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The ligand substitution reactions of aquacobalamin (H2Ocbl�) were studied for pyrazole, 1,2,4-triazole and
N-acetylimidazole as entering nucleophiles. These nucleophiles displace the coordinated H2O molecules in H2Ocbl�

to form the six-coordinate product complex. The second order rate constants for the reaction of H2Ocbl� with
pyrazole, 1,2,4-triazole and N-acetylimidazole at 25 �C were found to be 35.0 ± 0.8, 24.0 ± 0.4 and 6.6 ± 1.6 M�1 s�1,
respectively. From temperature and pressure dependence studies, activation parameters (∆H≠, ∆S ≠ and ∆V≠) for the
reaction of H2Ocbl� and N-acetylimidazole were found to be 108 ± 12 kJ mol�1, �135 ± 40 J K�1 mol�1 and �7.2 ±
0.3 cm3 mol�1, respectively. In addition, ∆H≠ and ∆S ≠ for the reaction with pyrazole were found to be 85 ± 4 kJ mol�1

and �69 ± 13 J K�1 mol�1 and those for 1,2,4-triazole were 90 ± 2 kJ mol�1 and �83 ± 6 J K�1 mol�1. Based on the
reported kinetic and activation parameters, the substitution of coordinated H2O by these five-membered heterocyclic
azoles follows an Id mechanism in which the entering nucleophile partially participates in the transition state.

Introduction
The kinetics of the axial ligand substitution reaction of aqua-
cobalamin (H2Ocbl�) and alkylcobalamins (vitamin B12 deriv-
atives) have been of special interest to inorganic chemists over
the last decade.1–21 Ligand substitution reactions of vitamin
B12a in general follow a dissociative interchange mechan-
ism 7–13,22,23 although claims of a dissociative mechanism have
been made.5,6,24,25 It was found that the rate of substitution of
H2O in H2Ocbl� by a series of anions such as SCN�, I�, S2O3

2�,
SO3

2� and CN� varies by about two orders of magnitude.
However, the formation constant varies by about 11 orders of
magnitude. This suggests that the substitution process is essen-
tially dissociative.26 Marques and co-workers 1,2 studied the
kinetics of the reaction of H2Ocbl� with imidazole, primary
amines and some derivatives and they explained the data in
terms of basicity and steric effect of these ligands. They also
studied the kinetics of the substitution of H2O by N3

� and
found that ∆V≠ for the reaction equals 6.4 cm3 mol�1, which
supports the operation of an interchange dissociative mechan-
ism.3 Furthermore, the activation enthalpies and entropies for
the reaction of different anions (SCN�, NO2

�, S2O3
2�, SO3

2�

and HSO3
�) showed a small difference that exists between most

small anionic and neutral ligands. This was explained in the
light of nucelophilic participation of these ligands in the transi-
tion state.4 van Eldik and co-workers 7–9 found that the acti-
vation volumes for the reaction of H2Ocbl� with thiourea,
dimethylthiourea, 3-acetylpyridine and 4-acetylpyridine, N3

�

and HN3 are between �4 and �10 cm3 mol�1. In the light of the
activation parameters, it was suggested that these reactions
proceed via an Id mechanism.

One of the factors which has an effect on the ligand substitu-
tion reaction of H2Ocbl� is hydrogen bonding. Hydrogen bonds
play an important role in determining some of the properties of
the corrinoids, such as the solubility and the formation of
adducts with other hydrogen bonding molecules.27–30 There is an
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interest in studying the occurrence of hydrogen bonding in
iron porphyrins and cobalt corrinoids in light of the moder-
ation of the activity of the Fe atom in haemoproteins through
changes in hydrogen bonding to the coordinated imidazole of
histidine.31,32 The X-ray crystal structure and NMR spectro-
scopy of H2Ocbl� have shown that there is an intramolecular
hydrogen bond between coordinated H2O and the O-39
carbonyl oxygen of the acetamide c side chain.28–30

