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In the previous paper,) the kinetics of the sub-
stitution reaction between the nickel (II)-nitrilotri-
acetate chelate and diethylenetriaminepentaacetic
acid (DTPA) were investigated systematically by
the polarographic method. The reaction proceeded
mainly through tervalent, quadrivalent, and quin-
quivalent DTPA anions. In an acid medium,
the contribution of the quinquivalent DTPA anion
reaction was negligible. The activation parame-
ters, AH* and AS*, for the three elementary reac-
tions were also determined. In the two clementary
reactions which proceed through tervalent and quin-
quivalent DTPA anions, the 45* values were nega-
tive. The reaction which involves the quadrivalent
DTPA anion, however, had a positive entropy of
activation. This was ascribed to the fact that in
the quadrivalent DTPA anion, intramolecular
hydrogen bonding among hydrogen-ion and nitrogen
groups places the DTPA anion in a favorable posi-
tion to from a mixed ligand reaction intermediate;
thus, less freedom was lost in the formation of the
intermediate. In the nucleophilic substitution
reaction involving 1,2-diaminocyclohexanetetraace-
tic acid (CyDTA), the CyDTA anion would be
placed in a favorable position to react with metal.
Therefore, cven the reaction involving the com-
pletely-deprotonated CyDTA anion will give a
positive entropy of activation. In this paper,
the substitution reactions of CyDTA with nickel(II)-
iminodiacetate and cobalt(II)-nitrilotriacetate che-
lates were studied by observing the change in the
anodic wave-height of uncomplexed CyDTA. The
exchange reaction between ethylenediaminetetra-
acetic acid (EDTA) and the nickel(II)-iminodi-
acetate chelate was compared with the reaction
of CyDTA with the nickel(II)-iminodiacetate
chelate.

Experimental

Reagents. The ways of preparing and standardiz-
ing the nickel(Il) nitrate and cobalt(II) perchlorate

1) M. Kodama, This Bulletin, 42, 2532 (1969).

solutions were given in previous papers.!® Iminodi-
acetic acid (IDA) was recrystallized three times from
an aqueous solution by adding pure ethanol, and a
known amount was dissolved in doubly-distilled water.
The recrystallization of nitrilotriacetic acid (NTA),
EDTA, and CyDTA and the preparation of their solu-
tions have also been described previously.®# Other
reagents were of an analytical reagent grade and were
used without further purification.

Apparatus and Experimental Procedure. All
the apparatus (Pen-recording polarograph and the
dropping mercury electrode) and experimental pro-
cedures were the same as have been described previ-
oulsy. All the measurements were conducted in solu-
tions with the ionic strength of 0.20 (NaClOy) in the pH
range from 8.50 to 10.00. Since the sample solutions
contained a large excess of uncomplexed NTA or IDA,
no buffer reagent was used. The reaction rate was
followed by recording automatically the change in the
anodic wave-height of uncomplexed CyDTA or EDTA
with the time.

Results and Discussion

The reaction of the nickel(II)-IDA chelate with
EDTA and that with CyDTA were studied at
25 and 33°C respectively. The reaction beween
the cobalt(II)-NTA chelate and CyDTA was
studied at 18°C. All the substitution reactions
investigated in solutions containing a large excess
of complexed and uncomplexed IDA or NTA in
the pH range from 8.50 to 10.00. Therefore,
the reaction could be treated as pseude first-order
reaction. In this study, the concentration of the
metal(I1)-IDA or -NTA chelate, [MX],, ranged
from 8.50 to 20.00 mm and that of uncomplexed
IDA or NTA, [X],, from 7.0 to 25.0mm. As
had been observed in the reaction of DTPA with
the nickel(II)-NTA chelate, the plot of log(iyfi,)
aginst ¢ invariably gave a straight line passing
through the point of origin (Fig. 1). When the

2) M. Kodama, ibid., 40, 2575 (1967).

3) M. Kodama, C. Sasaki and M. Murata, ibid.,
41, 1333 (1968).

