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Diethylenetriamine (Dien) Complexes

Mutsuo Kopamal and Kaoru Haciva*

Department of Chemistry, College of General Education, Hirosaki University, Bunkyo, Hirosaki, Aomori 036
* Department of Chemistry, Faculty of Science, Ibaraki University, Bunkyo, Mito, Ibaraki 310
(Received March 22, 1973)

The kinetics of the substitution reactions of CyDTA with zinc(II)-IDA, -HIDA, and -NTA complexes and
those with cobalt(II)-IDA, -HIDA, -NTA, -EtEN, and Dien complexes were studied by using the polarographic

technique.

All the substitution reactions studied in this paper were found to have a common reaction mechanism.

They were first-order with respect to the CyDTA anion, and they were also first-order with respect to the metal-
(IT) complex with a 1:1 composition; their reaction mechanism could be formulated as:

MX2(2—2m)+ — MX@=m)+ + Xm-

in a rapid equilibrium

HYS— — MY?2- 4 HX(I—m)+

MX(2-m)+ 1

rate determining steps

Yi- = MY~ 4 X7~
From a comparison of the observed rate constants with those estimated on the basis of the proposed reac-

tion intermediate, the detailed reaction mechanism and structures of the reaction intermediates were discussed.
The steric effect of the cyclohexane ring on the rate of the substitution reaction was also discussed.

We have studied a series of substitution reactions
involving metal(II) aminopolycarboxylate complexes
and have determined their detailed reaction mech-
anism.?) Usually, the nucleophilic substitution re-
actions involving zinc(II) complexes proceed so rapidly
that one can not determine their reaction rates ac-
curately by employing a conventional technique.
However, the substitution reaction of CyDTA with
the zinc(II) aminopolycarboxylate complex proceeds
at a measurable rate under the usual experimental
conditions. In this paper, we will deal with the kinetics
of the substitution reactions of CyDTA with zinc(II)-
IDA, -HIDA, and -NTA complexes, and will discuss
the detailed reaction mechanism and the steric effect
of the cyclohexane ring on their reaction rates. To
describe more precisely the reaction mechanism and
the above steric effect, the substitution reactions of
CyDTA with the cobalt(II) complexes of IDA, HIDA,
NTA, EtEN, and Dien will also be studied.

Experimental

Reagents. The preparation and the standardization of
zinc(II) and cobalt(II) solutions were described previ-
ously.22) Reagent-grade IDA, HIDA, NTA, and CyDTA
were recrystallized from their aqueous solutions by adding
pure hydrochloric acid and ethanol. The Dien and EtEN
used in this study were purified by distilling them under re-
duced pressure. The other chemicals used were of an ana-
lytical reagent grade and were used without further puri-
fication.

1) To whom correspondence should be addressed.

2) a) M. Kodama, This Bulletin, 40, 2575 (1967). b) M.
Kodama, C. Sasaki, and M. Murata, ibid., 41, 1333 (1968). ¢) M.
Kodama, ibid., 42, 2532 (1969). d) M. Kodama, ibid., 42,
??3;)0)(1969). e) M. Kodama and T. Ueda, ibid., 43, 419

970).

3) M. Kodama and N. Oyama, ibid., 45, 2169 (1972).

