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Stability of Chelate Compounds

By M. CaLviN anp K. W. WiLson!

Introduction

Although a great deal of work has been done iu
the preparation of chelate compounds and upan
their structure,? no attempt has yet been made
to determine even in a semi-quantitative manner
how the structural factors of the organic residues,
other than the simple geometry of ring formation,
influence their tendency to form chelate com-
pounds with heavy metal ions. The present paper
is a report of a more or less quantitative survey
to determine the influence of certain structural
factors upon the stability of the chelate com-
pounds of divalent copper in which the four atoms
bound to the metal are all oxygen. The stability
of the chelates must of course be defined with re-
spect to a specific reaction. We have selected
cupric ion as the metal component because of its
great tendency to form chelate compounds which
are not subject to oxidation as are those of Co*+
and Fet+™, and have chosen to represent the sta-
bility in terms of the equilibrium

Cut* + 2Ke~ =% CuKe, 0]

where Ke— represents the anion of a 8-diketone
such as acetylacetone or an o-hydroxy aromatic
aldehyde.

The method consists of determining the H*
concentration of a solution containing known
quantities of copper, chelating substance, acid
and base. From the known acid dissociation
constant of the chelating substance together with
the prearranged concentrations of each of the
above materials, it should be possible to calculate

all the quantities required to determine an equilib- .

rium constant. In order to get a wide variety of
conditions in each solution the experiments were
performed as titrations with alkali, starting with
fixed amounts of copper (Tcu++), chelating agent
(Tuk.) and excess acid (4).

Experimental

The titrations were made using a Beckman pH meter
which gave values accurate to =0.03 pH unit. Since most
copper chelates are relatively insoluble in water, it was
necessary to use a mixture of 50% by volume of dioxane
and water. The dioxane was purified by refluxing for
eight hours with 109, by weight of 1 N hydrochloric acid,
standing over solid potassium hydroxide until two layers
formed, removing the water layer and completing the dry-
ing with fresh potassium hydroxide. It was then distilled
quickly over sodium and finally fractionated through a
80-plate column. It was necessary to calibrate the pH
meter by titrating a water-dioxane mixture containing a
little potassium chloride with 0.1 N perchloric acid. The

(1) Abstracted from the thesis of K. W. Wilson, submitted in par-
tial fulfillment for the degree of M.S. at the University of California,
Berkeley, California, June, 1945.

(2) (a) P. Pfeiffer, Angew. Chem., 88, 93 (1940); (b) S. A. Voz-
nesensky, Uspekhi Khim., 8, 531 (1934); (c) H. Diebl, Chem. Res..
21, 30 (1937).

results indicated that the actual pH meter readings were
very nearly correct. In solutions more basic than pH 9
the glass electrode is in error even in water as a solvent.
Since this error is reported to be dependent on the con-
centration and nature of the positive ions in the solution,
an exact calibration in this region proved too ditficult.
Two water—dioxane mixtures containing different amounts
of potassium chloride were titrated with 0.1 N sodium
hydroxide giving two different curves, but both showed
that above pH 9 the glass electrode makes the solutions
appear more basic than they actually are. In the cal-
culations the pH values in basic solution were not cor-
rected; however, these affect the results for only a few of
the compounds, and the qualitative conclusions would not
be altered at all. A typical titration curve is shown in

Fig. 1. In every case the initial volume of solution was
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Fig. 1.—Furoylacetone: volume of solution, 10U cc.;
THEE = 0.02 N; Tcut* =2.5 X 107% 4 = 0.02 N; base
= 1.025 N sodium hydroxide: temperature, 20°.

100 ml. and contained sufficient perchloric acid to give a
pH of 1.7, Cu(ClOq); of the order of 1072 M, and a 1.25-

TABLE I
TITRATION OF 50% DIOXANE-WATER SOLUTIONS OF
Cu(Cl0y)s, HKe(0702M) AND HCI04(0.02M) wiTH
AgQueous NaOH(1.025N)

For Series A: T, = 2.5 X 1073M; for Series B: Ty =
1.0 X 1073M.

