1.5:1 for phenylalanine. They
were about 1:1 for all z runs. Molar heats of formation of the
ligand from its ions H*+ and L~ (—AHp:®) at u values near 0.01
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were determined from x-run data. Heats for the stepwisc for-
mation of metal chelates from the ions Cu?t and L= (AH,° and
AH,®) at u values near 0.02 were calculated from the data ob-
tained in y and z runs. A number of calorimetric determina-
tions were made to measure thermal effects accompanying dilu-
tion of reactant solutions. In no case were thermal effects de-
tectable.

Calculations,—The equations for Kp, Kpe, K;, and K, were
combined with the mass balance equations for Mr, the total metal
formality, and Lt, the total ligand formality in a mixed solu-
tion, to produce a cubic equation in the concentration of ML*
from which the concentrations of all chemical species other than
the hydrogen ion were calculated. This equation has been re-
ported.? The heat measured in a given calorimetric run, Qm
(eq 5), is the sum of terms arising from the association of ions
to form H,O, HL, HoL*, ML,, and ML*,

Qm = R + [[HL]V: — T]Qur + [HL*]ViQsu,n+ +
[MLo]ViQur, + [IML*ViQur+ (5)

In this equation, R represents the heat produced by the forma-
tion of water from its ions, 7 represents the number of moles of
HL present in the initial ligand solution, V; represents the volume
the final mixed solution, the bracketed quantities are the molar
concentrations of the indicated species in the final solution, and
each Q represents the heat produced when 1 mole of subscript
species is formed from its ions, tofal, not stepwise. This equa-
tion contains a term in H,L* not present in the previously re-
ported equation for Q.2 Many of the final pH values for the
calorimetric determinations reported herein were low enough
(<38) for the heat contributed by the formation of H,L* to be-
come measurable.

Qm+ was represented in the equation used in calculations per-
formed by the computer for the heat of formation of H,LLT from
HI, and H*. This additive term was calculated from the vari-
ation of pKp, with 1/7 and was less than one-tenth the value of
Qua. The contribution of Qu,r+ was as large as 0.15 cal in very
acid solutions but usually was of the order of a few hundredths of
a calorie. (Qm was evaluated from the first three terms (eq 5)
for x runs and from all terms for y and z runs.

The pH values of the initial amino acid solutions, pHr, and
of the final mixed solutions, pH¢, were such that the clear-cut
distinction between y and z runs reported for copper alanine? no
longer obtained. The z-type equation? for Qn (modified to in-
clude Qu,1+) was used for both y- and z-type runs. A y and z
pair could be solved simultaneously to calculate Qur, and QL+
values.

The ratios of the concentrations of CuL, to CuL™ in copper gly-
cine solutions were about 2.2:1 for y runs and 1:6 for z runs.
At a given temperature every z run was matched in turn with a
given y run to obtain a “‘best’’ Qur, value for that run. These
“‘best’” values for Qur, were averaged and this average value
substituted back into each z run to produce an average Qur+
value.

The CuL,: CuL™ ratios in copper phenylalanine solutions were
about 1:4 and 1:6 for y and z runs, respectively. The unfavor-
able ratio for y runs was unavoidable because of the formation of
insoluble substances in very alkaline solutions of phenylalanine.
Because the pHy, values sometimes differed only slightly from the
value for pKps, variations of a few thousandths of a unit in meas-
ured pH1 values caused appreciable variations in calculated Q
values for these runs.

The average deviations of measured values of pHy, for phenyl-
alanine solutions measured at 40° were =0.006 and =0.003 for
v and z runs, respectively. Average values for all y and z data
at 40° were used to calculate a value for Qy+ inasmuch as ML™
was present in much greater quantities than was ML,. This
value for QuL+ was substituted into the heat equation for each
y and each z run individually to obtain an average value for
Qur+. A value for QurL+ was also determined by setting limits
on Qur, as a function of Quz~. It was possible to set limits be-
cause the concentrations of MLT were much greater than those
of ML, so that large variations of Qyr, produced relatively small
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variations in Qyr+. The value of Qyr+ determined in this man-
ner differed by only 0.04 kcal from that obtained by the more
conventional procedure.