There is a great interest in studying azoles which contain two
or three nitrogen atoms in the five-membered ring from the
bioinorganic chemistry point of view, because the imidazole
group of histidine occurs as a ligand in most of the known
haemoproteins.33 The five-membered heterocycles have also
been further stimulated by the success of many agricultural and
medical fungicides, which inhibit steriod synthases by acting as
ligands to the Fe()porphyrins in certain P-450 enzymes.34,35

Imidazole derivatives and 1,2,4-triazole 36 have been considered
of potential interest to coordination chemists because these
compounds can be used to link studies on the metal binding
properties of nitrogenous bases with information on the proton
affinities in the gas phase,37,38 in aqueous solutions and aprotic
solvents,39 and on their H-bonding capacities.40 This paper
presents the data obtained for the reaction of H2Ocbl� with
pyrazole, 1,2,4-triazole and N-acetylimidazole (N-Ac-ImH) to
probe the above mentioned factors and to clarify the mechan-
ism of these reactions.

Experimental

Materials

All the chemicals used were of analytical grade and used as
received without further purification. Aquacobalamin and bis-
tris buffer were purchased from Sigma. Pyrazole, N-Ac-ImH
and 1,2,4-triazole were supplied by Aldrich. HClO4 and
NaClO4 were purchased from Merck. Ultra pure water was
used in the kinetic and thermodynamic measurements.

Instrumentation and measurements

The pH of the solutions was measured using a Mettler Delta
350 pH meter with a combined glass electrode. It was calibrated
with standard buffer solutions at pH 4 and 7. UV-Vis spectra
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were recorded on Shimadzu UV-2101 and Cary 5 spectrophoto-
meters.

Kinetic measurements were carried out on an Applied
Photophysics SX 18MV stopped-flow instrument coupled to an
online data acquisition system. At least six kinetic runs were
recorded under all conditions, and the reported rate constants
represent the mean values. All kinetic measurements were
carried out under pseudo-first order conditions, i.e. the ligand
concentration was in at least a ten fold excess. Measurements
under high pressure were carried out using a high pressure
stopped-flow instrument described previously.41 Kinetic traces
were analysed with the OLIS KINFIT program (Bogart, GA).

All the instruments used during the course of this work were
thermostatted to the desired temperature, ±0.1 �C. Values of
∆H≠ and ∆S ≠ were calculated from the slopes and intercepts,
respectively, of plots of ln(k/T ) versus 1/T , and values of ∆V≠

were calculated from the slope of plots of ln(k) versus pressure.
Equilibrium measurements: 3–5 × 10�5 M H2Ocbl� dissolved

in bis-tris buffer pH 6 (I = 0.1 M using NaClO4), was placed in a
1.0 cm pathlength cuvette in the thermostatted 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 azoles, using a Hamilton syringe. The azole solutions were
prepared in the same buffer and the ionic strength was also
adjusted to 0.1 M using NaClO4. The titrations were carried out
in duplicate and were monitored at two wavelengths where the
greatest change in absorbance occurred (normally at 358 and
545 nm). 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
Results and discussion).

Results and discussion
The reaction of H2Ocbl� with the five-membered heterocyclic
compounds (pyrazole, 1,2,4-triazole and N-Ac-ImH) have
been studied in detail to investigate the effect of basicity and
donor–acceptor properties of the incoming ligands, the role of
H-bonding and the mechanism of these reactions. The reaction
under investigation is presented in eqn. (1), where L is pyrazole,
1,2,4-triazole or N-Ac-ImH. DMBz is the 5,6-dimethyl-
benzimidazole moiety coordinated in the α-position of the
cobalamins.

Preliminary experiments in which the UV-Vis spectrum was
scanned in the range 300 to 700 nm, showed that at pH 6,
pyrazole, 1,2,4-triazole and N-Ac-ImH react rapidly with
H2Ocbl�. Equilibrium (1) was established within the time
required for mixing the solutions and recording the spectra.
However, another equilibrium takes place on a longer time scale
(50 s) in the case of triazole (see later).