3-n-Propy! salicyl- 2-Hydroxy-1 Trifluoroacety!
aldehyde naphthaldehyde® acetoned
pKp = 9.6 +#Kp = 8.4 »Kp = 6.7
ml. - ml. _  ml Cu-
NaOH pH 7 NaOH pH n (CiO4}s pH n
Series A
2,034 4.40 0.52 1.976 2.97 0.56 §5.000 2.42 0.58
2.118 4.93 0.8 2.073 3.35 0.76 3.010 2.52 0.78
2,157 5.22 1,01 2.126 3.59 0.90 2.001 2.860 0.99
2.198 562 1,17 2.180 3.88 1.07 1.602 2.65 1.10
2.283 6.12 1,51 2.283 4.57 1.44 0.859 2.79 1.50
Series B
1,931 3.97 0.31 1.921 3.22 0.50
1,976 4.63 0.69 1.976 3.57 0.74
2,017 5.833 1.090 2.028 4.13 1.08
2.060 6.03 1.51 2.080 4.88 1.54

s In both A and B, Tgg, = 0.01 M. ? This was done
by titrating the diketone with aqueous Cu(C10Q4)s(0.125M),
Txx. = 0.01M.
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to 5-fold excess of ketone. The first flat portion of the
curve represents the formation of the copper chelate; the
sharp rise indicates that chelate formation is complete,
and the last flat portion represents the titration of the ex-
cess ketone. The H* at the calculated midpoint of this
final flat portion was taken'as the acid dissociation constant
of the ketone. In all calculations the concentrations were
corrected for the charige in volume produced by the addi-
tion of the NaOH. The results on three representative
compounds are given in Table I.

6 7 8
pKE~.
Fig. 2.—3-n-Propylsalicylaldehyde: pKp = 9.6:

THKe Tou** Temp.,* C. NaOH, N
O 0.02 2.5 X 1072 30 1.025
A 0.02 1.0 X 103 30 1.025
Results

In the first attempt at calculation of an equilib-
rium constant we assumed that all the copper was
present as Cut™ and CuKe; and calculated values

for K; = (CuKey)/(Cutt)(Ke~)2. The values
obtained for salicylaldehyde were
pH 4.25 4.00 3.75 3.50
log K¢ 13.9 14.3 14.6 14.9

Similar calculations were made for 8 other com-
pounds and this same variation of K; with pH also
observed. This indicates that the equilibrium is
not simply as represented by (I).

We then assumed that the reaction went in
steps and that the copper was present as Cu*t+,
CuKe™*, and CuKe;. To make the calculations
we turned to the method of J. Bjerrum.?! We cal-
culate the successive constants K; = (CuKe™)/-
(Cutt)(Ke~) and K; = (CuKe;)/(CuKe™)(Ke™)
from a knowledge of 7%, the average number of
Ke™ bound to a Cut+. To find # we need only
calculate the total amount of Ke~ which is bound
and divide by the total amount of copper present.
The total bound ketone is calculated from the
equations

Teou++ = Cu*t* 4 CuKe* + CuKe;
Taxre = HKe 4+ Ke~ 4+ CuKet* + 2CuKe,
CuK,* + 2Cut+* + Nat + H* = ClO,~ + OH™ + Ke~
Kp = (H*)(Ke™)/(HKe)
ClOy~ = A + 2Tcu++

(3) J. Bjerrum, *Metal Ammine Formation in Aqueous Solution,”
P. Haase and Son, Copenhagen, 1941.

M. CarLviN anDp K. W. WILsSON

Vol. 67

Using these, we arrive at the final results: Total
bound ketone = CuKe* + 2 CuKe, = Nat —

10—14* K
A+ HY -~ -~ ﬁ‘%(THKe-FA — Nat —
—-14
H+ + II?I 7| The values of 7 are plotted

against pKe—, and the formation constants deter-
mined from the curve. Then 1/Ke—at# = 0.5
and 1.5 gives K; and K,, respectively, to a first
approximation, and at # = 1.0 gives an average
constant such that (K.v.)? = KiK,. A typical
curve is shown in Fig. 2.

