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EQUILIBRIUM AND KINETIC STUDIES
ON LIGAND SUBSTITUTION REACTIONS
OF TRANS-[CO"(en),(Me)H,O*:

A MODEL FOR COENZYME B,

MOHAMED S.A. HAMZA

Department of Chemistry, Faculty of Science, Ain Shams University,
Abbassia, Cairo, Egypt. E-mail: hamzamsa@ hotmail.com

( Received 4 November 2002; In final form 30 January 2003)

Ligand substitution of frans-[Co™(en),(Me)H,O** was studied for pyrazole, 1,2,4-triazole and N-acetylimi-
dazole as entering nucleophiles. These displace the coordinated H,O molecule trans to the methyl group to
form trans-[Co(en),(Me)azole]. Stability constants at 18°C for the substitution of H,O by pyrazole, 1,2,4-
triazole and N-acetylimidazole are 0.7-0.1, 13.8 1.4 and 1.74+0.2M ™!, respectively. Second order rate
constants at the same temperature for the reaction of rrans-[Co™(en),(Me)H,O** with pyrazole, 1,2,4-
triazole and N-acetylimidazole are 161412, 212411 and 12.94+1.6M~'s™!, respectively. Activation
parameters (AH”, AS™) are 67+6kJmol™!, +27+19JK "mol™"; 594 2kJmol™", +1£6JK 'mol™!
and 72 +4kImol™!, +23+ 14JK 'mol™! for reactions with pyrazole, 1,2,4-triazole and N-acetylimidazole,
respectively. Substitution of coordinated H,O by azoles follows an Iy mechanism.

Keywords: Kinetics; Equilibrium; By, model complexes; Azoles; 14 mechanism

INTRODUCTION

Equilibrium and kinetic studies of ligand substitution trans to the alkyl group in coen-
zyme B, and various model complexes are of significant interest since it is known that
methylcobalamin and coenzyme Bj, undergo substitution of axial benzimidazole by a
protein histidine residue during complexation to the enzymes methionine synthase,
methyl malonyl coenzyme A mutase, and glutamate mutase, respectively [1-3].
Cobalt complexes containing a Co—C -bond can be used as models for coenzyme B,
to mimic reactivity and mechanistic behaviour of coenzyme B;,. Several complexes were
used for this purpose, such as cobalt(III) complexes of dimethlglyoxime, salen and Costa’s
complex [4-12]. Kofod [13] showed that the Co(III) metal centre surrounded by five
ammonia ligands and one methyl group can be used as a simple model for the By,
coenzyme. Also, it was mentioned that cis-[Co(NH;)4(NH,)-(CH5)]t was used as a
model system for coenzyme B;j, with respect to molecular orbital calculations
investigating the overlap population of the Co—C bond by applying a variety of electro-
nic perturbations [14]. Van Eldik et a/. [15] have studied the kinetics of the reaction of
[Co(NH3)s(CH;3)]*™ with ethylenediamine in details and identified the rapid stepwise
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formation of cis-[Co(en)>(NH3)(CH;3)]** and subsequent slower isomerization to the
stable rrans-[Co(en)>(NH3)(CH3)]*" complex. All rate and activation parameters were
resolved and strongly support the operation of a limiting dissociative (D) mechanism
for all reaction steps [15].

Ligand substitution of rrans-[Co™(en),(Me)H,O]*" have been studied for cyanide,
imidazole and NHj as entering nucleophiles [16,17]. These were found to displace the
coordinated water molecule trans to the methyl group to form trans-[Co(en),(Me)L].
Stability constants for cyanide, imidazole and NH; at 25°C were found to be
(8.3+£0.7) x 10%, 24.5+2.2 and 17.4+ 1.1 M, respectively. Second order rate con-
stants for the substitution were found to be 3.3 x 10%, 198 and 125M~'s™! at 25°C
for cyanide, imidazole and NHj_ respectively. From temperature- and pressure-depen-
dence studies, activation parameters (AH”, AS” and AV7) for the reaction of trans-
[Co™(en)»,(Me)H,O*" with cyanide were found to be 49kJmol™!, —38J K 'mol™'
and 4 7.0cm®mol™", respectively, compared to 53kJmol™!, —22JK 'mol™" and
+4.7cm® mol ™", respectively, for the reaction with imidazole. However, those for the
reaction trans-[Co™(en),(Me)H,O*" with NH; were found to be 62kJmol™",
+3JK "mol™" and +5.7cm’ mol ™', respectively. Based on these activation volumes,
the reactions follow an Iy mechanism in which the entering nucleophile is weakly
bound in the transition state [16,17].

It is of interest to study azoles as entering nucleophiles since their action could link
studies of metal binding properties of nitrogenous bases with information on proton
affinities in the gas phase [18,19], in aqueous solution and aprotic solvents [20,21],
and of their H-bonding capacities [22]. It is also of interest from a bioinorganic chem-
istry point of view, because the imidazole group of histidine occurs as a ligand in most
of the known haemoproteins [23].