Apparatus and Experimental Procedures. The apparatus
and the experimental procedures were the same as those de-
scribed previously.2®) In this study, all the measurements
were conducted in solutions of an ionic strength of 0.30 (Na-
ClO, for the IDA, HIDA, and NTA systems; KNO, for the
EtEN and Dien systems). No buffer reagent was used in
this study, because free IDA, HIDA, NTA, EtEN, and Dien
have enough buffer capacity to maintain the pH values of
sample solutions constant over the entire pH range covered.
The sample solutions used in the kinetic study of the sub-
stitution reactions of CyDTA with the cobalt(II)-IDA,
-HIDA, and -NTA complexes always contained large ex-
cesses of complexed and uncomplexed IDA, HIDA, and NTA
over CyDTA, while those in the reactions of CyDTA with
zinc(IT)-IDA, -HIDA, and -NTA complexes and with the
cobalt(IT)-EtEN and -Dien complexes contained large ex-
cesses of CyDTA and uncomplexed IDA, HIDA, NTA,
EtEN, and Dien over the metal(II) complex. Therefore,
all the substitution reactions studied in this paper could be
treated as pseudo first-order reactions. The rates of the sub-
stitution reactions of CyDTA with the zinc(II) complexes
and those of the reactions with the cobalt(II)-polyamine
complexes were followed by measuring the change in the
reduction wave-height of the zinc(II) complex and the oxi-
dation wave-height of the cobalt(II) complex respectively.
On the other hand, the rates of the substitution reactions with
the cobalt(IT)-IDA, -HIDA, and -NTA complexes were fol-
lowed by determining the change in the dissolution wave-
height due to the uncomplexed CyDTA.

Results and Discussion

Although not all the results will be shown here, the
following facts were found in preliminary experiments.
Provided that the other experimental conditions are
kept constant, the forward pseudo first-order rate
constant, k+, , obtained from the slope of the linear
relation between log (4,/i,) and ¢, was (1) inversely
proportional to the concentration of the uncomplexed
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IDA, HIDA, NTA, EtEN, and Dien, [X];, (2) exactly
proportional to the concentration of the metal(II)
complex (the cobalt(II)-IDA, -HIDA, and -NTA
systems), [Me(II)], or the CyDTA concentration (the
cobalt(II)-EtEN and -Dien systems and the zinc(II)-
IDA, -HIDA, and -NTA systems), [Y],, and (3) inde-
pendent of the initial concentration of CyDTA (the
cobalt(II)-IDA, -HIDA, and -NTA systems) or that
of the metal(II) complex (the cobalt(II)-EtEN and
-Dien systems and the zinc(II)-IDA, -HIDA, and -NTA
systems). Furthermore, as is shown by the results
obtained in the reactions with zinc(II)-HIDA, cobalt-
(IT)-Dien and cobalt(II)-HIDA complexes (Figs. 1, 2,
and 3), the k+,, multiplied by K,-[X],- (ag)y/(%a)x[Ex]
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Fig. 1. The plot of ktyp-Ky-[X]¢- (wm)y/(eu)x-[Y]s against
[H+] 0°C, u=0.30.
The concentration of zinc(II) ion=1.0 mM
The concentration of CyDTA=12.5 mM
The concentration of uncomplexed HIDA=17.8 mM
pH ranged from 8.30 to 9.80
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Fig. 2. The plot of ktyp-Ky-[X]s- (an)y/(om)x - [Co(II)]
against [H*] 25.0 °C, p=0.30.
The concentration of cobalt(II) ion=7.27 mM
The concentration of CyDTA=0.545 mM
The concentration of uncomplexed HIDA==10.9 mM
pH ranged from 8.50 to 9,50
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Fig. 3. The plot of kt,5-K,-[X]¢- (an)y/(em)x - [Y]e against
[H+] 0°C, x=0.30.
The concentration of cobalt(II) ion=1.16 mM

The concentration of CyDTA=11.6 mM
The concentration of uncomplexed Dien=131 mM

is a linear function of the concentration of the hydrogen
ion, [H*], and is given by:
ktapKo[X]e- (am)y
(o) < [Ex]

where [Ex] denotes [Y]; or [Me(I1)], and where (ay)y
and (ag)x are the (ag) values of CyDTA and IDA,
HIDA, NTA, EtEN, or Dien respectively, and where
the other symbols used in the equation (1) have their
usual meanings.*5% Considering that, under the present
experimental conditions (8.90<pH<9.80 in the IDA
system, 8.30<pH<9.80 in the HIDA system, 9.00<pH
<9.60 in the NTA system, 9.70<pH<10.70 in the
EtEN system, and 9.50<pH<11.0 in the Dien system),
all the metal ions are considered to exist in the form of
MX,@2-2m)+  the above experimental facts suggest that
all the substitution reactions have the following common
reaction mechanism:

