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Complex-formation constants were determined for the reac-
tion of [Co(Me6tren)(H2O)]2+ with different pyridine- and im-
idazole-based nucleophiles, and the kinetics of these reac-
tions was studied as a function of entering ligand concentra-
tion, temperature, and pressure. The steric hindrance associ-
ated with the methyl substituents on the trigonal-
bipyramidal complex induces a sensitive control over the
substitution mechanism from dissociative for the weaker and

Introduction

The thermodynamics and kinetics of complex-formation
and ligand-substitution reactions of octahedral transition
metal complexes have been studied in much detail by many
groups, and a number of reviews have appeared on this
topic, of which a few typical examples are referenced.[1a21d]

In contrast, the formation, stability, and mechanistic behav-
iour of five-coordinate square-pyramidal or trigonal-bipyr-
amidal first-row transition metal complexes have received
significantly less attention.[2] Such five-coordinate com-
plexes can exhibit significantly different ligand substitution
behaviour since they are, in principle, able to coordinate an
additional nucleophile in the transition state. In contrast,
six-coordinate complexes usually undergo dissociative li-
gand substitution reactions. Thus, the study of their behavi-
our is of fundamental importance to the understanding of
complex-formation and ligand-substitution reactions in
general.

By way of a typical example, the introduction of a tri-
podal tetraamine ligand such as tren [tris(2-aminoethyl)-
amine] into the coordination sphere of copper(II) leads to
the formation of a trigonal-bipyramidal complex, [Cu(tren)-
(H2O)]21. This complex exhibits significantly slower water-
exchange and complex-formation reactions than the parent
[Cu(H2O)6]21 ion due to the absence of Jahn2Teller distor-
tion.[3,4] Not only are the reactions much slower, their
mechanism has also changed from the Id to the Ia type as
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more bulky entering nucleophiles, to associative for the
stronger and less bulky nucleophiles. A changeover in mech-
anism can be observed as a function of nucleophile concen-
tration, in the case of 2-MeImH as the entering ligand. The
mechanistic assignments are based on the observed rate
laws, and the activation parameters determined under limit-
ing concentration conditions.

clearly indicated by the significantly different volumes of
activation reported for these reactions.[3,4] Furthermore, the
mechanistic behaviour of these complexes can be systemat-
ically tuned by the introduction of steric hindrance on the
tripodal ligand, viz. tren, trimethylated (Me3tren, i.e. one
methylation per primary amine group of tren) and hexa-
methylated tren (Me6tren, i.e. fully methylated primary
amine groups).[5] The substitution reactions of
[Cu(Me3tren)(H2O)]21 are more than two orders of magni-
tude slower than those of [Cu(tren)(H2O)]21, but still follow
an Ia mechanism. However, in the case of the
[Cu(Me6tren)(H2O)]21 complex, a further decrease in the
substitution rate and a changeover back to a dissociative
reaction mechanism is observed. Only at high entering nu-
cleophile concentrations, could evidence for a parallel asso-
ciative reaction path be observed.[5] The introduction of
steric hindrance on the tripodal tetraamine chelate controls
the substitution behaviour of these complexes, and the ex-
tension of the chelate rings from ethyl to propyl causes a
geometric changeover from trigonal-bipyramidal to square-
pyramidal which is accompanied by a change in lability.[6]

Based on this experience, we have begun a study on the
corresponding behaviour of cobalt(II) complexes. Our in-
terest lies in the activation of dioxygen reported for the
[Co(tren)(H2O)]21 complex [7] and the details of the under-
lying reaction mechanism, which can then be compared
with that previously found for an octahedral cobalt(II)
complex.[8] However, since the activation of dioxygen in
general involves the combination of ligand substitution and
subsequent redox processes, it is at first essential to under-
stand the ligand substitution behaviour of these systems.
Due to the extreme oxygen sensitivity of the
[Co(tren)(H2O)]21 complex,[7] we first turned to the almost
oxygen-insensitive [Co(Me6tren)(H2O)]21 complex and
studied its complex-formation reactions in more detail. The
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results of this study show that the ligand-substitution mech-
anism can be controlled by the concentration and nucleo-
philicity of the entering ligand.

