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Summary

The kinetics of complexation of Ni'" by isocitric acid have
been studied with the stopped-flow method, at 15, 25 and
35°C, ionicstrength 0.20 M (NaClO,) and pH range 4.50—
6.35. Under our experimental conditions, two processes
are observed: the faster reaction takes place within the
millisecond time range and the slower one within a few
seconds.

A mechanism is proposed to account for the observed
behaviour. The rapid process is associated with the
complexation itself and the slow one is associated with the
deprotonation. For the latter process, the activation
energy was determined.

Introduction

Isocitrate complexes with the metallic ions, particularly of
the transition series, play a relevant role in many enzyma-
tic processes'™). Nickel(II) complexes with hydroxy-
polycarboxylic acids are relevant in plant physiology®®.

Kinetic, spectroscopic and thermodynamic inform-
ation regarding the interaction between divalent cations
and isocitric acid is scarce. To the best of our knowledge,
the only kinetic study reported in the literature involves
magnasium(Il). Proton nmr'®® and potentiometric
studies'” for cobalt(Il), manganese(Il), etc. have also been
reported.

Isocitric acid has several coordination centres, three
carboxylate groups and one OH group. The kinetics of
coordination with a metal centre could be affected by
steric hindrance. In such a case. the system would depart
from a normal or Eigen mechanism® 12,

The principal aim of this work was to elucidate the
kinetics and mechanism of complexation between Ni" and
DL-isocitric acid and the nature of the interaction
between the reactants.

Experimental

The kinetic study was carried on a Durrum D-110
stopped-flow apparatus at 15, 25 and 35°C.

Reagent grade Ni(ClO,),-6H,0 (Fluka AG), DL-
isocitric acid (Serva, Heidelberg), NaClO, (Merck) and
pH indicators (all Mallinkrodt) were employed without
further purification.

In all experiments the nickel ion concentration was
always in an excess (ten-fold) over the carboxylic acid to
maintain pseudo-first-order conditions. The concent-
ration ranged from 0.5 x 1072 t0 2.0 x 10~ 2 M. The study
was performed in a 4.50-6.35 pH range. The pH
of each solution was adjusted to the desire value before
mixing. The reported pH is that of the solution after
mixing. The absorbance changes were recorded using an
appropriate pH indicator added to the system (1
x 107% M); methyl red (pK = 5.0) and chlorophenol red
(pK = 6) were employed. The absorbance changes were
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followed at 517nm (for methyl red) or 580nm (for
chlorophenol red). The ionic strength was 02M
(NaClO,).

Stopped-flow measurements with reactants show two
processes well resolved in time. The faster process was
observed in the millisecond time range, whereas the
slower one was recorded within the second time range.
The processes show opposite absorbance changes.

No absorbance changes were recorded in blank experi-
ments with nickel(I)-indicator or carboxylic acid-
indicator.

To analyse the slow reaction, another set of experi-
ments with nickel(Il) and tricarballylic acid (Aldrich) was
carried out. No absorbance changes were recorded under
the experimental conditions employed for the nickel(II)
isocitrate system.

Results

The experimental conditions and the measured rate
constants are listed in Table 1. These results were ob-
tained form averaging at least five oscillographic records.
The deviation was usually less than 15%.

For simplicity the fast and slow processes will be
discussed separately.

Fast process

The nickel(Il) and proton concentration-dependence on
the observed rates associated with the fast process can be
interpreted in terms of the following mechanism.

ky

Ni*2+LH, & NiLH+ H* (1)
k
Ni*2 4+ LH?" 2 NiLH 2)
k
Ni*2+L3" & NiL~ 3)
LH, 2 LH2" +H* K, =525x 1073 (@)
LH2" 2 L3~ +H* K, =178 x107¢ (5)

LH;, LH?", LH?" are the different possible forms of
isocitric acid; NiLH and NiL~ are the complexes. How-
ever, in the pH range where this reaction was studied the
mechanism can be simplified, omitting step (1) which is
inconsistent with the results.