Equilibrium measurements

The values of the overall equilibrium constant K were deter-
mined spectrophotometrically (in duplicate experiments) by
titrating ca. 3 × 10�5 M H2Ocbl� with a concentrated stock
solution of the azoles to minimize dilution effects. The UV-Vis
spectrum of H2Ocbl� in buffers at pH 6 shows characteristic
bands at 351, 509 and 522 nm. Addition of any of these azoles
used during the course of this work, shifts the γ-band in the
UV-Vis spectrum to 358–359 nm or the α-band to 545–550 nm.
These changes in the UV-Vis spectra are accompanied by good
isosbestic points at 355, 386, 421 and 531 nm. This suggests that

(1)

a simple equilibrium exists under these conditions and the aqua
ligand is displaced by the azoles.

The spectrophotometric titration in the case of the azoles
was monitored by following the increase in absorbance either at
358 or 545 nm or the decrease in absorbance at 351 nm, where
the largest change in absorbance took place. Typical data for
the reaction with pyrazole are shown in Fig. 1 as an example

for one of the three azoles. The solid line represents the fit of
the experimental data to eqn. (2), where Ao and A∞ represent the
absorbance at 0 and 100% formation of the product (pyrazole
cobalamin), respectively, and Ax is the absorbance at any given
ligand concentration [L].

The values of K and A∞ were calculated from a non-linear
least squares fit of the data to eqn. (2). The value for K(pyra-
zole) = 82 ± 7 M�1. Moreover, the data were also analysed by
plotting log(Ax � Ao)/(A∞ � Ax) versus log[L], which resulted in
a good linear plot with a slope of 0.97 ± 0.06 for pyrazole and
0.95 ± 0.07 in the case of N-Ac-ImH, indicating that only one
ligand (L) is coordinated to the cobalt complex. The intercept
of the linear plot gives the value of log K, which is in excellent
agreement with the directly determined value described above.

Similar spectrophotometric titrations were carried out in the
case of N-Ac-ImH and the value of K(N–Ac–ImH) was found
to be 1500 ± 150 M�1 at 25 �C. It was difficult to determine
the value of K spectrophotometrically in the case of triazole
because there is an absorbance decrease at these wavelengths
due to the interference from the second equilibrium (isomeriz-
ation, see Kinetic measurements section). The value of K for
the binding of ImH to H2Ocbl� was reported to be 3.9 × 104

M�1,42 from which it follows that the affinity of ImH for
H2Ocbl� is almost 26 times higher than for N-Ac-ImH and 476
times more than for pyrazole. This comparison demonstrates
the effect of basicity since the pKBH

� values of pyrazole, N-Ac-
ImH and ImH are 2.48, 3.6 and 7.24, respectively.43 Good linear
plots between log K for the coordination of nitrogenous bases
(imidazole, pyridines and primary amines and their derivatives)
versus pKBH

� of these bases were established in the case of
Co()corrinoid and Fe()porphyrin.44 These linear plots were
used to probe the basicity and the steric effect of the nitrogen-
ous bases.

Kinetic measurements

The reaction between 4 × 10�5 M H2Ocbl� and excess pyrazole
([pyrazole] = 0.05–0.3 M, I = 0.1 M using NaClO4) at pH 6 was
studied at different temperatures (5–35 �C). The results are

Fig. 1 Changes in absorbance at 545 nm on addition of pyrazole to
H2Ocbl�; the solid line is a fit of the data to eqn. (2) in the text.

Ax = Ao � (A∞ � Ao)K [L]/(1 � K [L]) (2)
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Table 1 Kinetic data and activation parameters for the reaction of H2Ocbl� with pyrazole, triazole and N-acetylimidazole as a function of
temperature

 
Pyrazole 1,2,4-Triazole N-Ac-ImH

Temp./�C k1/M
�1 s�1 k�1/s

�1 k1/M
�1 s�1 k�1/s

�1 k2/s
�1 K1/M

�1 ka/M
�1 s�1

5.0 2.5 ± 0.01 0.03 ± 0.002 1.5 ± 0.1 0.005 ± 0.02 0.27 ± 0.08 1.0 ± 0.4 0.27 ± 0.45
15.0 10.2 ± 0.3 0.1 ± 0.05 6.8 ± 0.2 0.05 ± 0.05 1.36 ± 0.30 1.6 ± 0.6 2.18 ± 0.63
20.0     3.02 ± 0.64 1.2 ± 0.4 3.6 ± 0.7 
25.0 35.0 ± 0.8 0.4 ± 0.15 24.0 ± 0.4 0.21 ± 0.08 7.35 ± 1.57 0.9 ± 0.2 6.6 ± 1.6
35.0 92.0 ± 3.0 3.0 ± 0.5 76.0 ± 2.0 1.1 ± 0.4    
 