The final mixed solutions for determinations involving phenyl-
alanine at 10 and 25° were of necessity more acidic than were
those at 40° because insoluble substances formed at lower pH
values as the temperature was lowered. In these solutions the
CuL,: CuL" ratios for y and z runs became so nearly the same
that only the limit-setting method used at 40° was feasible at
10 and 25°. An analysis of the ratios of Qnr, to Qur+ for copper
glycine, copper alanine, and copper phenylalanine was made to
ascertain any observable trends. The results of this analysis
predicted Qar,:Qur+ ratios of about 1.20 and 1.07 for copper
phenylalanine at 25 and 10°, respectively. The results obtained
from the limit-setting method gave ratios of 1.21 and 1.07, in
excellent agreement with the predicted values.

Results
Values of pKm, pKpe, log K;, and log K, are given

in Table I. Comparison data from the literature are
included. The experimental data are presented in
Table II.

TABLE I

pK anp Lo K VALUES FOR IoNIZATION AND COMPLEX
FoRMATION, RESPECTIVELY*

Log
t, °C pKD1 pKD2 Log K1 Log K» (K1K2)
Glycine Copper-Glycine
10 2.41 10.20 8.85 7.36
2.404%  10.20%
2.3976 10,1938
10.19413%
25 2.39 9.77 8.58 7.09
2.35% Q.78
2,356 9.788
2.417 9.75
2,318 9.728
9.68°? 15.10°
2.3510 9.78Y0 8.6210 6,979
9,781 8.2812 7.7012
40 2.33 9.46 8.42 6.85
2.324% 9.49%
2.3278 9.4128
9.21° 14, 60°
9.21418}p
Phenylalanine Copper—Phenylalanine
10 2.14 9.75 8.48 7.43
2,211 9.6614 8.45 7.261
8.381* 7.211
25 2.20 9.31 8.25 7.13
2,161 9.151 7.7019 6.9419
Q.13 14.718
40 2.21 8.96 8.13 6.94
2.201 8,891 8.121¢ 6.7914
8.0314 6.781¢
8.0214 6.7614

¢ For ref 9, u = 0.15 and for ref 17 and 18, x = 0.1. ° Inter-

polated values.

Inasmuch as no detectable thermal effects accom-
panied the dilution of reactants at these low initial
concentrations, measured enthalpy changes were con-
sidered to be standard or “infinite dilution” enthalpy
changes.

The uncertainty in the determination of pKp values
was about =0.01 unit while for log K values it was
about =0.03 unit. Table III summarizes the calori-
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TasLE II°
CALORIMETRIC DATA FOR TYPES X, ¥, AND z RUNS FOR THE REACTION OF GLYCINATE AND PHENYLALANATE
Tons WitH HY anp Cu?t at 10, 25, AND 40°. THE REACTION FOR x RUuns Was H+¥ 4+ L— = HL, AND FOR y AND z RUNS IT
Was Cu?*t + (2 — #)L~ = nCul* + (1 — #)Cul, (0£2< 1)
No.
Run of Vi, Va-M, AH?°,
type ¢, °C 104 runs ml ml 102F - 10%F1L 108FNalL pHL pHs Qm, cal kcal/mole
Glycine
X 10 88 6 99.69 9.97 9.64 9.95 9.77 10.994 7.029 10.42 & 0.06 —11.57 &= 0.11
25 89 6 90.96 10.00 9.61 9.90 9.74 10.650 6.949 10.19 = 0.05 —10.76 = 0.05
40 86 6 100.01 10.05 9.86 9.90 9,68 10.277 6.999 9.64 = 0.09 —-10.22 = 0.08
y 10 185 7 99.69 9.97 9.04 19.87 16.89 10.727  5.809 11.00 &= 0.06 —14.20 =%+ 0.07
25 185 6 99.96 10.00 9.91 18.65 16.84 10.521 5.830 10.79 = 0.12 -—13.18 = 0.16
40 185 5 100.45 10.05 9.86 19.49 16.77 10.03¢ 5.550 10.36 == 0.04 —13.08 == 0.02
z 10 185 6 99.69 9.97 9.94 9.94 9.39 10.868 5.329 592 £ 0.08 —7.28 + 0.04
25 202 6 99.96 10.00 9.91 9.92 9.37 10.557 5.160 5.69 £+ 0.04 —6.22 = 0.08
40 202 6 100.45 10.05 9.86 9.88 9.32 10.203 5.027 5.43 £ 0.06 —5.75 = 0.06
Phenylalanine
X 10 88 3 99.69 9.97 9.64 9.90 9.77 10.650 6.682 10.28 —11.42
88 4 99.04 4,50 20.06 9.06 8.98 10.699 4.116 9.48 —11.38
25 89 5 99.96 10.00 9.61 9.97 9.74 10.333 6.877 10.14 —-10.72
86 7 99.27 4.40 20.00 9.03 8.96 10.17 5.24 8.70 —10.61
40 88 5 100.45 10.05 9.56 9.89 9.51 9.914 4.817 9.85 —10.54
86 6 99.21 4.51 19.92 8.99 8.92 9.581 6.399 7.73 —10.51
y 10 190 6 99.04 8.40 10.21 12.99 7.60 9.717  4.055 3.54
25 190 5 99.27 8.40 10.18 12.95 7.58 9.34 3.88 3.35
40 182 7 99.21 8.41 10.14 12.90 7.99 9.038 3.823 3.29
z 10 190 6 99.04 8.40 10.21 9.06 6.74 9.725 4.238 2.33
25 193 5 99.27 8.40 10.18 9.03 7.72 9.53 4.10 2.92
40 190 6 99.21 8.41 10.14 8.99 6.99 9.206 3.967 2.54
¢ Qm represents the total measured heat. The subscripts L and f refer to initial ligand solutions and the final mixed solutions, re-
spectively. Vi, _y refers to the volume of the initial acid (x runs) or metal (y and z runs) solutions, while F,_y refers to their formalities