4) M. Kodama and H. Ebine, ibid., 40, 1857 (1967).
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10 TasrLe 2. DEPENDENCE OF THE SLOPE ON
. THE CONCENTRATION OF UNCOMPLEXED
IDA or NTA
= 1) Nickel(IT)-IDA-EDTA system
5 u=0.20 pH=9.23 [EDTA]=0.610 mm
P [NiX];=8.63 mm 25°C
5]
Concentration of
uncomplexed IDA, SIOEE Slope x [1+Kyx,
[x].f, mM sec X [X]_,r,l’(aa)x]
% 0 % 20 104 2.50x10*  56.9
Time, min 19.34 1.33x10-3 57.6
Fig. 1. log iefi; vs. time plot for the exchange reac- _ 28.44 t?_.BB X 10~ 5_?‘_2_ )

tion of nickel (IT)-IDA chelate with CyDTA
pH=9.05, p=0.20, 33°C

Initial concentration of CyDTA=0.610 mm
Concentration of nickel(IT)-IDA chelate

=10.24mxn
Concentration of uncomplexed IDA=6.92 mm

other experimental conditions were kept constant,
its slope was independent of the initial concentration
of CyDTA or EDTA. The presence of the metal-
(IN)-CyDTA or -EDTA chelate had no effect on

TarLE 1. DEPENDENCE OF THE SLOPE ON THE
CONCENTRATION OF NICKEL(IT) - IDA
or coBALT(II) - NTA CHELATE
1) Nickel(II)-IDA chelate-EDTA system

#=0.20 pH=9.23 [EDTA]=0.610 mm
[IDA];=10.14mm  25°C

Concentration of .
Ni(II)-IDA chelate, S19P¢ ~ Concentration Slope
[NEX];, mM s¢cC ratio ratio
8.63 2.50x10-® 1.00 1.00
12.95 3.73x10-3 1.50 1.49
17.26 5.10x10* 2.00 2.04

2) Nickel(IT)-IDA-CyDTA system

4=0.20 pH=8.90 [CyDTA]=0.610 mu
[IDA];=6.92mm  33°C

Concentration of sl C . sl
1\1(11} -IDA chelate, % °P§ oncentration  Slope
[ i ]s mM ? sec? ratio ratio

]

T 10.24 6.29 % 10-4 1.00  1.00
120.48 1.26x10-2 2.00 2.00

3) Coba‘ll(ll) NTA-CyDTA system
=0.20 pH=9.65 [CyDTA]=0.610 mm

[NTA];=9.55 mm 18°C
Csﬁlﬁfﬁtp;‘fgg e?:fl e Slope  Concentration Slope
[CoX]., myt ’ sect ratio ratio
9.5 2.21x10- 1.00  1.00
11.40 2.72x10* 1.25 1.23
3.97x10-* 1.84 1.80

16.80

2) Nickel(II)-IDA-CyDTA system
#=0.20 pH=8.90 [CyDTA]=0.610 mm

[NiX],=10.24 mm  33°C
Concentration of Slo Slope x [1+Kg&
uncomplexed IDA, pe pcx / Nita
[X]y, mm sec X [X]/(2g)x]
6.92 6.29x10  9.77
16.07 2.76 <104 9.95
25.22 1.75x 104 9.90

3) Cobalt(IT)-NTA-CyDTA system

pu=0.20 pH=9.65 [CyDTA]=0.610 mm
[CoX],=9.15 mMm 18°C
Concentration of Slope Slope x [14+K&
uncomplexed NTA, pe e X2
[X]s, mu sec X [X] s/ (2r)x]
9.55 2.21x10~  5.03x10-
13.10 1.69x 104 5.19x10-3
1.29x 10 5.13x10-3

