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The ligand substitution reactions of trans-
[CoIII(en)2(Me)H2O]2+ and trans-[CoIII(en)2(Me)NH3]2+ were
studied for CN−, SCN−, N3

−, and NH3 as entering nucleo-
philes. These nucleophiles displace the coordinated H2O and
NH3 molecules trans to the methyl group and form the six-
coordinate complex trans-[Co(en)2(Me)L]. The complex-
formation constant for the displacement of H2O by NH3 was
found to be 17.4 ± 1.1 M−1 at 20 °C, and those for the displace-
ment of NH3 by SCN− and N3

− were found to be 4.4 ± 1.5
and 3.1 ± 0.4 at 10 °C, respectively. From temperature and
pressure dependence studies, activation parameters (∆H?,
∆S? and ∆V?) for the reaction of trans-[CoIII(en)2(Me)H2O]2+

Introduction

Model complexes for vitamin B12 have played an import-
ant role in understanding the behavior of the ligand substi-
tion reactions of vitamin B12 and the role of the Co2C
bond in the coenzyme vitamin B12.[1,2] Many octahedral or-
ganometallic complexes of CoIII, such as cobaloxime[2210]

and Costa’s complex[11] (a mixed Schiff base/oxime complex
with a uni-negative N4 equatorial ligand), those with a
Schiff base,[12,13] N,N9-ethylenebis(actylacetoneiminato),[14]

N,N9-ethylenebis(salicylideneiminato)[15] and the dianion of
disalicylidene-O-phenylenediamine[15] as ligands, have been
suggested as models for the vitamin B12 coenzyme, to mimic
either the nature of the active site or a specific function of
the enzyme. These model complexes have shown that the
ligand in the trans position to the Co2C bond can affect
the kinetics and thermodynamic stability of this bond.[16]

We recently studied the reaction of cyanide with different
alkylcobalamins (RCbl, where R5 CF3, CF3CH2, CF2H,
CH3, CH2Br) and found that the nature of the alkyl group
has an influence on the thermodynamic equilibrium con-
stants, kinetics and mechanism of the substitution reactions
of the axial ligand trans to the alkyl group.[17]
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with NH3 were found to be 62 ± 1 kJ mol−1, +3 ± 5 J K−1 mol−1

and +5.7 ± 0.3 cm3 mol−1, respectively, compared to 79 ± 2 kJ
mol−1, +40 ± 6 J K−1 mol−1 and +9.0 ± 0.4 cm3 mol−1 for the
reverse aquation reaction of trans-[CoIII(en)2(Me)NH3]2+.
Based on the reported kinetic and activation parameters, the
substitution of coordinated H2O by NH3 follows an Id mech-
anism in which the entering nucleophile participates in the
transition state. The substitution of NH3 by SCN−, N3

− and
CN− proceeds via the intermediate aqua complex such that
aquation of the amine complex becomes the rate-determin-
ing step at high entering ligand concentration. A detailed
comparison with available data in the literature is made.

The simplest model for coenzyme B12 was synthesized
by Kofod in 1995[18] and consists of a CoIII metal center
surrounded by five ammine groups and one methyl group
as ligands. This complex is only stable in aqueous solution
in the presence of a high ammonia concentration (ca. 3 ).
We recently suggested that the [Co(NH3)5(Me)]21 cation is
not favored in being used as a model for vitamin B12 due
to the necessary presence of a high ammonia concentration
and the unfavorable pH.[19] [Co(NH3)5(Me)]21 undergoes a
rapid ligand substitution reaction with ethylenediamine (en)
to form cis-[Co(en)2(Me)NH3]21, which slowly isomerizes
to the more stable and isolable trans isomer.[19] The kinetic
and activation parameters for the displacement of the four
ammonia ligands by two ethylenediamine (en) chelates con-
firmed the operation of a limiting dissociative reaction
mechanism under limiting concentration conditions. The
activation parameters also confirmed the operation of a dis-
sociative mechanism for the subsequent cis to trans iso-
merization reaction.