For several of the compounds the curves from
series A and B did not coincide but gave separate
parallel lines as shown in Fig. 3. In all cases the
upper curve was obtained from the titration in
which the total copper concentration was the
least. The equation for % may be written as

(-

3 5 7
pKe~.
Fig. 3.—3-Chlorosalicylaldehyde: pKp = 7.8:

THKe Toutt Temp., °C. NaOH, N
® 0.02 2.5 X10°8 26 1.025
A 0.02 1.0 X 10°3 27 1.025

7 = (Nat — 4 + H7Y)/Tcy++ the other terms
being negligible. If the values we used for Na*
and H* were too high, or if our value for 4 were
too low, then % would be too high. If this error
in Nat, H*, or 4 were the same in both series,
then the error in % would be greatest for the
titration with the least total copper. It can be
calculated that an error of 0.5 X 10—? in the
numerator of the expression for % would produce
a difference of 0.3 in 7 for the two series. Since
in the last stages of preparation of the ketones
strong acids were used, it seems possible that an
acid impurity would make our value of 4 too low
and produce the effect described above. Since
Tuke is usually 0.02 M this means that 2!/, mole
per cent. of acid impurity, something less than 1%,
by weight, could account for this deviation.

The results so calculated are given in Table II,

* Although 10714 is certainly not the correct value to
use for K in the present circumstances, the terms in which

it appears are of negligible value in all of the cases herein
measured.
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together with Kp, the apparent acid dissociation
constant for the chelating molecule under the
present conditions of solvent and temperature.

The column headed K.y. (cor.) is the value ob-
tained by adjusting the values at the two different
copper concentrations on the basis of the possible
errors discussed above.

Discussion
The value of Kay, can be taken in a first ap-
proximation to represent the equilibrium constant
for the general reaction

Sc—o- >c—o0-

7 1 —_— / *
-—C + = Cut+ —C cu* (II)

§c=o 2 < C

* The symbol cu is used here to represent 1 equivalent
of copper. Furthermore, the representation of the bond-
ing between the copper and the organic residue is omitted
at this stage since this is the point under discussion.
irrespective of whether the copper has another
chelating group attached or not. The accu-
racy of the data as yet does not warrant any
discussion of the difference between the first
(K;) and second (K,) constants other than to
mention that the purely statistical effect should

make log % = log ‘iz = 0.9, which is the order of

magnitude observed (Table IT). Another limita-
tion imposed by the character of the data is on a
discussion of the absolute values of the constants
themselves. Until the temperature coefficients
are determined and by that the heats and en-
tropies of the reactions, we will concern ourselves

TasLE II°

Higher Tou++ Lower Tqu++

tog B! Kav,

Compound K K3 K: Kav. Kay. (cor) Kp
Salicylalde-

hyde 1078 1058 1.7 100.5 1058 105-5 10 —28
3-n-Propyl? 108.¢ 1083 1.7 1071 1071 1071 10-%.¢
5-Methyl¢ 1077 1080 1.7 1088 10695 1087 10-%7
4,6-Dimethyi®¢ 10%¢ 1067 1.6 1075 107 1072 10104
3-Ethoxy‘ 107.95 105. 85 1.9 107.1 107.1 1071 10 —%4
3-Methoxy® 1078 © 1058 1.7 10888 10675 1085 10-%2
4-Methoxy® 10776 10638 1.4 1071 1074 1069 1093
3-Nitrod 1048 10%4 1.5 1042 1044 1041 10-e0
4-Nitro® 1058 1042 1.4 1049 1053 1046 1074
5-Nitr°¢ 1047 104.0 07 1044 1044 10444 10 =58
3-Fluorod 1066 104 1.7 10%8 108 1087 10-7.8
3-Chloro® 1068 104¢ 2.0 10%% 1058 10%3% 10-7.8
5-Chloro 106.68 108.96 1064 1057 1088
2,1-Naph/ 1078 108.¢ 1.6 1068 106.6 10750 10 -84
2,3-Naph/ est 1068 1099
Acetyl-Ac 10ee 1081 (.9 10875 1087 1087 10-%7
Tri-F Ac? 1053 10%% 0.4 1081 1061 10 767
Furoyl Ac® 1087 10%:2 Q.5 10%% 1087 1084 10-9%?
Benzoyl Ac 108.¢ 10 -%.8
C-Methyt Ac® 1086 1073 1.2 1077 1083 107.3 10 -11.8
Acetoacetic 1084 10s5 1.9 1075 1081 1071 10-11.2