Results and Discussion

Determination of Complex-Formation Constants

The stability constant (log K) of the cobalt(II) complex
with the chelate Me6tren is 8.53, which is smaller than that
of the corresponding copper(II) complex (viz. 15.65), and
the pKa of the corresponding aqua complex, [Co-
(Me6tren)(H2O)]21, is 8.6.[9]

The complex-formation constants for substitution of
water on [Co(Me6tren)(H2O)]21 by pyridine, 4-methylpyrid-
ine, and imidazole were determined in the following man-
ner. The complex concentration was kept constant at
3.4·1023  and different concentrations of the ligands L
were added.

[Co(Me6tren)(H2O)]21 1 L v [Co(Me6tren)(L)]21 1 H2O K

On increasing the ligand concentration, the characteristic
peak at 470 nm is incrementally reduced and almost disap-
pears completely at high ligand concentrations. A typical
example of the spectral changes observed for the substitu-
tion reaction with ImH is shown in Figure 1. The spectra
in general show clean isosbestic points at low entering nu-
cleophile concentrations, but a shift in isosbestic points oc-
cur at high added nucleophile concentrations. In the case of
the reaction with ImH this effect is not very strong, but in
the case of the reaction with 4-Mepy the deviations in isos-
bestic points are very significant. This indicates that differ-
ent substitution products, in which the Me6tren ligand is
displaced in a stepwise manner by the entering nucleophile,
can be formed depending on the concentration and nature
of the added nucleophile. In fact it was possible to isolate
and characterise [Co(L)4(H2O)2](ClO4)2 (L 5 4-MePy) and
[Co(L)6](ClO4)2 (L 5 ImH) as reaction products at high
concentrations of 4-Mepy and ImH (see Experimental Sec-

Figure 1. Absorption spectra for the complex formation between
[Co(Me6tren)(H2O)]21 and ImH ([ImH] from 0.0 to 0.18 ) at 25.0
°C, pH 5 7.92 6 0.02, I 5 0.2 , 0.05  Tris buffer, [CoII] 5
3.21·1023 
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Figure 2. Absorbance at 470 nm versus concentration of ImH for
the reaction of [Co(Me6tren)(H2O)]21 with ImH at 25.0 °C, pH 5
7.92 6 0.02, I 5 1.0 , 0.05  Tris buffer, [CoII] 5 3.21·1023 

tion). From the molar conductivity measurements it is clear
that the two isolated complexes are 2:1 electrolytes. The plot
of absorbance at 470 nm versus ligand concentration for the
reaction with ImH is shown in Figure 2. The latter data
were used to estimate the complex-formation constant (K)
in the usual manner.[10] Plots of log{(Ax 2 Ai)/(A~ 2 Ax)}
versus log[nucleophile] showed a linear dependence with
unity slope at low nucleophile concentrations, but devi-
ations occurred at higher concentrations due to the forma-
tion of 1:2 and higher substituted complexes.

The 1:1 complex-formation constants for pyridine (py),
4-methylpyridine (4-Mepy), and imidazole (ImH) were
found to be 1.0 6 0.3 , 1.8 6 0.4, and 7.4 6 1.8 21 at 25
°C, respectively. A plot of the complex-formation constants
(log K) versus the pKa values of the ligands is shown in
Figure 3. It can be seen that log K increases linearly with
increasing pKa, which is consistent with that expected in
terms of the basicity of the entering nucleophiles. Such lin-
ear correlations between log K and pKa have also been re-
ported in the literature.[11]

Figure 3. Plot of log K (from thermodynamic method) versus pKa
of the ligands for the reaction between [Co(Me6tren)(H2O)]21 and
Py, 4-MePy, and ImH
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A comparison of the K value for the formation of the

pyridine complex, viz. 1.0 6 0.3 21, with that for the cor-
responding [Cu(Me6tren)(H2O)]21 complex, viz. 6.6 6 0.3
21,[5] indicates that the copper(II) complex is more stable.
This is in agreement with the higher stability constant (log
K) reported for [Cu(Me6tren)(H2O)]21 as compared with
that for [Co(Me6tren)(H2O)]21, viz. 15.65 and 8.53, respec-
tively.[9]

Kinetic Analysis

Preliminary Observations

Preliminary kinetic experiments for the reaction of
[Co(Me6tren)(H2O)21] with the selected organic bases at a
pH , 7.9, revealed kinetic traces in the absence of an added
nucleophile as a result of the dilution of the complex solu-
tion in the stopped-flow instrument. This effect could be
correlated with the dissociation of the complex on dilution.
For this reason all kinetic measurements were performed at
pH 5 7.9 where this effect is negligible. Under this condi-
tion a small fraction of the complex exists in the inert hy-
droxo form due to the pKa value of 8.6. Further experi-
ments demonstrated that the observed pseudo first-order
rate constants measured in the presence of an excess of the
nucleophile also depended on the concentration of the co-
balt(II) complex; the effect being much stronger at lower
pH due to the partial dissociation of the complex under
such conditions. All kinetic measurements were therefore
performed at a fixed cobalt(II) concentration and a pH of
7.9.