A potential advantage of the planar bis(ethylenediamine)
arrangement around the CoIII center is the flexibility of the
chelates, an aspect that has been suggested to be important
for the biological activity of the coenzyme.[20] We studied
the ligand substitution reactions of trans-
[CoIII(en)2(Me)H2O]21 with CN2 and imidazole. Activa-
tion parameters (∆H?, ∆S? and ∆V?) for the reaction of
trans-[CoIII(en)2(Me)H2O]21 with cyanide were found to be
49 6 4 kJ mol21, 238 6 15 J K21 mol21 and 17.0 6 0.6



Ligand Substitution Reactions of a Simple Model for Coenzyme B12 FULL PAPER
cm3 mol21, respectively, compared to 53 6 2 kJ mol21, 222
6 7 J K21 mol21 and 14.7 6 0.1 cm3 mol21 for the reac-
tion with imidazole.[21] Based on the reported activation
volumes, these reactions follow a dissociative (interchange
dissociative, Id, or limiting dissociative, D) mechanism in
which the entering nucleophile could be weakly bound in
the transition state.[21] By way of comparison, ligand substi-
tution reactions of vitamin B12 in general follow a dissociat-
ive (Id or D) type of mechanism.[22236] In the case of the
coenzyme, however, evidence for an associative substitution
mode was reported.[37] In order to gain further insight into
the reasons for this unexpected mechanistic changeover, we
have now investigated substitution reactions of trans-
[Co(en)2(Me)H2O]21 and trans-[Co(en)2(Me)NH3]21 to
study the effect of the leaving group on the axial ligand
substitution mechanism of these model complexes that in-
clude a cobalt2carbon σ-bond. These complexes allow us
to mimic the active site of the coenzyme since the ammine
ligand trans to the Co2Me bond represents the dimethyl-
benzimidazole moiety in the coenzyme.

Results and Discussion

As mentioned before, the pKa value of coordinated water
in trans-[Co(en)2(Me)H2O]21 is higher than 12, since there
was no change observed in the pH titration curve up to that
pH.[21] Furthermore, it was found that trans-
[Co(en)2(Me)H2O]21 decomposes upon exposure to UV
light, suggesting that the Co2C bond can be cleaved photo-
chemically. This was observed for most of the CoIII com-
plexes containing alkyl groups coordinated to the cobalt
atom in the axial position.[16] Preliminary experiments
showed that decomposition of this complex by the light
beam of the spectrophotometer was negligible. Despite the
lower light sensitivity of this complex as compared to other
alkylcobalamins, special care was taken to protect this com-
plex from photochemical decomposition.

In the present study, we investigated the displacement of
the axial H2O molecule in trans-[Co(en)2(Me)H2O]21 by
NH3 in order to make comparisons with our earlier study
on the reactions of cyanide and imidazole with this com-
plex.[21] Subsequently, we investigated the displacement of
NH3 in trans-[Co(en)2(Me)NH3]21 by SCN2, N3

2 and
CN2, in order to obtain more information on leaving group
effects in such systems. The investigated reaction is shown
in Equation (1), where X 5 H2O for L 5 NH3, and X 5
NH3 for L 5 CN2, SCN2, N3

2.

(1)

Reaction of trans-[Co(en)2(Me)H2O]21 with NH3

Equilibrium Measurements

The UV/Vis spectrum of trans-[Co(en)2(Me)H2O]21 in
buffers at pH 5 11 shows characteristic bands at 364 (125
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21 cm21) and 472 nm (74 21 cm21). Addition of NH3

shifts the bands to 354 (133 21 cm21) and 464 nm (67 21

cm21) with a shoulder at 290 nm (166 21 cm21). These
changes in the UV/Vis spectra are accompanied by distinct
isosbestic points, indicating that a simple equilibrium exists
under these conditions. These observations suggest that the
aqua ligand in the trans position to the methyl group is
displaced by ammonia to form the six-coordinate trans-
[Co(en)2(Me)NH3]21 complex.

Preliminary experiments in which the UV/Vis spectrum
was scanned in the range 250 to 600 nm, showed that
at pH 5 11, NH3 reacts rapidly with trans-
[Co(en)2(Me)H2O]21. Equilibrium (1) was established
within the time required for mixing the solutions and re-
cording the spectra. The values of the overall equilibrium
constant K were determined spectrophotometrically (in du-
plicate experiments) by titrating ca. 3 3 1023  trans-
[Co(en)2(Me)H2O]21 (I 5 0.1 , NaClO4) with a concen-
trated stock solution of NH3 to minimize dilution effects.