MX,2-2m)+ > MX@-m)+ 4 Xm- ipn a rapid equilibrium

= ks + kﬂ'[H+] (1a)

k;
HY3- _ix MY?2- + HX1-m)+

MXe-m) o rds

ko
Y- —= MYz~ 4 Xm-
For the above reaction mechanism, Eq. (1,) can be
rewritten as:

Ktep- Ky [XTe- () v [H+]
= ko + k-
() x[B] R

where |K, is the fourth dissociation constant of CyDTA.
From the slopes and the intercepts of the linear rela-
tions between kt - K, [X]- (og)y/(0g)x [Ex] and
[H*], the kg and k, values were determined; they are
listed in Tables 1, 2, and 3. As is clear from the data
in Table 1, the rates of the substitution reactions of
CyDTA with zinc(II) complexes are much larger than

(1v)

4) M. Kodama, S. Karasawa, and T. Watanabe, ibid., 44,
1815 (1971).

5) M. Kodama, T. Sato, and S. Karasawa, ibid., 45, 2757
(1972).

6) M. Kodama and N, Oyama, ibid., 44, 2849 (1971),
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TABLE 1. RATE CONSTANTS FOR THE SUBSTITUTION
rEAcTIONS OF CyDTA wrth THE zING(II) COMPLEXES
0°C, p=0.30

System IDA HIDA NTA
ko, M-Tsec-!  2.7,x10% 2.6,x10° 7.5
kg, M-1sec-!  5.90x102 2.08x100  5.4x10-2
log Kyx 6.72 8.02 10.0
log K, 0.30 0.30 0.48
1og Koo —0.50 —0.50 ~1.0
caled 1.30 0 —2.30
Alogk |y (ks 1.029 0 —9.55
ObsCip. 1.45 0 —2.59

a) Less accurate.

TABLE 2. RATE CONSTANTS FOR THE SUBSTITUTION
reAcTioNs of CyDTA wite THE coBart(1I)
AMINOPOLYCARBOXYLATE COMPLEXES
25.0°C, u=0.30

System IDA HIDA NTA

ko, M~1sec—? — 8.2x104 8.5x10

kg, M~1sec™1 3.17x10%  2.3,x102 0.58

log Kyx 6.64 7.66 10.15

log Ky 0.30 0.30 0.48

log Ke]ec —0.50 —0.50 —1.0
caled 1.02 0 —2.81

Alog k k — 0 —2.98
°b$d{kf1 1.19 0 —2.61

TaBLeE 3. RATE CONSTANTS FOR THE SUBSTITUTION
reAcTiONs of CyDTA wite THE coBart(II)-
POLYAMINE COMPLEXES
0°C, u=0.30

System EtEN Dien
ko, M~1sec—! 8.7x105 4.3x10*
kn, M~1sec™? 4.49x10* 4.53x10°
log Kux 6.58 8.00
log Ky 0 0.30
calcd 1.12 0
Alog k k, 1.30 0
obsd {ku 1.00 0
their corresponding dissociation rates.”? This can be

explained in terms of the formation of the mixed-
ligand-complex reaction intermediates involving the
CyDTA anion. As was attempted in the substitution
reaction of EDTA or EDTAOH with the nickel(1I)
ethylenediaminemonoacetate (EDMA) complex,® we
tried to estimate the structure of the reaction inter-
mediate in the substitution reaction by comparing the
relative rate constant observed with that calculated
on the basis of the proposed reaction intermediate.
The substitution reactions of CyDTA with the zinc(1I)-
HIDA and -NTA complexes proceed at measurable
rates, but the corresponding EDTA reactions proceed

7) M. Kodama, K. Namekawa, and T. Horiuchi, This Bulletin,
to be published.