Taking into account the complexation steps (2) and (3),
the observed apparent rate constant k , pp can be written as

(6).
kAPP =k, + [Ni2+](k2 + ks'KaL/[H+])/A (6)
kapp=1In 2/t;

A=1+K,/[H"] ()

In Equation (6), k, involves the reverse reactions (2) and
(3); finally, the nickel concentration corresponds to the
analytical one.

Regrouping terms in Equation (6), an expression of the
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Table 1. Apparent rate constants for the nickel(Il) and isocitric
acid system.

pH Rapid process Slow process
[Ni] x 10°*/mol dm? t/°C
25 50 10 15 20 15 25 35

4.50 157.3
4.55 123.6
4.60 173.0 0.75
4.65 203.5 0.52
4.70 0.53
4.75 1173 3844 0.25
4.80 1027 576.7 0.52
4.85 3145 4325 4325 0.34
4,90 576.7 4943 027 036 1.00
495 1182 247.1 021 052 096
5.00 256.3 329.5 4325 601.7 0.67 0.82
5.05 346.0 024 046 0.88
510 86.5 494.3 0.35 091
5.15 2232 5323 0.14 024 0382
5.20 2662 4943 4325 0.16 023 0.58
525 1080 1977 0.17 027 0.56
5.30 4325 4613 021 023
535 138.2 314.5 576.7 0.26
540 123.6 384.4 0.14 021 0.54
545 1277 384 .4 0.25
5.50 2471 329.5 011 02t
5.55 0.18 0.55
560 1283 4613 629.0 0.13 0.18 042
5.65 0.18 0.52
5.70 407.1 407.1 0.13 0.19 044
575 160.5 3145 629.1 0.12 021 048
5.80 384.4 692.0 0.12 020 049
585 300.9 461.3 0.093 0.21
5.90 266.2 3844 0.11 0.18 0.61
595 1384 266.2 692.0 0.47
6.00 164.7 314.5 461.3 0.094 047
6.05 1573 407.1
6.10 576.7 576.7
6.15 329.5 432.5
6.20 407.1 576.7 0.12 0.15
6.25 4943
6.30 432.5
6.35 461.2
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form

F=k%+k¥/[H"]

is obtained, in which expressions (8)—(10) hold.
F=Kapp-(1 + K3/[H]) (8
kf =k, + k/[Ni**] )
k¥ = {k; +k/[Ni* "1} K5, (10)
A plot of F vs 1/[H*] is shown in Figure 1.

The intercept (k) and the stope (k%) for different total
ion concentration are listed in Table 2.

The individual rate constants k,, k; and k, were
obtained from plots of the intercepts and the slope versus
1/[Ni] are shown in Figure 2.

The values obtained were k, =2.6 x 10*moldm>s~

and k;=3.4 x 10*moldm3s~*. The values of k, lie
between 50 and 130s7 7,

1

Slow process

Under the experimental conditions reported for the fast
process, a slower reaction can be detected. This process is
independent of the ion and isocitric acid concentrations.
However, the apparent rate constant is a function of pH
only, with a linear dependence as shown in Figure 3,
where apparent rate constants (k, ,pp) measured at 15, 25
and 35°C are represented.

A possible interpretation involves deprotonation of the

Table 2. Kinetic data for observed rapid process at 25°C.

[Ni] K Kt o
x 103/moldm ™3 /s™! /st
2.5 4.24 x 10* 0.140 098
5.0 3.46 x 10* 0.143 098
10.0 292 x 10* 0.093 0.99
15.0 3.17 x 10* 0.056 0.97
20.0 2.55 x 10* 0.059 0.96

*Correlation coefficient.

Figure 1. Rapid processes: F versus 1/[H] a 25°C.
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Figure 2. Rapid prbcesses: k¥ and k¥ versus 1/[Ni}, at 25°C.
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system under study, the rate of complex formation would
be governed by the rate k.. at which the water
molecules leave the inner-ion hydration sphere® 2, This
rate for Ni"" has been measured by n.m.r.*3 and its value
is 3 x 10*s™ 144 Apart from electrostatic effects, the
global rate constant should be independent of the ligand.
Reactions (2) and (3) can be considered as composed of
the following step-by-step mechanism.