The spectrophotometric titration of NH3 was monitored
by following the increase in absorbance at 326 nm or the
decrease in absorbance at 380 nm, where the largest change
in absorbance occurred. Typical data for the reaction with
NH3 are shown in Figure 1. The solid line represents the fit
of the experimental data to Equation (2), where Ao and A`

represent the absorbance at 0 and 100% formation of trans-
[Co(en)2(Me)L]21, respectively, and Ax is the absorbance at
any given ligand concentration [L].

Ax 5 Ao 1 A`K[L]/(1 1 K[L]) (2)

Figure 1. Changes in absorbance at 380 nm on addition of NH3 to
trans-[Co(en)2(Me)H2O]21; the solid line is a fit of the data to
Equation (2) in the text

The values of K and A` were calculated from a non-linear
least-squares fit of the data to Equation (2). The data were
subsequently also analyzed by plotting log (Ax 2 Ao)/(A`

2 Ax) versus log[L], which resulted in a linear plot with
slope of 0.99 6 0.06 for NH3, indicating that only one li-
gand (L) is coordinated to the cobalt complex. The inter-
cept of the linear plot gives the value of log K, which is
in excellent agreement with the directly determined value
described above.
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The value of K(NH3) was found to be 17.4 6 1.1 21 at

20 °C. The value of K for the binding of NH3 to
[Co(corrin)(Me)H2O]21 was reported to be 0.1 21,[38] from
which it follows that the affinity of NH3 for trans-
[Co(en)2(Me)H2O]21 is almost 200 times higher than for
[Co(corrin)(Me)H2O]21. This comparison demonstrates the
cis effect, i.e. the influence of the equatorial ligand on the
substitution reaction of the axial ligand trans to the alkyl
group. The observed trend in the formation constants for
the equatorial ligands is corrin , (en)2.

Kinetic Measurements
The reaction between trans-[Co(en)2(Me)H2O]21 and ex-

cess NH3 at pH 5 11 ([NH3] 5 0.1 to 1.25 , I 5 0.1 
using NaClO4) was studied at different temperatures. The
results are shown in Figure 2, from which it follows that
good linear plots with significant intercepts are obtained
within the experimental error limits. Furthermore, the plots
do not indicate any saturation at high [NH3] values. This
behavior can be expressed by the rate law given in
Equation (3), where ka and kb represent the rate constants
for the forward and reverse reactions in Equation (1), re-
spectively, L represents NH3 and X is H2O (the concentra-
tion of water is a constant and taken into kb). It should be
noted that the intercepts in Figure 2 are subjected to large
error limits and an alternative procedure was used to deter-
mine the rate constant for the reverse reaction more accur-
ately (see further Discussion). The values of ka and kb as a
function of temperature, along with the corresponding ac-
tivation parameters are summarized in Table 1.

kobs 5 ka[L] 1 kb (3)

Figure 2. Plot of kobs versus [NH3] for the reaction between trans-
[Co(en)2(Me)H2O]21 and NH3 as a function of temperature; ex-
perimental conditions: [CoIII] 5 0.0045 , pH 5 11, I 5 0.1 
NaClO4 and temperature 5 5.0 (A), 10.0 (B), 15.0 (C), 20.0 (D)
and 25.0 °C (E)

The values of ∆H? and ∆S? for the forward reaction (ka)
were found to be 62 6 1 kJ mol21 and 3 6 5 J K21 mol21,
respectively, whereas those for the reverse reaction (kb) were
found to be 85 6 13 kJ mol21 and 60 6 43 J K21 mol21, re-
spectively.
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Table 1. Kinetic data for the reaction of trans-[Co(en)2(Me)H2O]21

with NH3 as a function of temperature (experimental conditions
see footnotes)

ka [21 s21][a] kb [s21][b] kb [s21][c]T [°C]