8) M. Kodama, M, Hashimoto, and T, Watanabe, ibid., 45, 2761
(1972).
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so rapidly that one can not determine their rates by
employing a conventional method. Usually, this can
be ascribed to the steric effect of the cyclohexane ring
on the substitution reaction. Generally speaking, it
is reasonable to believe that the steric hindrance which
will be encountered in the substitution reaction of
CyDTA with the zinc(II)-HIDA complex is quite
similar to that in the reaction with the zinc(II)-NTA
complex. If the above assumption is correct, one can
determine the structure of the reaction intermediate
by comparing the relative rate constants for the zinc(1I)-
HIDA and -NTA complexes with those estimated on
the basis of the proposed reaction intermediates. In
the polarographic study of zinc(II)-HIDA and -NTA
complexes in an acetate buffer solution, we found
that these complexes dissociate through the glycinate
reaction intermediate, where the leaving group is
bonded to the zinc(II) ion through the glycinate che-
late ring.” Therefore, it is natural to consider that
the HIDA and NTA anions in the reaction interme-
diates in the substitution reactions of CyDTA are
also bonded to the zinc(II) ion through the glycinate
chelate ring. As is shown by the data in Table 1,
the relative rate constants calculated with the aid of
this well-known relation: A=k Ky K, Ky Kopoof
Kyx,? on the basis of reaction intermediates given in
Fig. 4 agree well with those observed. The relative

HO\ (1 -0, (D

ON——0 _O—*\SN\—P—O
HIDA O-o a0 R
\6\
t—o
07'7/N\M\N/A/ (1)
pa O R

Fig. 4. Reaction intermediates.