Reactions of Pyridine and 4-Methylpyridine with
[Co(Me6tren)(H2O)]21

The reactions of pyridine and 4-methylpyridine with
[Co(Me6tren)(H2O)]21 are very similar. Kinetic measure-
ments on the reaction were performed using total ligand
concentrations in the range of 0.0521.5  at a pH 5 7.92
and ionic strength of 1.0  (NaClO4), and thus always at
least in 10-fold excess of the [Co(Me6tren)(H2O)]21 concen-
tration. When kobs is plotted versus the entering ligand con-
centration, kobs decreases with increasing ligand concentra-
tion over the whole ligand concentration range (see Figure 4
and Figure 5). This is very characteristic for a dissociative
mechanism involving an efficient back reaction. A similar
nucleophile concentration dependence has been reported
for several reversible dissociative ligand substitution reac-
tions in the literature.[12a212e] However, it should be noted
that the observed trends differ significantly from that ob-
served for the substitution reaction of [Cu-
(Me6tren)(H2O)]21 with pyridine [4] (see further Discus-
sion).
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Figure 4. Kinetic data for the reaction of [Co(Me6tren)(H2O)]21

with pyridine at 25°C, pH 5 7.92 6 0.02, I 5 1.0 , 0.05  Tris
buffer, [CoII] 5 3.61·1023 

Figure 5. Kinetic data for the reaction of [Co(Me6tren)(H2O)]21

with 4-MePy at 25.0 °C, pH 5 7.92 6 0.02, I 5 1.0 , 0.05  Tris
buffer, [CoII] 5 3.2·1023 

On the basis of the observed kinetics, we propose the
following reversible two-step mechanism [Equation (1) and
Equation (2)].

[Co(Me6tren)(H2O)]21
v [Co(Me6tren)]21 1 H2O k1, k21 (1)

[Co(Me6tren)]21 1 L v [Co(Me6tren)(L)]21 k2, k22 (2)

(L 5 Py and 4-MePy) The rate law for this mechanism can
be expressed as shown in Equation (3).

kobs 5 (k1k2[L] 1 k21k22)/(k21 1 k2[L]) (3)

A non-linear least-squares fit of the data according to
Equation (3) reveals that k1 5 0.0076 6 0.0025 s21, k22 5
0.094 6 0.015 s21, and k2/k21 5 18 6 6 21 for pyridine,
and those for 4-methylpyridine are k1 5 0.0066 6 0.0009
s21, k22 5 0.0776 0.004 s21, and k2/k21 5 24 6 2 21 at
25 °C. Thus the complex-formation constant K (5 k1k2/
k21k22) from the kinetic data for the reaction with pyridine
is 1.5 6 0.7 21 and that for 4-methylpyridine is 2.1 6 0.3
21, whereas the formation constant from the thermody-
namic measurements are 1.0 6 0.3 and 1.8 6 0.4 21, re-
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spectively. It follows that the data from the two independent
methods are similar within the experimental error limits.