5.0 19.1 6 0.8 1.0 6 0.6 1.33 6 0.03
10.0 33.6 6 1.3 1.1 6 1.0 2.28 6 0.06
15.0 51.8 6 2.1 3.5 6 1.6 4.45 6 0.04
20.0 82.2 6 5.4 4.7 6 4.1 7.5 6 0.6
25.0 125.5 6 3.7 11.5 6 2.8 13.8 6 0.9
∆H? [kJ mol21] 62 6 1 85 6 13 79 6 2
∆S? [J K21 mol21] 13 6 5 160 6 43 140 6 6

[a] [Co(en)2(Me)H2O] 5 4.5 3 1023 , pH 5 11, I 5 0.1  NaClO4.
[b] Values were calculated from the intercepts in Figure 2. [c] Values
were calculated from the direct reaction of 9 3 1023 
[Co(en)2(Me)NH3]21 in the presence of 0.3  NH3, at pH 5 11
and 0.1  NaClO4, with 0.5  HCl.

We determined the rate and activation parameters for the
aquation (kb) of trans-[Co(en)2(Me)NH3]21 (in the presence
of 0.3  NH3) directly by treating this amine complex with
0.5  HCl to protonate ammonia to form trans-
[Co(en)2(Me)H2O]21. This reaction was found to be inde-
pendent of the acid concentration as long as the acid is in
excess under the selected conditions, and the results for kb

are included in Table 1. The values of ∆H? and ∆S? were
found to be 79 6 2 kJ mol21 and 40 6 6 J K21 mol21,
respectively, and are more accurate than those determined
from the intercepts of Figure 2.

The values of ka and kb can be used to calculate K (5
ka/kb), which turns out to be 11.0 6 1.6 21 at 20 °C. The
kinetically determined value of K is in close agreement with
that obtained spectrophotometrically at the same temper-
ature, viz. 17.4 6 1.1 21.

The high lability of coordinated water in trans-
[Co(en)2(Me)H2O]21 is also seen in the relatively low ac-
tivation enthalpy for the substitution by NH3, as compared
to the higher activation enthalpy for the aquation reaction
of the ammonia complex (i.e. back reaction). The value of
the activation enthalpy for the reaction with NH3 (63 6
1 kJ mol21) is close to that obtained previously[21] for the
reaction with CN2 and imidazole (50 6 4 kJ mol21 and 53
6 2 kJ mol21, respectively). The activation entropy for the
formation of trans-[Co(en)2(Me)NH3]21 was found to be
close to zero, compared to a significantly positive value for
the back reaction. It is known that ∆S? is usually subjected
to large error limits because of the intrinsic extrapolation
involved in its determination, such that small absolute num-
bers are not very significant in terms of the assignment of
a mechanism.[39] The significantly positive value found for
the reverse aquation reaction, points to a dissociatively ac-
tivated transition state.

The pressure dependence of the reaction of trans-
[Co(en)2(Me)H2O]21 with NH3 was investigated and the
data are summarized in Table 2. Plots of ln ka versus pres-
sure gave a good linear plot from which ∆V? was found to
be 15.7 6 0.3 cm3 mol21. The pressure dependence of the
aquation reaction of trans-[Co(en)2(Me)NH3]21 (in the
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Table 2. Kinetic data for the reaction of trans-[Co(en)2(Me)H2O]21

with NH3 as a function of pressure at 5 °C (experimental condi-
tions see footnotes)

p [MPa] ka [21 s21][a][b] kb [s21][c]

10 3.88 6 0.16 1.74 6 0.04
50 3.43 6 0.22 1.50 6 0.01
90 3.08 6 0.12 1.25 6 0.02
130 2.73 6 0.22 1.10 6 0.04
∆V? [cm3 mol21] 15.7 6 0.3 19.0 6 0.4

[a] [Co(en)2(Me)H2O] 5 4.5 3 1023 , [NH3] 5 1.5 , pH 5 11, 5
°C, I 5 0.1  NaClO4. [b] Calculated from the equation: kobs 5
kb 1 ka[NH3]. [c] Determined from the reaction of 1.8 3 1022 
[Co(en)2(Me)NH3]21 in the presence of 0.3  NH3 at pH 5 11, 0.1
 NaClO4 and 5 °C, with 0.5  HCl.