∆H≠/kJ mol�1 85 ± 4 105 ± 11 90 ± 2 123 ± 7   108 ± 12
∆S ≠/J K�1 mol�1 69 ± 13 102 ± 38 83 ± 6 155 ± 25   135 ± 40

Experimental conditions: [H2O Cbl�] = 4 × 10�5 M, pH = 6.0, I = 0.1 M (NaClO4).

shown in Fig. S-1(ESI), from which it follows that good linear
plots with significant intercepts are obtained within the experi-
mental error limits. Furthermore, the plots do not indicate any
saturation at high [pyrazole]. This behavior can be expressed
by the rate law given in eqn. (3), where ka and kb represent
the rate constants for the forward and reverse reactions in
eqn. (1), respectively. The values of ka and kb as a function of
temperature, and the corresponding activation parameters are
summarized in Table 1.

The values of ∆H≠ and ∆S ≠ for the forward reaction (ka)
were found to be 85 ± 4 kJ mol�1 and �69 ± 13 J K�1 mol�1,
respectively, whereas those for the reverse reaction (kb) were
found to be 105 ± 11 kJ mol�1 and 102 ± 38 J K�1 mol�1,
respectively. The significant positive values of ∆S ≠ obtained
in this case suggest that the reaction is dissociative in nature.
The values of ka and kb can be used to calculate K (= ka/kb),
which turns out to be 87.5 ± 1 M�1 at 25 �C. The kinetically
determined value of K is in very good agreement with that
obtained spectrophotometrically at the same temperature, viz.
82 ± 7 M�1.

Kinetic traces (growth in absorbance followed by decay)
recorded by mixing solutions of 4 × 10�5 M H2Ocbl� and 1,2,4-
triazole (0.05–0.3 M) in the stopped-flow instrument at pH 6.0
(bis-tris buffer) and I = 0.1 M (NaClO4) are shown in Fig. 2a.
The observed rate constant (kobs) for the first step was obtained
by analyzing the kinetic trace on a shorter time scale (2 s) separ-
ately for one exponential as shown in Fig. 2b. The observed rate
constant (kobs) for the first step increased linearly by increasing
[triazole] with a significant intercept signifying that the back
reaction contributes significantly as shown in Fig. 3. The
plots do not indicate any saturation at high [triazole] at the
different temperatures used (5–35 �C) during this experiment.
This behavior can be expressed by a rate law similar to that
given in eqn. (3) in the case of pyrazole, where ka and kb repre-
sent the rate constants for the forward and reverse reactions in
eqn. (1), respectively. The values of ka and kb as a function of
temperature, and the corresponding activation parameters are
summarized in Table 1.

The rate constants corresponding to the slower second
step (obtained from a single exponential fit for a long time scale
(50 s) shown in Fig. 2a), were found to be independent of tri-
azole concentration (0.1 s�1). This suggests that the triazole
coordinates to Co() through N-1 or N-2 in a fast step since
the second order rate constant obtained in the case of triazole is
close to that obtained in the case of pyrazole at the same tem-
perature. Then the second, slow step is due to a linkage isomeriz-
ation and the coordination of 1,2,4-triazole through N-4 to
give the stable product. It is known from the X-ray structure,
vibrational and electronic spectra that 1,2,4-triazole coordin-
ates to Co(), Fe() and Mn() through N-4.45–47

kobs = ka[pyrazole] � kb (3)

The values of ∆H≠ and ∆S ≠ obtained in the case of triazole
for the forward reaction (ka) were found to be 90 ± 2 kJ mol�1

and �83 ± 6 J K�1 mol�1, respectively, whereas those for the
reverse reaction (kb) were found to be 123 ± 7 kJ mol�1 and 155
± 25 J K�1 mol�1, respectively. ∆S # obtained in the case of
pyrazole and triazole are significantly positive, which indicate
that the reaction follows a dissociative mechanism. The value of
∆H≠ for the reverse reactions in the case of pyrazole and tri-
azole, where the value of kb at 25 �C is small (0.4 and 0.21 s�1),
were found to be 105 ± 11 and 123 ± 7 kJ mol�1, respectively.