The temperature dependence of the substitution reactions
of [Co(Me6tren)(H2O)]21 with pyridine and 4-methylpyri-
dine was studied under limiting conditions at pyridine and
4-methylpyridine concentrations of 1.0 and 1.105 , re-
spectively, i.e. where kobs reaches a minimum and kobs ø k1.
The results are summarised in Table 1, from which it fol-
lows that the activation enthalpy and activation entropy are
74 6 4 kJ mol21 and 235 6 12 J K21 mol21 for the reac-
tion with pyridine, and 71 6 2 kJ mol21 and 247 6 5 J
K21 mol21, respectively, for substitution by 4-methylpyrid-
ine. Both the activation entropies are negative and are not
in line with the concept of a limiting dissociative mechan-
ism as suggested by the observed rate law. This is not un-
usual since activation entropies are inherently subjected to
large error limits as a result of the way in which they are
determined, viz. by extrapolation of rate constants meas-
ured over a limited temperature range to 1/T 5 0. For this
reason the effect of pressure on the reaction with 4-methyl-
pyridine was studied under similar experimental conditions.
It was, however, difficult to obtain accurate data due to tur-
bidity problems that occurred during mixing in the high-
pressure stopped-flow system (see Experimental Section).
For this reason the ionic strength of the solutions was de-
creased to almost zero and the temperature was raised to
45.0 6 0.1 °C, which significantly improved the quality of
the data. The results indicate that the observed rate con-
stant (practically k1) decreases with increasing pressure. The
average activation volume calculated from the slope of ln(k)
versus pressure (5 2∆V?/RT) for four series of measure-
ments is 115 6 7 cm3 mol21. The large error limits is a
result of the unfavourable time scale of the reaction and the
small absorbance change associated with the reaction under
these conditions. The value in principle supports the opera-
tion of a dissociative mechanism.

Table 1. Kinetic data for the substitution of [Co(Me6tren)(H2O)]21 by an organic ligand L at pH 5 7.92 6 0.02, 0.05  Tris buffer and
I 5 1.0 

Ligand (L) Temp. [°C] kobs [s21] ∆H? [kJ mol21] and ∆S? [J mol21 K21]

Pyridine 20.0 0.006 6 3.0E24 ∆H? 5 74 6 4
[Py] 5 1.0  25.0 0.01131 6 2.9E24 ∆S? 5 235 6 12

30.0 0.0158 6 7.0E24
35.0 0.0277 6 2.0E24
40.0 0.0471 6 5.0E24

4-Methylpyridine 20.0 0.00575 6 1.9E24 ∆H? 5 71 6 2
[4-MePy] 5 1.105  25.0 0.009152 6 3.1E24 ∆S? 5 247 6 5

30.0 0.01536 6 1.9E24
35.0 0.02552 6 7.6E25
40.0 0.0378 6 6.2E24

Imidazole[a] 15.0 0.02935 6 1.0E23 ∆H? 5 59 6 1
[ImH] 5 0.0964  20.0 0.04287 6 3.2E23 ∆S? 5 271 6 4

25.0 0.06872 6 4.4E24
30.0 0.09986 6 3.6E24
35.0 0.1524 6 7.4E24

[ImH] 5 0.5  15.0 0.3056 6 1.0E23 ∆H? 5 48 6 1
20.0 0.4311 6 3.2E23 ∆S? 5 287 6 4
25.0 0.5845 6 3.8E23
30.0 0.8404 6 9.1E23
35.0 1.224 6 6.0E22

[a] I 5 0.2 .
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Reaction of Imidazole with [Co(Me6tren)(H2O)]21

The kinetics of the substitution reaction of
[Co(Me6tren)(H2O)]21 with imidazole differed significantly
from that reported above for pyridine and 4-methylpyridine.
When kobs is plotted versus the ligand concentration (see
Figure 6), it is clear that kobs increases linearly with increas-
ing imidazole concentration in the lower concentration
range, but increases almost exponentially in the higher con-
centration range. The data can be interpreted in terms of a
two-step associative substitution mechanism in which imid-
azole first displaces the coordinated water molecule in
Equation (4), followed by either the binding of a second
imidazole molecule to form a six-coordinate complex, or
the stepwise dechelation of the Me6tren ligand to form a
five-coordinate disubstituted product in Equation (5).

Figure 6. Kinetic data for the reaction of [Co(Me6tren)(H2O)]21

with ImH at 25.0 °C, pH 5 7.92 6 0.02, I 5 0.2 , 0.05  Tris
buffer, [CoII] 5 3.21·1023 

On the basis of these arguments we propose the following
mechanism for the substitution of [Co(Me6tren)(H2O)]21

by imidazole (ImH).
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[Co(Me6tren)(H2O)]21 1 ImH v

(4)
[Co(Me6tren)(ImH)]21 1 H2O k3, k23

[Co(Me6tren)(ImH)]21 1 ImH R
(5)

[Co(Me6tren)(ImH)2]21 k4

This leads to rate law (6) for the formation of the substi-
tution products:

kobs 5 k23 1 k3[ImH] 1 (k4k3/k23)[ImH]2 (6)