rate constants calculated on the basis of the reaction
intermediates other than those shown in Fig. 4 showed
no satisfactory agreement with the observed ones.
Since it is reasonable to consider that the steric effect
brought about by the cyclohexane ring in the CyDTA
reaction of the zinc(II)-NTA complex is not different
from that of the zinc(II)-HIDA complex, the above
agreement can be said to be an indication that the
CyDTA anion in the reaction intermediate coordinates
to the zinc(II) ion through the iminodiacetate group.
In the calculation of the relative rate constants, the
formation constants determined at 20 °C were used.
Previously, we ascribed the sluggishness of the
substitution reaction of CyDTA with the nickel(II)-
HIDA complex to the steric interaction of the cyclo-
hexane ring with the hydroxyethyl group of the HIDA
anion. However, the Fisher-Hirschfelder-Taylor molec-
ular model shows that the steric interaction of the
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cyclohexane ring with the hydroxyethyl group of the
HIDA anion in the reaction intermediate is negligibly
small. Furthermore, the fact that the rates of the
reactions with zinc(II)- and cobalt(IT)-IDA complexes
can also be understood by assuming the reaction
intermediates III (Tables 1 and 2) shows that the
sluggishness of the CyDTA reaction with the metal(II)-
HIDA complex can not be ascribed solely to the above
steric interaction. For the successful formation of
I and II in Fig. 4, the approach of the CyDTA anion
to the coordination sphere and the formation of the
zinc(I1)-CyDTA bond should not be hindered by the
steric interaction between the glycinate chelate ring,
through which the leaving group is bonded to the
zinc(II) ion, and the free iminodiacetate group of
the CyDTA anion. The above steric requirement
will be satisfied completely only when the rotation of
the uncoordinated IDA group of CyDTA around the
C-N bond is not hindered. However, as is shown by
the molecular model, the cyclohexane ring in the
CyDTA anion provides a greater barrier to the rota-
tion of its uncoordinated IDA group. Therefore, the
I and IT structures can be formed, but only with some
difficulty. Thus, the slow substitution reaction of
CyDTA can be ascribed mainly to the above difficulty
encountered in the reaction-intermediate formation.
Undoubtedly, if the above steric effect of the cyclo-
hexane ring on the rate of the substitution reaction
can be neglected, the rate constant ratio between the
dissociation of the zinc(II)-HIDA complex and
its substitution reaction with CyDTA should be 10.7-58
The observed ratio was 10342, Although the dis-
sociation and substitution rates were determined at
different temperatures (25 and 0 °C respectively),
the above discrepancy can be accounted for by the
steric effect of the CyDTA anion on the substitution
reaction. Previously, we mentioned in our kinetic
study of the substitution reactions of Calmagite with
the cobalt(II) and nickel(II) aminopolycarboxylate
complexes that the reaction of the cobalt(II) complex
proceeds through a reaction intermediate with the
same structure as that in the reaction of the nickel(II)
complex. Therefore, the finding that the reaction
intermediate in the substitution reaction involving
the zinc(II) aminopolycarboxylate complex has the
same structure as that of the reaction involving
thenickel(II) complex® suggests that the substitution
reactions of CyDTA with the cobalt(II)-aminopoly-
carboxylate complexes proceed through the same
reaction intermediate as that of the zinc(II) com-
plex. In Table 2, the relative rate constant cal-
culated on the basis of the reaction intermediates in
Fig. 4, using the numerical data listed there also are
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compared with those observed. The -calculated
values agreed well with the observed ones. As in
the case of the substitution reaction of CyDTA with
the nickel(II) aminopolycarboxylate complex, the £y
value is much smaller than the £, value. Since the
protonation of the CyDTA anion bonded to the
metal(II) ion will reduce the electrostatic repulsion
between the uncoordinated carboxylate groups and
will stabilize the reaction intermediate, the fact that
the ky; value is smaller than the &, value suggests the
importance of the deprotonation of the attacking group
in the formation of the reaction intermediate. The
molecular model also shows that the protonation of
the nitrogen atom in the uncoordinated IDA group
in the CyDTA anion will provide a greater barrier to
the formation of the reaction intermediate. Thus,
the small £; value can be understood in terms of the
above barrier to the formation of the reaction inter-
mediate. In this investigation, we also dealt with
the substitution reactions of CyDTA with the cobalt(II)-
EtEN and -Dien complexes. The rate constants for
the two elementary reaction pathways are listed in
Table 3. Previously,® we reported that the substitution
reaction of EDTA with the nickel(II)-Dien complex
proceeds through the outer-sphere complex, where
the leaving Dien is bonded to the nickel(II) ion through
the ethylenediamine chelate ring. The rates of the
substitution reactions of CyDTA with the cobalt(II)-
EtEN and -Dien complexes can also be understood
by assuming an outer-sphere complex formation be-

" tween the cobalt(II) complex ion and CyDTA anion.

The rate constant ratio between the Dien and EtEN
systems, calculated on the basis of the outer-sphere
complex in which the leaving group is bonded to the
cobalt(II) ion through the ethylenediamine chelate
ring, agrees fairly well with the observed one. The
kg values for the cobalt(II)-polyamine systems are about
ten times smaller than the k, values. This factor is
clearly consistent with the relative electrostatic at-
traction of the ions concerned. Although the sub-
stitution reaction involving the cobalt(II)-EtEN com-
plex was studied at 0 °C, the £, value is nearly identical
to the characteristic rate constant for the water-loss
from the cobalt(II) aquo ion at 25 °C. In considering
the fact that the rate constant for the water loss at
0 °C must be smaller than that at 25 °C, and the fact
that the equilibrium constant for the outer-sphere
association between the cobalt(II) complex and the
CyDTA anion is larger than unity,” the above
agreement can also be taken as evidence for the water-
loss mechanism proposed for the reactions of CyDTA
with the cobalt(II)-polyamine complexes.

9) R. M. Fuoss, J. Amer. Chem. Soc., 80, 5059 (1958).