Fig. 2 (a) Typical kinetic trace for the reaction between 4 × 10�5 M
H2Ocbl� and 0.1 M 1,2,4-triazole, pH 6 (bis-tris buffer) and 25 �C. The
trace was fitted to one exponential by following the decrease in
absorbance at 550 nm for 50 s. The lower trace represents the difference
between the experimental and calculated curves. (b) Typical kinetic
trace for the reaction between 4 × 10�5 M H2Ocbl� and 0.1 M 1,2,4-
triazole, pH 6 (bis-tris buffer) and 25 �C. The trace was fitted to one
exponential by following the increase in absorbance at 550 nm on a
shorter time scale (2 s). The lower trace represents the difference
between the experimental and calculated curves.

J. Chem. Soc., Dalton Trans., 2002, 2831–2836 2833



(4)

Interestingly, values of ∆Hb
≠ and kb were found to be 86, 85 and

65 kJ mol�1 and 2.8, 15.2 and 37.9 s�1 in the case of pyridine,
thiourea and dimethylthiourea, respectively.5,8,48 This com-
parison shows that ∆H≠ increases as the value of kb decreases.
This suggests that the reaction of H2O with these ligands fol-
lows an Id mechanism since the product (B12–L) bond breakage
will control the rate of the reverse aquation reaction (eqn. 1)
and must be strongly affected by the nature and binding mode
of the ligand (L).

In order to study the effect of H-bonding on the kinetics of
H2Ocbl� and the entering nucleophiles, the reaction of H2Ocbl�

and N-Ac-ImH was studied as a function of temperature at
different N-Ac-ImH concentrations (0.025–0.5 M), and the
results are shown in Fig. 4. This figure shows a slight curvature
at high concentrations of N-Ac-ImH and negligible intercept
(kb), suggesting an irreversible reaction and the curvature as
evidence for an interchange dissociative mechanism which

Fig. 3 Plot of kobs versus [triazole] for the reaction between H2Ocbl�

and 1,2,4-triazole as a function of temperature. Experimental
conditions: [H2Ocbl�] = 4 × 10�5 M, pH 6, I = 0.1 M (NaClO4) and
temperature = 5.0 (a); 15.0 (b); 25.0 (c) and 35.0 �C (d).

Fig. 4 Plot of kobs versus [N-Ac-ImH] for the reaction between
H2Ocbl� and N-Ac-ImH at pH 6, I = 0.1 M (NaClO4) and at different
temperatures: 5.0 (a), 10.0 (b), 15.0 (c), 20.0 (d) and 25.0 �C (e). The
solid line is the best fit for the experimental data to eqn. (7).

involves ion pair formation (H-bond between N–Ac–ImH and
the amide side chain of the corrin ring). The curvature shown in
Fig. 4 can be interpreted in terms of an Id mechanism outlined
in reaction (4) and the corresponding rate law is shown in
eqn. (5). Eqn. (5) can be simplified to eqn. (6) at low [L], where
1 � K1[L] ≈ 1, and to eqn. (7) when kb is negligible as in the
case of N–Ac–ImH. Eqn. (6) is similar to eqn. (3) presented in
the case of pyrazole and triazole where ka = k2K1 and kb is k�2.

The experimental data obtained in the case of N-Ac-ImH
were fitted to eqn. (7) using non-linear least square fitting and
the resulting values of k2, K1 and ka (K1k2, M

�1 s�1) along with
the values of ∆H≠ and ∆S ≠ are summarized in Table 1. The
value of K1 represents the formation constant for an ion pair
complex, found to be 0.9 ± 0.2 M�1 at 25 �C.