At lower concentrations of ImH, the rate law Equa-
tion (6) reduces to

kobs 5 k23 1 k3[ImH] (7)

At higher concentrations of ImH, the rate law Equa-
tion (6) can be rewritten as

(kobs 2 k23)/[ImH] 5 k3 1 (k4k3/k23)[ImH] (8)

k23 can be obtained directly from the plot of kobs versus
[ImH] at lower concentrations (Figure 6), and all other rate
constants can then be obtained from the plot of (kobs 2
k23)/[ImH] versus [ImH] for all the data points (see Fig-
ure 7). This results in k23 5 0.031 6 0.002 s21, k3 5 0.27
6 0.03 21 s21, and k4(k3/k23) 5 1.46 6 0.08 22 s21,
from which it follows that k4 ø 0.17 6 0.02 21 s21, i.e.
ca. two times as slow as k3. These data account for the
initial linear dependence of kobs on the imidazole concentra-
tion in the lower concentration range and the exponential
behaviour due to the contribution of the second-order term
in imidazole concentration at higher concentrations.

Figure 7. Fit of the kinetic data for the reaction of
[Co(Me6tren)(H2O)]21 with ImH according to Equation (8) at 25.0
°C, pH 5 7.92 6 0.02, I 5 0.2 , 0.05  Tris buffer, [CoII] 5
3.21·1023 

The temperature dependence of the reaction was studied
at imidazole concentrations of 0.096 and 0.50 , in order
to cover the low and high concentration ranges, respectively.
The results are included in Table 1 and the activation en-
thalpies are 48 6 1 and 59 6 1 kJ mol21, respectively. The
significantly negative activation entropies of 287 6 4 and
271 6 4 J K21 mol21, respectively, support the associative
nature of the substitution process. The effect of pressure on
the reaction was studied at an imidazole concentration of
0.16 , and the pressure dependence of kobs (see Figure 8)
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results in a ∆V? value of 22.61 6 0.07 cm3 mol21. This
small and negative value suggests that substitution by imid-
azole follows an associative interchange (Ia) mechanism.[3]

Figure 8. High pressure kinetic data for the reaction between
[Co(Me6tren)(H2O)]21 and ImH at 25.0 °C, pH 5 7.92 6 0.02, I 5
0.2 , 0.05  Tris buffer, [CoII] 5 3.21·1023  and [ImH] 5 0.16 

Reaction of 2-Methylimidazole with [Co(Me6tren)(H2O)]21

The reaction of 2-methylimidazole with [Co(Me6tren)-
(H2O)]21 is again different from that reported above for the
reactions with pyridine, 4-methylpyridine and imidazole. In
this case a combination of the dependencies reported in
Figures 4 to 6 is observed. When kobs is plotted versus the
2-methylimidazole concentration, it first decreases with in-
creasing 2-methylimidazole concentration in the lower con-
centration range, and then increases with increasing concen-
tration in the higher concentration range (see Figure 9). kobs

passes through a minimum at a 2-methylimidazole concen-
tration of ca. 0.2  and then depends linearly on the 2-
methylimidazole concentration as shown in Figure 9. This
concentration dependence is very similar to that reported
for the substitution reaction of [Cu(Me6tren)(H2O)]21 with
pyridine.[4] According to the literature and the results re-
ported above, we propose the following mechanism for the
substitution reaction of [Co(Me6tren)(H2O)]21 with 2-
methylimidazole.

Figure 9. Kinetic data for the reaction of [Co(Me6tren)(H2O)]21

with 2-MeImH at 25.0 °C, pH 5 7.92 6 0.02, I 5 1.0 , 0.05 
Tris buffer, [CoII] 5 3.23·1023 
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The mechanism consists of two parallel competing reac-

tion paths. The displacement of coordinated water proceeds
according to a dissociative mechanism that results in a rate
law similar to Equation (3), and can account for the de-
crease in kobs with increasing 2-methylimidazole concentra-
tion. The parallel dechelation reaction path can exhibit a
linear dependence on the 2-methylimidazole concentration
similar to Equation (7), with an intercept for the reverse
reaction under conditions where dechelation is a pre-equi-
librium step. The combination of these concentration de-
pendencies will result in the curved dependence observed in
Figure 9. At low 2-methylimidazole concentration the reac-
tion will proceed mainly by the displacement of coordinated
water, whereas at higher 2-methylimidazole concentration
the parallel dechelation path will become more important
since a linear concentration dependence is exhibited. The
reactions can be summarised as described below.