2 The first thirteen compounds are salicylaldehyde
derivatives, the hydroxyl group being the 2 position.
The fourteenth and fifteenth compounds are derivatives
of g-naphtol. The next five compounds are derivatives
of acetylacetone while the last is acetoacetic ester.
® Prepared by Dr. W. G. Miller. ¢ Prepared by Dr. L. N.
Ferguson. 9 Prepared by Dr. J. C. Reid. * Prepared by
Students in the Chemistry 101 Classes. / Prepared by
N. C. Melchior.
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only with the relative values of the constants,
1. e., with the changes in the constants produced
by structural changes in the organic residues.
The differences so obtained can reasonably be ex-
pected to be largely in the heats of the reactions
since the ionic type of the reaction remains the
same throughout the series and the sizes of the
organic anions do not vary a great deal, so that
the entropy of the reactions should be fairly con-
stant through the series.*

These considerations hold fairly well for a
formally very similar reaction; namely, the dis-
sociation of organic acids. The reaction may be
written for the chelating substances, as

Sc—o Sc—o-
e/ N\u - - + H+ (D)
c=0" >e—0

. _ [H*][Ke~],
with Kp = [HKC ] .
II in the reverse direction. If the factors in-
fluencing the bonding of hydrogen have a similar
influence on the bonding of copper, the two con-
stants, Kp and K.v., should have a linear relation
to each other. A plot of log Kp against log
K. is shown in Fig. 4. It is apparent that the
compounds fall into at least two and possibly four
classes. Within each class the linear relationship
is approximately followed, and the slopes of the
two lines obtained are very nearly the same.
Thus it appears that the forces responsible for
holding the copper in the chelate are made up of
at least two different components, one which is of
the same character for both copper and hydrogen,
and the other which is quite different for copper
from what it is for hydrogen. Presumably any-
thing that may be said about the nature of the
bonding of the acidic hydrogen® may be said about
the first component of the bonding forces of cop-
per. It is in this component - that the ionic or
coulombic effects will be found, <. e., the effect of
the charge and charge distribution of the anion,
and the charge and radius of the cation.

In order to learn something of the nature of the
second component, let us examine the essential
structural changes which are responsible for the
four different groups of compounds which we have
studied. They may be represented by the four
ions shown.

It becomes apparent that the most profound
change is in the nature of the double bond be-

(4) However, one should not lose sight of the possibility that in
individual cases wide departures from this assumption might obtain.

(6) Kp as written here represents the acid strength of the enol
form as such. This, however, is not quite the constant which we
have measured and called Kp. The measured value represents the
apparent dissociation constant and includes the constant for the
keto-enol tautomerism, in the following manner: Kenot = Kapparent
(1 + K1) where K! = [keto]/[enol]. It is clear that for the aro-
matic compounds K! 5% 0, so that Kenot 22 Kapparent = Kp. For
the aliphatic compounds, however, X! will have an appreciable value,
thus making Kp for these compounds a lower limit for the acidity of
the enol.

(6) Branch and Calvin, *“The Theory of Organic Chemistry,”
Chap. VI, Prentice-Hall, Inc., New York. N. V., 1941.