17.10

the slope of the linear relation. Therefore, as
was discussed in the substitution reaction of DTPA
with the nickel(II)-NTA chelate,) it can be con-
cluded that, practically, the rate of the backward
reaction of the present substitution reaction is
negligible compared with that of the forward reac-
tion, and that all the three substitution reactions
studied here proceed through simultaneous reaction
pathways which involve only direct second-order
nucleophilic substitution reactions of the metal(IT)-
IDA or -NTA chelate with the CyDTA or EDTA
anion. The slope of the linear relation between
—log i, and ¢ was also proportional to the concentra-
tion of the metal(II)-IDA or -NTA chelate and
inversely proportional to the value of 1-4Kfy,-
[X1,/(etg) x, provided that the other experimental
conditions were kept constant (Tables 1 and 2).
All the symbols used here have the same meanings
as previously.) These two facts clearly indicate
that the slope is exactly proportional to the con-
centration of the metal(II)-IDA or -NTA chelate
with a 1-to-1 composition. In the solutions with
given concentrations of the complexed and uncom-
plexed IDA, or NTA, and with a given initial con-
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75%10°

3x10°

2x10°

(A, B)

1:10%

2.303 x slope X (i) 7{ 1 + K, [X] 7/ (o) x HINIX],

5.0%10°

(C)

2.5X10*

2.303 xslope x (xm) {1 4+ Kby, [X] s/ (#m) x}/[CoX]e

0 L 1 0
0 1.0 2.0 3.0
[H+] x 10°
Fig. 2. The plot of 2.303 xslope X (en) z[1 + Ky, [X] ¢/ (2n) 2]/ [NiX]e

against [Ht]

25°C, p=

At Ni(IT)-IDA-EDTA system

0.20

Initial concentration of EDTA=0.610 mm
Concentration of nickel(II)-IDA chelate=8.63 mm
Total concentration of IDA=27.4 mm

B : Ni(1I)-IDA-CyDTA system

Initial concentration of CyDTA=0.610 mm
Concentration of nickel(II)-IDA chelate=10.24 mMm
Total concentration of IDA=27.4 mm

C: Co(II)-NTA-CyDTA system
Initial concentration of CyDTA=0.610 mm
Concentration of cobalt(II)-NTA chelate=9.15 mwm
Total concentration of NTA=27.4 mm

<centration of CyDTA or EDTA, the plot of slope
x(oty)z vs. [HY] gave a linear relation (Fig. 2).
Here, (ag)z is the (xy) value of CyDTA or EDTA.

From the above experimental facts and discussion,
it can be safely concluded that all the three exchange
reactions proceed mainly through the following
two simultaneous reaction pathways:

I
i) MXI-m L Zi- — MZ3 4 X™m-

u rapid
MX,2-2m
kgt
i) MX3m + HZ* &=— MZ*~ 4 HXI-™

Hrapid

st-z-sm
where MX?™ and MX2~*" mean the metal (II)-
IDA or -NTA chelates with 1-to-1 and 1-to-2 com-
positions respectively; X™—, the completley-depro-
tonated IDA or NTA anion, and Z%~, the com-
pletely-deprotonated CyDTA or EDTA anion.
On the basis of the above reaction mechanism, the

slope of the linear relation between —logi, and ¢
can be expressed as:
oy Kt HTT
kyt+ k. )
K 1)
(xn)z \_l 4 Kaixa® [X_]_,_]
(“E)x

lone — L
SOP€ = "9 303 (

where k; is the fourth dissociation constant of
CyDTA or EDTA.

The k,;* and k,* values determined from the slope
and the intercept of the linear relation between
slope X 2.303 X (ag) z[1 + Kix,[X] /(o) x]/[MX],
and [H*] are given in Table 3. Similar results
were also obtained in the experiments carried
out at the other two temperatures. The rate con-
stants for the two elementary reactions determined
at the other two temperatures are also listed in
Table 3. In all cases, linear relations were found
between log k;+ and 1/T for both elementary reac-
tions; these made it possible to calculate the heats
and entropies of activation. The heats and the
entropies of activation determined from the linear
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RATE CONSTANTS, HEAT OF ACTIVATION
AND ENTROPY OF ACTIVATION

FOR REACTIONS (i) AND (ii)
1) Nickel(IT)-IDA-EDTA reaction

TaBLE 3.