presence of 0.3  NH3) was also investigated by the direct
reaction of 1.8 3 1022  [Co(en)2(Me)NH3]21 with 0.5 
HCl to protonate the ammonia. A plot of ln kb versus pres-
sure gave a good linear relationship, from which ∆V? was
calculated to be 19.0 6 0.4 cm3 mol21 (the data are sum-
marized in Table 2; see Supporting Information, Figure S-
1). From the values of ∆V? it is possible to construct a
volume profile for the substitution of trans-
[Co(en)2(Me)H2O]21 by NH3 (see Figure 3), from which it
can be concluded that the substitution process is dissociat-
ively activated, since the transition state has a significantly
higher partial molar volume than the reactant state. Similar
results were reported for reactions of trans-
[Co(en)2(Me)H2O]21 with CN2 and imidazole[21] and also
for the reaction of aquacobalamin with different ligands
such as HN3, N3

2, pyridine and its derivatives, and thio-
urea and its derivatives.[30232] In all these cases, ∆V? was
found to be in the range of 14 to 18 cm3 mol21, i.e. similar
to the value found for the reaction of NH3 with trans-
[Co(en)2(Me)H2O]21 in this study, and was interpreted in
terms of an Id mechanism. These values are significantly
smaller than those reported for substitution reactions of
(porphyrin)cobalt(III) systems. There it was found that
∆V? for ligand substitution on [Co(TMPP)(H2O)2]51 and
[Co(TPPS)(H2O)2]32, where TMPP 5 meso-tetrakis(4-N-
methylpyridyl)porphine and TPPS 5 meso-tetrakis(p-sul-

Figure 3. Volume profile for the reaction trans-
[Co(en)2(Me)H2O]21 1 NH3

R
r trans-[Co(en)2(Me)NH3]21 1 H2O
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fonatophenyl)porphine, are 114.4 and 115.4 cm3 mol21,
respectively,[40,41] and these were assigned to a limiting D
mechanism. It follows from this comparison that the intro-
duction of a single cobalt2carbon bond significantly labil-
izes the coordinated water molecule in trans-
[Co(en)2(Me)H2O]21, as reflected by its high pKa value, but
apparently does not induce a limiting D mechanism on the
basis of the reported ∆V? data.

On the basis of the volume of activation data and the
constructed volume profile, it is reasonable to conclude that
the reaction of trans-[Co(en)2(Me)H2O]21 with NH3 follows
an Id mechanism, where the entering nucleophile partially
participates in the transition state. The volume changes dur-
ing the complex-formation reaction are controlled by the
lengthening of the Co2OH2 bond that should be independ-
ent of the nature of L.

Reaction of trans-[Co(en)2(Me)NH3]21 with CN2, SCN2

and N3
2

The UV/Vis spectrum of trans-[Co(en)2(Me)NH3]21, dis-
solved in buffers at pH 5 11 in the presence of 1  NH3,
showed bands at 354 (133 21 cm21) and 464 nm (67 21

cm21) with a shoulder at 290 nm (166 21 cm21). Addition
of SCN2 shifts the UV/Vis bands to 356 (208 21 cm21)
and 464 nm (97 21 cm21), whereas addition of N3

2 shifts
the UV/Vis bands to 364 (182 21 cm21) and 472 nm (98
21 cm21).

Spectrophotometric titrations for the reactions with
SCN2 and N3

2 were performed in the presence of 1  NH3

at 10 °C, and monitored by the increase in absorbance at
461 and 467 nm, respectively. The values of K were calcu-
lated from a non-linear least-squares fit of the data to
Equation (2) and found to be 4.4 6 1.5 and 3.0 6 0.4, re-
spectively. The data were also analyzed by plotting log (Ax