The linear concentration dependence shown in Fig. 3 and
(ESI Fig. S-1) in the case of triazole and pyrazole, respectively,
and that reported earlier in the case of thioureau, dimethyl-
thioureau, N3

� and NO2
�, NH2OH 2,4,8,9 and the amine deriv-

atives, demonstrate that the limiting rate constant obtained in
the case of N-Ac-ImH can not be due to a limiting D mechan-
ism because it would then be difficult to measure any higher rate
constant for the substitution of H2Ocbl� especially for stronger
nucleophiles than N-Ac-ImH. The non-linear concentration
dependence of kobs for pyridine, 4-methylpyridine,7,8 imidazole,
methylcysteine and histamine 11,13 was ascribed to a precursor
formation in terms of a dissociative Id mechanism which is
given in reaction (4) and its corresponding rate law is given in
eqn. (5).

∆H≠ and ∆S ≠ in the case of N-Ac-ImH were found to be
108 ± 12 kJ mol�1 and 135 ± 40 J K�1 mol�1, respectively. These
significant positive values of ∆S ≠ indicate that the reaction is
dissociative in nature. The effect of high pressure on the reac-
tion of 4 × 10�5 M H2Ocbl� and N-Ac-ImH was studied at pH
6, I = 0.1 M (NaClO4), 25 �C and at two different concen-
trations of N-Ac-ImH. Firstly the reaction was carried out
using 0.05 M N-Ac-ImH and in this case ∆V≠ (ka) was found to
be 4.9 ± 0.2 cm3 mol�1. Then the reaction was repeated using
0.5 M N-Ac-ImH and in this case, ∆V≠ (k2) was found to be
7.2 ± 0.3 cm3 mol�1. In both cases, plots of ln k versus pressure
gave good linear plots, as shown in Fig. 5, from which ∆V≠ (ka)
and ∆V≠ (k2) were calculated.

If the Id mechanism shown in eqn. (4) is considered for the
reaction of H2Ocbl� and N-Ac-ImH, which has the rate law
expressed in eqn. (7), and at low concentration of N-Ac-ImH
(0.05 M), the rate constant is kobs = ka[L] where ka = k2K1. In this
case, the pressure dependence of ka will result in ∆V≠(ka) =
∆V≠(k2) � ∆V(K1), where ∆V(K1) expresses the reaction volume
for the formation of the intermediate ion pair complex, which
will be affected by the charge of the ligand because it will
determine the change in electrostriction and the associated
volume increase. ∆V(K1) is expected to be close to zero or small

(5)

(6)

(7)
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and negative. In the present case, ∆V(K1) was found to be �2.3
± 0.4 cm3 mol�1 and ∆V≠(k2) = 7.2 ± 0.3 cm3 mol�1 which sug-
gests that the mechanism is an Id mechanism where the entering
ligand participates in the transition state. ∆V≠(k2) for a dissoci-
ative activated interchange process should be fairly independent
of the nature of L. These data are also in agreement with those
reported earlier in the case of thioureau, dimethylthioureau,
pyridine, 3-acetylpyridine, 4-methylpyridine, N3

� and SCN�. In
all these cases, ∆V≠(k2) was found to be in the range of 4–8 cm3

mol�1 and the mechanism was interpreted as an Id type.3,7–9 The
value of ∆V≠(k2) obtained in the present study (7.2 ± 0.3 cm3

mol�1) is significantly less than that expected for a limiting D
mechanism. Theoretical calculations 49–51 suggest a volume of
activation ∆V# of �13.1 cm3 mol�1 for a limiting D mechanism
of ligand substitution involving the loss of coordinated H2O in
an octahedral complex. ∆V≠ for the reaction of β-(N-methyl-
imidazolyl) cobalamin with N-methylimidazole was reported to
be �15.0 ± 0.7 and �16.8 ± 1.1 cm3 mol�1 at 5 × 10�3 and 1 M
N-methylimdazole, respectively.20 Also, the activation volumes
for the reaction of β-trifluoromethylcobalamin, β-cyanomethyl-
cobalamin and cyanocobalamin with CN� were found to be
�14.8 ± 0.8, �12.7 ± 0.5 and �13.1 ± 0.3 cm3 mol�1, res-
pectively.16,17 Furthermore, ∆V≠ for ligand substitution on
[Co(TMPP)(H2O)2]

5� and [Co(TPPS)(H2O)2]
3�, where TMPP =

meso-tetrakis(4-N-methylpyridyl)porphine and TPPS = meso-
tetrakis(p-sulfonatophenyl)porphine, was found to be �14.4
and �15.4 cm3 mol�1, respectively,52 very close to the expected
value of �13 cm3 mol�1 for a limiting D mechanism.50,51 The
operation of a limiting D mechanism requires the intermediacy
of a five-coordinate species or transition state.