in acid or Cu?*. Fp and Fyar refer to the formalities of ligand and sodium ion, respectively, in the initial ligand solutions.

TaBLE III
SUMMARY OF AH® AND AS® VALUEs FOrR HL* IoN1zaTION AND Cu?*-L~ INTERACTION®
Temp, AHD:®, ASD:%, AH1°, AS1°, ’ AH:®, AS2°,
°C keal/mole eu kcal/mole eu kcal/mole eu
Ligand: Glycine
10 11.57 = 0.11 —-5.8 —7.28 £ 0.04 14.8 —6.92 £ 0.08 9.2
25 10.76 £+ 0.05 —8.6 —6.22 %= 0.08 18.4 —6.96 = 0.19 9.1
10.00? -~ 11,26 —5.83 19,7 —6.83 9.5
10.63 —Q8 —6.0% 192 —6.4 113
10.728 (—21.0)%¢
10.55¢
10.611
10.5618
40 10.22 £+ 0.08 —10.7 —5.75 £+ 0.06 20.2 —7.33 £ 0.07 7.9
Ligand: Phenylalanine
10 11.40 = 0.11 —4.3 —-6.0 £ 0.5 17.7 —6.4 = 1.0 10.3
25 10.67 = 0.09 —-6.7 —-5.3 £ 0.3 19.8 —6.4 £ 0.8 13.7
10.63% —7.3 —4.48 22,8 —6.4b 10.9%
10.314 — 7.8 —5.114 20.714 —6.414 10.714
40 10.53 £ 0.12 —7.4 —4.85 &= 0.12 21.8 —5.5 £ 0.2 14.2

@ Results reported in ref 3, 10, and 11 were obtained by calorimetric methods.

ence, ¢ The sum of AH,° and AH;°.

metric data obtained in this research as well as calcu-
lated AS® values. Estimated uncertainties for AH®°
values are given. For determinations involving gly-
cine, these uncertainties are average deviations of
calorimetric results and do not include contributions
due to the uncertainties in log K and pK wvalues.
For determinations involving phenylalanine, the un-
certainties given are over-all estimates.

Comparison values of AH° and AS® from the litera-
ture are given. Values of AH® obtained from the

b Calculated from pK and log K temperature depend-

slopes of pK,, log K;, and log K, vs. 1/T plots are in-
cluded for comparison purposes.

Discussion

The data in Tables I and III are in reasonable agree-
ment with previous results where these are available,

An unusual feature of the present study is the in-
version of the relative magnitudes of the AH,° values
for copper(Il)-glycine interaction from 10 to 40°.
Additional studies of metal-amino acid systems will