- o
k* value Temperature, °C AH*  AS*

M~1sec! 18 25 E33 kcal e.u.

k1.5 x10% 2.1 X100 4.5 x 10 8.4 —10.4

k,t 3.35x10% 7.33x10° 1.38x10* 13.9 5.6
2) Nickel(1I)-IDA-CyDTA reaction
krvale ~ Temperamre, 'G - gps s
M-1sec? 18 25 33 kcal e.u.

k9.0 x10° 1.7 x10* 4.1 x10* 16.6 16.9
ko 1.86x10° 3.33x10® 7.48x10® 16.1 7.5

3) Cobalt(11)-NTA-CyDTA reaction

Temperature, °C AH% AS*

kt value -
33 kcal e.u.

M~1sec? 18 25

Kt 3.4 100 6.5 x10' 1.55x10* 15.5 3.4
kst 1.33%10-1 3.42% 101 6.50% 10! 20.6 5.2

TaABLE 4. INUMERICAL VALUES*
1) pK values (mixed constants)')

Pk, pK, pK, pK,
IDA —  9.34
NTA — —  9.60
EDTA  — —  6.03  10.00
CyDTA — — 5.9 11.42
2) log Kfy, values'?
log Ky,
" Ni(IL)-IDA chelate 6.35
Co(I1)-NTA chelate 3.63

* These values are calculated from the related
constants in solutions of ionic strength 0.10 and
the activity coefficients of the ions calculated by
means of Davies equation.1?

relation between log k;* and 1/T are also given
in Table 3. The numerical values used in the
calculation of (ag)’s, [X],, and k,* are listed in
Table 4. The way of calculating [X], was given
in previous paper.?)

As is shown in Table 3, both elementary reactions
gave positive entropies of activation in the substitu-
tion reactions involving CyDTA. In the NMR
study of the conformation of the CyDTA anion,
Reilley e al.»® concluded that, in tervalent

5) J. L. Sudmeier and C. N. Reilley, dnal. Chem.,
36, 1707 (1964).

6) Y. Fujiwara and C. N. Reilley, ibid., 40, 890
(1968).
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and quadrivalent CyDTA anions, two iminodi-
acetate groups occupy nearly diequatorial positions
on the cyclohexane ring because of the steric effect
of the cyclohexane ring. The preorientation of
the CyDTA anion by the cyclohexane ring probably
places the CyDTA anion in a favorable position
to react with metal ion. Thus, less conformational
and rotational freedom will be lost in the chelate
formation reaction of CyDTA. This prediction
has been confirmed by several authors”™® in their
thermodynamic study of the chelate formation
reaction. The entropies of the reaction of CyDTA
chelates are always greater than those of the cor-
responding EDTA chelates. The experimental
evidence that, in the substitution reactions involv-
ing CyDTA, both elementary reactions gave positive
entropies of activation may also be ascribed to the
preorientated diequatorial conformation of the
CyDTA anion. Thus, these facts support the
present author’s explanation of the effect of the
protonation of the CyDTA anion on the heat of
activation given in a previous paper.) The positive
entropy of activation for the elementary reaction
(ii) in the reaction of EDTA with the nickel(II)-
IDA chelate can also be attributed to the conforma-
tion of the tervalent EDTA anion, which is similar
to that of the chelated EDTA anion.®

Finally, it can also be mentioned that the k,*
value for the reaction of EDTA with the nickel(II)-
IDA chelate is about 1000 times greater than that
with the nickel(II)-NTA chelate.!® The &,*
ratio between the nickel(II)-IDA and nickel(II)-
NTA systems agrees well with the ratio of the
stability constants of the chelates with the 1-to-1
composition.’ This agreement probably means
that the reaction of EDTA with nickel(II)-IDA
proceeds through the same reaction intermediate
as that for the reaction with the nickel(II)-NTA
chelate.

The present author wishes to express his hearty
thanks to Mr. Tomohiko Noda and Miss Yayoe
Tominaga for their help during this research.
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