At lower concentrations of 2-MeImH

[Co(Me6tren)(H2O)]21
v [Co(Me6tren)]21 1 H2O k1, k21 (1)

[Co(Me6tren)]21 1 L v [Co(Me6tren)(L)]21 k2, k22 (2)

(L 5 2-MeImH)

The rate law is the same as given in Equation (3). At
higher concentrations of 2-methylimidazole a significant
contribution of the parallel associative displacement of the
Me6tren chelate, involving a dechelation pre-equilibrium, is
suggested to account for the observed data [Equation (9)
and Equation (10)].

[Co(Me6tren)(H2O)]21
v [Co(Me6tren9)(H2O)] 21 K5 (9)

[Co(Me6tren9)(H2O)]21 1 L R
(10)

[Co(Me6tren9)(H2O)(L)]21 k6

(Me6tren9 represents 3-coordinated Me6tren; L 5 2-Me-
ImH) This mechanism leads to the rate law kobs 5
k6K5[L], and combined with Equation (3) results in the
combined rate law

kobs 5 (k1k2[L] 1 k21k22)/(k21 1 k2[L]) 1 k6K5[L] (11)

At high concentrations of 2-MeImH, Equation (11) re-
duces to

kobs 5 k1 1 k6K5[L] (12)

From a fit of the data in Figure 10 (a) using Equation (3),
k1 5 0.012 6 0.006 s21, k22 5 0.12 6 0.04 s21 and k2/
k21 5 37 6 23 ₄1. With these values and using k1k2/k21 5
0.42 21 s21, the experimental data in Figure 9 were fitted
to Equation (11), which resulted in k1 5 0.007 6 0.001 s21,
k22 5 0.18 6 0.03 21 s21, k2/k21 5 60 6 10 21, and
k6K5 5 0.014 6 0.001 21 s21. From a fit of the higher
concentration data in Figure 10 (b) using Equation (12),
k1 5 0.0076 6 0.0010 s21 and k6K5 5 0.0158 6 0.001 21

s21. It follows that the experimental data reported in Fig-
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ure 9 is well described by the mechanism outlined in the
reactions represented by Equations (1), (2), (9), and (10).

(b)

Figure 10. Fit of the kinetic data reported for the reaction of
[Co(Me6tren)(H2O)]21 with 2-MeImH in Figure 9; (a) for data at
[2-MeImH] , 0.3 ; (b) for data at [2-MeImH] from 0.5 to 1.6 

Overall Comparison of Kinetic Data

According to the kinetic data for the substitution reac-
tion of [Co(Me6tren)(H2O)21] with pyridine and 4-methyl-
pyridine, the reactions proceed according to a dissociative
mechanism, which is controlled by the release of H2O, i.e.
k1. The limiting rate constants reached at high nucleophile
concentrations represent k1 and are indeed close for the two
ligands studied (0.0076 s21 for pyridine as compared with
0.0066 s21 for 4-methylpyridine). On increasing the nucleo-
philicity, the substitution reaction with imidazole shows an
associative character, and a second imidazole ligand can en-
ter the coordination sphere at high ligand concentration.

The steric hindrance associated with 2-methylimidazole
prevents an associative reaction at low ligand concentra-
tion, and evidence for a dissociative reaction is observed.
On increasing the ligand concentration further, a concentra-
tion range is reached where an associative process contrib-
utes to the overall reaction sequence. Again it can be seen
that the limiting (minimum) value reached is that for k1
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(viz. 0.008 s21), which is close to that found for pyridine
and 4-methylpyridine, and is consistent with the same rate-
determining step.

For the substitution reaction with imidazole, k3 (viz. 0.27
21 s21) is larger than k4 (viz. 0.17 21 s21), which is in
agreement with the difficulty of the second imidazole mole-
cule in entering the coordination sphere. By way of compar-
ison, the second-order rate constant for the reaction with 2-
methylimidazole, viz. k6K5 5 0.014 21 s21, is significantly
smaller presumably due to steric reasons.

Within the context of a limiting dissociative mechanism,
the entering nucleophile must compete with the solvent for
the intermediate [Co(Me6tren)] species, as expressed by the
ratio k2/k21. This ratio increases from pyridine (18 21), to
4-methylpyridine (24 21), to 2-methylimidazole (60 21),
which follows the order of the increase in nucleophilicity of
the ligands.