[Ni(H,0))** + LI~ 2[Ni(H,0)|L1* ™ K,  (12)

kexch

[Ni(H,0)s|LJ* ™" & [Ni(H,0); —L1* "+ H,0 (13)

L, represent LH?~ or L3~ K, is the ion-pair equilibrium
constant, which can be estimated by the well-known
Fuoss-Bjerrum Equation**®, The expected rate

25°C
15°C
Y
O
5 0 15 ‘ ‘
20 [H1x108/M

Figure 3. Slow process: k,pp versus [H] at 15°, 25° and 35°C.

complex by interaction of the carboxylic acid OH group
with the central ion.

Representing the complex forms as Ni — L and Ni= L,
the following global reaction can be considered,

k,
Ni—-L 3 Ni=L+H an
-4
Here charges have been omitted for the sake of simplicity.
This simple mechanism leads to the following ex-
pression for the observed rate constant K, , pp.

Kyarp=ks+k 4, [H'] (12)

The Arrhenius plots for the slope (k _ ;) and the intercept
{k,) are shown in Figure 4.

The obtained values for the slope and the intercepts
at these temperatures, together with the activation energy,
are listed in Table 3.

Discussion

Fast reactions (2) and (3) describe complexation steps,
where the carboxylic groups of the ligand are involved.
If the general Eigen mechanism were valid for the

constants of the Eigen mechanism are given by
Ko ken .

With the preceeding considerations, the expected rate
constants are 2.6 x 10° moldm™3s™* for reaction (2) and
1.4 x 10°moldm 3 s * for reaction (3). The K, values are
8.7 and 45.7 for reactions (2) and (3), respectively.

The experimental rates differ from the expected values
because of steric hindrance in the complex formation. In
these complexes rings of at least six members are involved.
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Figure 4. The temperature dependence of k, and k_,.
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Table 3. Kinetic data for slow process.

T/K k, k_y E, E_,
(s (mol-dm~3s™1)  (kJ/mol)

288 015 8.90 x 103

298 023 1.75 x 10* 50.0 60.7

308 0.58 471 x 10*

Itis well known that in rings of six or even seven members
steric effects are relevant®®. For reaction (3), in addition
to steric hindrance, another possible factor could be the
intramolecular hydrogen bond between the OH and one
carboxylic group in the isocitric acid*°~1%. Similar
behaviour was reported for other ligands?%-?%)., In such a
case, the global mechanism would be also controlled by
intramolecular hydrogen bonds.

The slow process can be ascribed to the deprotonation
of the complexes [represented by Ni-L in reaction (11)].
In this step, an OH group should be involved, leading to
the formation of a bond with the metal ion. This complex
form is represented by Ni= L in reaction (11).

Experiments with tricarballylic acid support these
considerations. This tricarboxylic acid does not possess
an OH group. In the presence of tricarballylic acid, no
absorbance change is observed. This allows us to reject
other possible interpretations, for if the slow reaction
involved the formation of binuclear complexes, as ob-
served for citric acid in alkaline media®?, a similar
reaction with tricarballylic acid and other hydroxy-
policarboxylic acids would be expected. However, no
evidence of binuclear complex formation has been re-
ported for similar reactions in this pH range®':2372%).

Early studies performed with nickel(IT) and malate and
tartrate®® 27 show that both form six-membered chelate
rings, with coordination through the carboxylic and
hydroxy groups. Moreover, since the interaction of the
hydroxy oxygen with the metal ion is weaker than that of
the carboxylic group, a longer bond in the latter bond has
been postulated. A pressure jump study of the nickel(1I)-
lactate complex formation®® showed that the rate-
determining step of the process is associated with the
chelation of the OH group.

All the preceding considerations support the hypo-
thesis for the slow process in the nickel ion and the
isocitrate system. The activation parameters for the
forward and reverse reactions, 50 and 60.7 kJ/mol, are
very close to the activation energies for other ligands
reported in the literature®* *®. These similarities imply
that the rate-limiting step of the observed behaviour for
isocitrate and other related ligands is governed by bond
formation between the metal ion and the oxygen atom
derived from the OH group.
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