2 Ao)/(A` 2 Ax) versus log[L], which resulted in linear
plots with slopes of 0.99 6 0.04 and 0.99 6 0.09 for SCN2

and N3
2, respectively, indicating that only one ligand (L) is

coordinated to the cobalt complex.
Figure 4 shows a plot of kobs versus [CN2] for the reac-

tion of trans-[Co(en)2(Me)NH3]21 (in the presence of 1 
NH3) with CN2 at pH 5 11 ([CN2] 5 0.05 to 1 ), I 5 1
 (NaClO4) and 10 °C. This plot shows saturation kinetics
(a limiting value of kobs (5 k3) is reached at high [CN2]
values) and exhibits no intercept, indicating that the reverse
reaction does not contribute significantly. The suggested
mechanism in reaction (4) involves the dissociative forma-
tion of a six-coordinate aqua intermediate, followed by the
reaction with the entering ligand L. The data in Figure 4
were fitted to Equation (5), and resulted in k3 5 2.79 6
0.02 s21, k24 ø 0 and k4/k23 5 73 6 3. The value of kobs

increases with increasing cyanide concentration due to the
fact that k3 .. k24. The value of k4/k23 represents the
efficiency of CN2 compared with NH3 to scavenge the six-
coordinate aqua intermediate. The rate law is presented in
Equation (5)
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trans-[Co(en)2(Me)NH3]21 1 H2O R
r

trans-[Co(en)2(Me)H2O]21 1 NH3 k3,k23 (4)
trans-[Co(en)2(Me)H2O]21 1 L R

r

trans-[Co(en)2(Me)L]1 1 H2O k4,k24

kobs 5 {k3k4[L] 1 k23k24[NH3]}/{k4[L] 1k23[NH3]} (5)

Figure 4. kobs versus [CN2]total for the reaction between trans-
[Co(en)2(Me)NH3]21 and CN2 at pH 5 11, [NH3] 5 1 , 10 °C
and I 5 1  (NaClO4); the best fit of the data (solid line) to Equa-
tion (5) gives k3 5 2.79 6 0.02 s21, k4/k23 5 73 6 3

The reactions of SCN2 and N3
2 with trans-

[Co(en)2(Me)NH3]21 were studied at 10 °C, using a buffer
at pH 5 9 and I 5 1  NaClO4. Interestingly, the plot of
kobs versus [SCN2] results in a decrease of kobs with increas-
ing ligand concentration presumably due to the fact that k3

,, k24 as shown in Figure 5. A Similar plot was obtained

Figure 5. kobs versus [SCN]total for the reaction between trans-
[Co(en)2(Me)NH3]21 and SCN2 at pH 5 9, [NH3] 5 1 , 10 °C
and I 5 1  NaClO4; the best fit of the data (solid line) to Equation
(5) gives k3 5 3.1 6 0.2 s21, k24 5 19 6 4 21 s21, k4/k23 5 34
6 13
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for the reaction with N3
2 (see Supporting Information, Fig-

ure S-2). This is characteristic for the dissociative formation
of an intermediate and the occurrence of an efficient back
reaction. A similar nucleophile concentration dependence
was reported for several reversible dissociative ligand sub-
stitution reactions, such as the reaction of
[Co(NH3)5(Me)]21 with ethylenediamine,[19] the reaction of
(N-methylimidazole)cobalamin with N-methylimidazole,[27]

and other reactions reported in the literature.[42246] A non-
linear least-squares fit of the data for SCN2, revealed that
k3 5 3.1 6 0.2 s21, k24 5 19 6 4 s21 and k4/k23 5 34 6
13, and those obtained for N3

2 are k3 5 3.1 6 0.3 s21,
k24 5 23 6 5 s21 and k4/k23 5 16 6 7. The values of k4/
k23 represent the efficiency of SCN2 and N3

2 compared
with NH3 to scavenge the six-coordinate intermediate. The
complex-formation constant K 5 k3k4/k23k24 obtained
from the kinetic data for the reaction with SCN2 and N3

2

are 5.6 6 0.5 and 2.2 6 0.5, respectively, which are in good
agreement with the thermodynamically determined values
of 4.4 6 1.5 and 3.0 6 0.4, respectively.

By way of comparison, the value of k3 for the reaction
of trans-[Co(en)2(Me)NH3]21 with [CN2] (2.79 6 0.02 s21)
is close to that obtained when L is SCN2 and N3

2, viz. 3.1
6 0.2 and 3.1 6 0.3 s21, respectively, and also in agreement
with that obtained for the aquation of trans-
[Co(en)2(Me)NH3]21 (viz. 2.28 6 0.06 s21) at 10 °C. This
suggests that the limiting rate constant reached at high nu-
cleophile concentration for all these reactions, is for aqu-
ation of the ammine complex that is controlled by the re-
lease of NH3 (i.e., k3), for which the mechanism has been
discussed above.