This parallels reaction
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CH, _ — We see that this is just the order of decreasing.
H_C>C‘O @_ pC—0" stability of the copper compounds at a constant
Ne—0 C> _ acidity of the chelating agent. Furthermore, this
cHy” H is just the order of decreasing effectiveness of the

Enolate ion of
acetyl acetone

Naphtholate ion of
2-Hydroxynaphthaldehyde-1

enolate resonance (E; and E,) since for these to
play a part the double bond must be free to shift

A B and this freedom is inhibited the more as it is in-

== volved in other resonances as measured by its

J = “bond order.” We are thus led to the conclusion

¢ C—0- T 0" that the enolate resonance (E1 and E,) plays a dif-
N4 L ferent and far greater part in the bonding of copper
> =0 >C= than it does in the bonding of hydrogen. The ques-

o Hl i of Naohthol H . tion of how this comes about is one which cannot
enolate ion o Naphtholate ion of et be answered with certainty. There are at
Sal‘cyla(l:dehyde 2'Hyd’°xy“a%hthaldehyde'3 Kaast two possible (and related)y suggestions. It

tween the two carbon atoms of the three carbon
system forming the conjugated chain between the

two oxygen atoms.

One method of expressing

is well known that the transition elements are
most easily introduced into chelate compounds,
1. e., those elements whose ions have low-lying
vacant orbitals, which are capable of accepting

electron pairs to form

P homopolar boends. For
e Cu*tt these might be
. C-Methyl 3d'4s4p? or 4s4pd If
yd Ac AC an electron pair from
" 4,6 Dimethy1® each oxygen is allowed
-100 F 2,3Naph/v/ Acetoacetic Ester@ Al to form a homopolar
p 5Methyla “3nPropyl B  AC @ bond with Cu** thus
,/ Sal.o a O3 Ethoxy . geo"‘ 9
e 4 Methoxy > C—-6
g —90 /’ 3 Methoxy g Furoyl / \
v - sc . AC —C $Cutt and
& e 2,1 Naph /
2 ' ap/a C=0
-8.0 >
C=0
N
—C 1Cut++
~7.0 >c— '
it is conceivable that the
—60 rearrangement of the
| 1 formal charges on the
4.0 5.0 6.0 7.0 8.0 9.0 oxygen atoms as shown
log Kav. would greatly enhance

Fig. 4.—[, Line C, substituted salicylaldehydes; ©, line A, 8-diketones and 8-keto ester;
A, line B, 2-hydroxynaphthaldehyde-1; ¥, line D, 2-hydroxynaphthaldehyde-3.

this change would be to assign a numerical ‘“bond
order’’” to it, 4. e., a number to express the degree
of ‘“‘double-bondedness” of the bond, as it is
determined by any resonance system in which it
takes part other than that of the enolate ion, as
expressed by the forms

Se—o- c=0
-7 and ——Cz
c>c==o >e—o-
Ex E2

If this is done in the usual fashion,” we obtain
for A, 2; for B, 1.67; for C, 1.5; and for D, 1.33.

(7) Pauling, *‘The Nature of the Chemical Bond,” Cornell Uni-
versity Press, Ithaca, N. Y,, 1939; Branch and Calvin, **The Theory
of Organic Chemistry,”’ p. 113, Prentice-Hall, Inc., New York, N. V.,
1041,

the energy contribution
of the enolate resonance.
The second and some-
what more satisfying point of view would be to
carry this homopolar bonding one step further
and write as an important contributor a com-
pletely conjugated six-membered ring analogous
to benzene, pyridine or the pyrylium salts

oo

}Cu"""

$Cutt and —C
o >C_o/

Such a structure, however, raises questions as to
the availability and geometry of orbitals of the
metal, the discussion of which we will reserve for
a future paper involving the differences in the
chelating ability of the elements.
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It is of interest now to comment on the two very
wide deviations from the line A of Fig. 4, namely,
acetoacetic ester and C-methylbenzoylacetone.
Part of the deviation is undoubtedly due to the
value of Kp which, for these two compounds, hav-
ing small amounts of enol relative to the other
compounds falling near line A, must be consider-
ably smaller than the true value for the enol form.
The rest of it, probably about half, must be at-
tributed to other causes.