For the aquation of the substituted complex, it can be
seen that k22 for pyridine (viz. 0.09 s21) is similar to that
for 4-methylpyridine (viz. 0.08 s21), and both are larger
than the corresponding data (k23) for imidazole (viz. 0.031
s21), which is again consistent with the order of nucleophil-
icity of the ligands. These values are all smaller than that
for 2-methylimidazole (viz. 0.18 s21), which can be ascribed
to the steric hindrance associated with the 2-methylimid-
azole ligand which will accelerate the aquation of the com-
plex.

For the complex-formation constants K, there is a small
difference between the thermodynamically and kinetically
determined values. For the ligands pyridine, 4-methylpyri-
dine and imidazole, Ktd is 1.0, 1.8, and 7.4 21, respectively,
whereas Kkin for these ligands is 1.5, 2.1, and 8.7 21, re-
spectively. It can be seen that the values of K from the ther-
modynamic analysis are slightly smaller than those from the
kinetic treatment, but are in good agreement considering
the error limits involved.

Conclusions

The results of this study have demonstrated how the na-
ture and mechanism of ligand substitution reactions of
[Co(Me6tren)(H2O)]21 can be controlled in a rather sensi-
tive manner by the nature, concentration, and nucleophilic-
ity of the entering ligand. We are presently in the process
of extending this study systematically to the substitution
behaviour of the sterically less hindered and more oxygen-
sensitive [Co(Me3tren)(H2O)]21 and [Co(tren)(H2O)]21

complexes. Finally, we plan to investigate the activation of
dioxygen by both complexes in more detail.

Experimental Section

Materials: The compounds used were of commercially available re-
agent quality (Acros), except for the preparation reported below.
Ultra pure water was used for the preparation of the aqueous solu-
tions. WARNING: Perchlorate salts are potentially explosive; they
should be handled in small amounts and with caution! 2 The ligand
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Me6tren was prepared according to a literature method and charac-
terised by 13C and 1H NMR spectroscopy.[13] The spectra were in
agreement with those reported in the literature.[13] [Co(Me6tren)]-
(ClO4)2 was prepared according to the literature and characterised
by elemental analysis and spectral data.[14] Solutions of the com-
plex for the thermodynamic and kinetic studies were prepared by
dissolving the solid product in the buffer (0.05  Tris and pH ø
7.9) [I 5 1.0  for reactions with pyridine, 4-methylpyridine and 2-
methylimidazole; and I 5 0.2  for imidazole (NaClO4)], adding
50% excess of the Me6tren chelate to stabilise the complex, and
adjusting the final pH of the solution with 1.0  HClO4 to 7.92
6 0.02.

Physical Measurements: Conductance measurements were made
with a HANNA instrument HI1281 at room temperature. 2 Elec-
tronic spectra were measured with a Shimadzu 240 spectrophoto-
meter. 2 IR spectra were recorded with an ATJ Mattson FT-IR
60 AR spectrophotometer in KBr pellets in the 40002400 cm21

range. 2 ESR spectra were recorded with a Bruker DXP 300 AV-
ANCE spectrometer.

Characterisation of [Co(L)4(H2O)2](ClO4)2 (L 5 4-MePy) and
[Co(L)6](ClO4)2 (L 5 ImH): In the study of the complex-formation
reactions in the presence of a large excess of entering nucleophile,
precipitates were formed during the reaction of
[Co(Me6tren)(H2O)]21 with 4-methylpyridine and imidazole. These
were isolated and characterised.

[Co(4-MePy)4(H2O)2](ClO4)2: C24H32Cl2CoN4O10 (666.4): calcd. C
43.26, H 4.84, N 8.41; found C 43.11; H 4.49, N 8.07. 2 Molar
conductivity: 124 cm2/ohm mol (DMF, 1.03·1023 , 25 °C). 2 151
cm2/ohm mol [CH3CH2NO2, 4.4·1023 , 25 °C, ref.[15] 1572201
cm2/ohm mol for Co(4-MePy)4(ClO4)2]. 2 Electronic spectrum (in
CHCl2/CHCl3, 1:1): λ (ε) 5 20700 (sh), 19700 (600) [ref.[15]

18000223000 cm21 two peaks in CH2Cl2 for Co(4-MePy)4(ClO4)2;
18900 (sh), 17900 (611) in CHCl2/CHCL3 (1:1) for Co(4-Me-
Py)4(PF6)2

[16]]. 2 IR (cm21): ν̃ 5 630, 935, 1018, 1092, 1111, 1141
[for ν(ClO4

2), ref.[17] 625, 925, 1020, 11371]; 1231, 1505, 1618 [for
ν(4-MePy), ref.[16] 1240, 1511, 1622]; 3434 [br. for ν(H2O)]. 2 ESR:
g 5 4.25.