The value of k24 for the reaction of [Co(en)2(Me)CN]1

with NH3 is close to zero. However, k24 for the reaction of
the SCN2 and N3

2 complexes with NH3 is 19 6 4 and 23
6 5 21 s21, respectively. These values indicate that the
back reaction contributes significantly in the case of the
weaker nucleophiles SCN2 and N3

2, and that the reaction
is irreversible in the case of the stronger nucleophile CN2.

The ratio of k4/k23 for the reaction of CN2 with
[Co(en)2(Me)NH3]21 was found to be 73 6 3, significantly
higher than for the reactions with SCN2 and N3

2, viz. 34
6 13 and 16 6 7, respectively. The higher ratio in the case
of CN2 is due to its stronger nucleophilicity than SCN2

and N3
2, and is therefore a better scavenger for the six-

coordinate aqua intermediate in its competition with NH3

as nucleophile. We conclude that aquation of the ammine
complex controls the ligand substitution reactions with the
studied nucleophiles and proceeds according to the mech-
anism outlined in Equation (4).

Experimental Section

Materials: All chemicals were of p.a. grade and used as received.
Taps buffer (pH 5 9) and Caps buffer (pH 5 11) were purchased
from Sigma. NaClO4 was purchased from Fluka. NaSCN, NaN3,
NH3 and NaCN were purchased from Merck. Ultra pure water
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was used for all measurements. All preparations and measurements
were carried out in diffuse light since the complexes were found
to be light sensitive. trans-[Co(en)2(Me)NH3]S2O6 was prepared as
described by Kofod[47] by treating CoII nitrate with methylhydra-
zine in the presence of NH3 to give [Co(NH3)5Me](NO3)2. This
complex was treated with ethylenediamine to give cis-
[Co(en)2(Me)NH3]21, followed by a slow isomerization to give
trans-[Co(en)2(Me)NH3]21, which can be isolated in the solid form;
trans-[Co(en)2(Me)H2O]21 was prepared by dissolving trans-[Co-
(en)2(Me)NH3]S2O6 in water at 60 °C for 2 h as previously de-
scribed. The complexes were characterized by elemental analyses,
UV/Vis and NMR spectroscopy, and the results were in agreement
with literature data.[47]

Instrumentation: The pH of the solution was measured using a
Mettler Delta 350 pH meter. The pH meter was calibrated with
standard buffer solutions at pH 5 7 and 10. UV/Vis spectra were
recorded with Shimadzu UV-2101 and Cary 5 spectrophotometers.
Kinetic measurements were carried out with an Applied
Photophysics SX 18MV stopped-flow instrument coupled to an on-
line data acquisition system. At least eight kinetic runs were re-
corded under all conditions, and the reported rate constants repres-
ent the mean values. All kinetic measurements were carried out
under pseudo-first order conditions, i.e. the ligand concentration
was in at least tenfold excess. Measurements at high pressure were
carried out using a homemade high-pressure stopped-flow unit.[48]

Kinetic data were analyzed with the OLIS KINFIT (Bogart,
GA, USA) program. All instruments used were thermostated to the
desired temperature (6 0.1 °C). Equilibrium measurements: 325 3

1023  trans-[Co(en)2(Me)NH3]S2O6 or trans-[Co(en)2(Me)H2O]-
S2O6, dissolved in Taps buffer pH 5 9 or caps buffer pH 5 11 (I 5

0.1  using NaClO4), was placed in a 1.0-cm path length cuvette
in the thermostated cell block of the spectrophotometer for ca.
20 min. This solution was titrated by addition of small volumes of
a concentrated stock solution of the ligand, using a Hamilton syr-
inge. The ligand solution was prepared in the same buffer and the
ionic strength was also adjusted to 0.1  using NaClO4. The titra-
tions were carried out in duplicate and were monitored at several
wavelengths where the largest change in absorbance occurred. The
values of the equilibrium constant, K, were obtained by fitting the
absorbance versus concentration curve to the appropriate equation,
after correction for dilution (see further Discussion).
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