When we write the structure of the chelate of
acetoacetic ester

CH;
N
H 7 ¢ O>cu
o
OC:H;
we see that the enolate (or benzenoid) resonance
involving the copper is greatly interfered with by
the participation of one of the C=0 groups in
the very strong ester resonance, thus accounting
for the very large decrease in the stability of the
chelate.
When the structure of the C-methyl benzoyl-
acetone chelate is examined

CH;\

C—0O
CH.——C< \’cu
H\ / C=0-

(-

using what information we have concerning C to

C bond distances and angles, it becomes apparent
that, for the completely coplanar structure which
would be required for the effective contribution
of the enolate (or benzenoid) resonance involving
the copper, there should be quite an appreciable
interferenice between the C-methyl group and its
neighbors on either side, 7. e., the phenyl hydro-
gen atom-and the end methyl group. This inter-
ference would tend to distort the coplanar mole-
cule and thus decrease the contribution of the
enolate (or benzenoid) resonance and hence de-
crease the stability of the chelate.

There are other smaller or second order effects
which would influence this enolate (or benzenoid)
resonarnce, such as the simple dissymmetry caused
by any one-sided substitution, the interaction of
the phenyl and carbonyl groups in benzoyl-
acetone, the resonance interaction of a nitro
group in salicylaldehyde, etc. It is very likely
that these effects contribute to the scattering of
the points from the lines in Fig. 4. But the essen-
tial nature of the conclusions cannot be changed
by these smaller effects.

Summary

1. Tle stability against dissociation into their
component ions, of twenty-one chelate com-
pounds of copper, has been determined.

2. It has been shown that in addition to
their character as bases, a resonance effect in-
volving the copper plays a very important role
in determining the stability of these compounds.

BERKELEY, CALIFORNIA RECEIVED JuLy 24, 1945
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Studies on Protein Denaturation.

I. Electrophoretic Study Kinetics at Neutrality

of Heat Denaturation of g-Lactoglobulin'

By Davip R. Bri6Gs AND ROBERT HULL

In the course of some orientation experiments
preliminary to a study of the electroviscous prop-
erties of heat denatured p-lactoglobulin, a
Tiselius electrophoresis diagram was made on .a
sample of this protein which had been titrated to
pH 7.0 (no foreign salts present), heated for forty
minutes at 80°, then dialyzed at 6°, against suc-
cessive amounts of phosphate buffer, pH 6.9,
ionic strength 0.1, and the electrophoresis carried
out under the final equilibrated buffer. While
the native protein was an electrophoretically
homogeneous material, the heat denatured pro-
tein was found to conmsist of two distinct com-
ponents, each nearly electrophoretically homo-
geneous, but differing from each other in mobility
by a ratio of approximately 2:3. The slow com-
ponent had a mobility very near to that of the

(1) Paper no. 2245, Scientific Journal Series, Minnesota Agricul-
tural Experiment $tation.

native protein. By repeating this experinient,
varying only the time of heating, it was found that
the ratios of the two components varied with time
of heating, the fast fraction increasing progres-
sively in amount at the expense of the slow frac-
tion as time of heating was increased (see patterus
D1o, Du and Daz, Flg 1)

Duiring the denaturation process, conducted as
it was at a pH removed from the isoelectric point
of the native protein (I. E. P. = pH 5.2), little
change in the appearance of the protein solution
took place. A slight opalescence developed
which seemed roughly to parallel in degree the
amount of fast fraction formed. Qualitatively it
was observed that the rate of conversion of slow
to fast form during the heating was a function of
pH of the solution, ionic strength of tlie solution,
time of heating and temperature of heating. The
mobilities (after dialysis to standard conditions)
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