The activation parameters ∆H≠, ∆S ≠ and ∆V≠ obtained
in the case of N-Ac-ImH were found to be 108 ± 12 kJ mol�1,
�135 ± 40 J K�1 mol�1 and 7.2 ± 0.3 cm3 mol�1, respectively.
These data along with the observed rate law presented in
eqn. (7) suggest that the reaction of H2Ocbl� with N-Ac-ImH
indeed follows an Id mechanism. This mechanism is accom-
panied by precursor formation and the value of K lies between
1–5 M�1 depending on the charge of the incoming ligands. The
value of K obtained in the present study for the fit of the data in
Fig. 5 to eqn. (7) was found to be 0.9 ± 0.2 M�1 at 25 �C.

By way of comparison, data in Table 1 show that ka (M
�1 s�1)

for pyrazole, triazole and N-Ac-ImH at 25 �C are 35.0 ± 0.8,
24.0 ± 0.4 and 6.6 ± 1.6 M�1 s�1, respectively. The values for
pyrazole and triazole are expected to be close since the pKs for
pyrazole and triazole are 2.48 and 2.6, respectively. The signifi-
cant decrease in ka = k2K1 (6.6 M�1 s�1) in the case of N-Ac-
ImH as compared to the other azoles was ascribed to the
possibility of H-bond formation between N-Ac-ImH and the
amide side chain of the corrin ring. In the case of N-Ac-ImH,

Fig. 5 Plot of ln k versus pressure for the reaction of H2Ocbl� with
N-acetylimidazole at pH 6, 20 �C and I = 0.1 M (NaClO4), (a) at 0.05 M
N-Ac-ImH and (b) at 0.5 M N-Ac-ImH.

a significant curvature was obtained and the value of K for the
ion pair formation was found to be 0.9 M�1. Marques 2 ascribed
the decrease in activation entropies and enthalpies for the reac-
tion of H2Ocbl� with a series of neutral primary amines to the
possibility of H-bonding between the primary amines and the
acetamide side-chains.2 The primary amines used were classified
to two classes, the first one [NH3, NH2(CH2)3OH, NH2Me and
NH2Pr] has significantly larger values of ∆H≠ and ∆S ≠ than
those in the second class [NH2OMe, NH2OH, NH2CH2CO2Me
and NH2(CH)2OH] which interacts by H-bonding with the
acetamide side-chains of the corrin ring.2 The second order rate
constants for the substitution of H2O by NH2OH and CH3NH2

were found to be 21.5 and 1.05 M�1 s�1, respectively, and these
low values of the rate constant were ascribed to the possibility
of H-bonding between the acetamide side chain of the corrin
ring and the incoming ligands.53

The present study has shown that the mechanism for the
reaction of H2Ocbl� with the three azoles investigated during
the course of this work is an Id mechanism where the entering
azoles participate in the transition state, and the formation con-
stant for the formation of the ion pair was found to be 0.9 M�1

as in the case of N-Ac-ImH. In spite of the high value of pKBH
�

for N-Ac-ImH (3.6) compared to that of pyrazole (2.48) and
triazole (2.6), the rate constant (ka = 6.6 M�1 s�1) was found to
be less than those obtained in the case of pyrazole and triazole
(35 and 24 M�1 s�1). This decrease in the rate constant was
ascribed to the possibility of H-bond formation between N-Ac-
ImH and the acetamide side chain of the corrin ring. This work
also presents evidence for a linkage isomerization in the case of
triazole, which has not been found for reactions of triazole
before.
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