[Co(ImH)6](ClO4)2: C18H24Cl2CoN12O8 (666.3): calcd. C 32.47, H
3.63, N 25.25; found C 32.47, H 3.50, N 25.42. 2 Molar conduc-
tivity: 154 cm2/ohm mol (DMF, 1.0·1023 , 25 °C); 150 cm2/ohm
mol (CH3CH2NO2, 6.0·1023 , 25 °C, ref.[18] 180 cm2/ohm mol, 23
°C). 2 Electronic spectrum (in DMF with 10% excess ImH): λ
(ε) 5 20120 (25), 18940 (sh) cm21 [ref.[18] 20230 (20), 18900 (sh)
cm21]. 2 IR (cm21): ν̃ 5 1057, 1089, 1115 [for ν(ClO4

2), ref.[18]

100021120 vs)]; 938, 1537, 3149, 3368 [for ν(NH), ref.[18] 935, 1530,
3100, 3300]. 2 ESR: g 5 4.15 {ref.[19] 4.20 for [Co(ImH)6](NO3)2}.

Methods

Thermodynamic Studies: Spectral and thermodynamic measure-
ments were carried out at 25.0 6 0.1 °C in 0.05  Tris buffer and
1.0  NaClO4 for pyridine and 4-methylpyridine, and 0.2  Na-
ClO4 for imidazole. UV/Vis spectra were recorded with a Varian
Cary 5 spectrophotometer using a 1-cm quartz cuvette. The pH of
the solutions was measured by employing a Mettler Delta pH meter
with a Mettler Toledo Inlab 412 combined glass electrode. The elec-
trode calibration for the H1 concentration was such that pH is
defined as 2log[H1]. All test solutions were kept under nitrogen.
Details on the experimental method and treatment of the data have
been reported before.[20,21]

Kinetic Studies: An Applied Photophysics, Model SX 18MV,
stopped-flow spectrophotometer with an observation path length



Z.-L. Lu, M. S. A. Hamza, R. van EldikFULL PAPER
of 1.0 cm was used to monitor the kinetics of the substitution reac-
tion of [Co(Me6tren)](ClO4)2 with organic bases at ambient pres-
sure. In each case the pH values of the complex and ligand solu-
tions were adjusted to 7.92 6 0.02 using 0.05  Tris and HClO4.
The ionic strength was kept constant at 1.0  (NaClO4) for the
reactions with pyridine, 4-methylpyridine, and 2-methylimidazole,
and at 0.2  for the reaction with imidazole. Temperature control
was achieved by circulation of a thermostated fluid (25.0 6 0.1 °C).
The substitution kinetics were monitored at 470 nm, and kinetic
traces as a function of concentration and temperature were re-
corded with an online computer and subsequently processed to
yield kinetic parameters using the OLIS KINFIT program (Bogart,
GA). A minimum of at least five kinetic traces were recorded for
each set of experimental conditions. The kinetic traces fitted well to
a single exponential function. 2 Kinetic measurements at elevated
pressure for the substitution reactions of [Co(Me6tren)(H2O)]21

with imidazole and 4-methylpyridine were performed with a home-
built stopped-flow unit which can be immersed in a high-pressure
chamber.[22] For the reaction with imidazole, the solutions were
identical to those used in the ambient pressure experiments and the
monitoring wavelength was 470 nm. The temperature was con-
trolled by circulation of a thermostated fluid at 25.0 6 0.1 °C.
For the reaction with 4-methylpyridine, the ionic strength of the
solutions was reduced to almost zero and the temperature was in-
creased to 45.0 6 0.1 °C in order to prevent turbidity problems
encountered during the mixing of concentrated solutions. The ki-
netic data was also checked under ambient conditions at low ionic
strength, in order to justify the selected conditions.
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