Recently, it has been shown that azoles react with vitamin By, and the second order
rate constants for the reaction of aquacobalamin with pyrazole, 1,2,4-triazole and
N-acetylimidazole at 25°C were found to be 35.0, 24.0 and 6.6 M~ 's™ ! respectively
[24]. The suppression in the rate constant in the case of N-acetylimidazole compared
to pyrazole and triazole was ascribed to the possibility of hydrogen bond formation
between the entering ligands and the acetamide side chain of the corrin ring.
Based on the reported kinetic and activation parameters, the substitution of coor-
dinated H,O in vitamin Bj,, by these 5-membered heterocyclic azoles follows an I4
mechanism [24].

This study reports equilibrium and kinetic data for the reaction of trans-
[Co™(en)»,(Me)H,OJ*", as a simple model for coenzyme B, with pyrazole, 1,2,4-tria-
zole and N-acetylimidazole N-Ac-ImH.

EXPERIMENTAL

Materials

All chemicals were of analytical grade and used as received. Ultra pure water was used
for all measurements. Special care was taken during the preparation and measurements
because trans-[Co™ (en),(Me)H,O]* " was found to be light sensitive akin to other alkyl-
cobalamins and alkyl cobalt complexes [25-27].
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Trans-[Co™(en),(Me)NH;]S,0¢ was prepared as described previously by Kofod [28]
by reacting Co(II) nitrate with methylhydrazine in the presence of NH; to give
[Co(NH3)sMe](NO3),. This was treated with ethylenediamine to give cis-[Co(en),-
(Me)NH;)**, followed by slow isomerization to give frans-[Co(en),(Me)NH;]*™,
which can be isolated in the solid form. This complex gives trans-[Co(en),(Me)-
H,O]*" upon dissolving in buffers [16]. Characterization of the complexes by elemental
analysis, electronic and NMR spectroscopy was in agreement with literature data [28].

Instrumentation

The pH of the solution was measured using a Mettler Delta 350 pH meter. The meter
was calibrated with standard buffer solutions at pH 4.0 and 7.0 Electronic spectra were
recorded on Shimadzu UV-2101 and Hewlett-Packard 8452A spectrophotometers.

Kinetic measurements were carried out on an Applied Photophysics SX 18MV
stopped-flow instrument coupled to an online data acquisition system. At least eight
kinetic runs were recorded under all conditions, and the reported rate constants repre-
sent 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. All instru-
ments used were thermostatted to the desired temperature (+0.1°C).

RESULTS AND DISCUSSION

This study presents kinetic and equilibrium data for the substitution of the axial H,O
molecule in lrans-[Co(en)z(Me)HZO]“ by azoles in comparison with previous work on
the reactions of cyanide, imidazole and NHj; [16,17]. The investigated reaction is shown
in Eq. (1), where L =pyrazole, 1,2,4-triazole or N—Ac-ImH.

2+ 2+

. CHj _] k . CHg
PACY 1 e (i) e o
/N /

~ N

N
H,0 L

N

Electronic Spectra of trans-[Co(en)z(Me)HzO]ZJr

The electronic spectrum of trans-[Co(en),(Me)H,O]*" in bistris buffer at pH 6.0 shows
characteristic bands at 364 and 472nm. Increasing temperature shifts these bands
slightly to longer wavelength accompanied with good isosbestic points at 330,385,430
and 486 nm. This suggests that this complex exists in an equilibrium between 5- and
6-coordinate species. Increasing temperature shifts this equilibrium towards the 5-coor-
dinate species. This is expected, since the presence of CHj in the axial position exerts a
strong trans influence and the coordination of the other axial ligand (H,O) is very weak.
A similar observation was made in the case of alkylcobaloximes and alkylcobinamide
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[7,29,30]. In the case of cobinamide, increasing pressure of decreasing temperature
shifts the equilibrium towards the 6-coordinate species. It has been shown in the case of
methylcobinamide that the reaction volume for this equilibrium is — 12.4 cm® mol™".
This indicates that a H,O molecule is coordinated frans to the methyl group to form
the 6-coordinate species [29].

Equilibrium Measurements

The electronic spectrum of frans-[Co(en)>(Me)NH;]*" in bistris buffer at pH 6.0 shows
characteristic bands at 364 and 472 nm, suggesting that the main species in solution is
trans-[Co(en)>(Me)H,O** [16,28]. Addition of triazole shifts the bands to 355 and
462 nm, accompanied by good isosbestic points at 364, 420 and 440 nm as shown in
Fig. 1. This indicates that a simple equilibrium exists under these conditions and the
aqua ligand trans to the methyl group is displaced by triazole to form
[Co(en)>(Me)triazole]**. Similar changes in electronic spectra were obtained in the
cases of pyrazole and N-Ac-ImH. However, in these two cases, Ap., for the prod-
uct was found to be at 358 and 468 nm, with a shoulder at 290 nm. It is clear that
the shift in the case of triazole is slightly larger than in the case of pyrazole and
N-Ac-ImH, since the equilibrium constants for the latter cases are smaller than for tria-
zole. By way of comparison, A, for the first absorption band of the trans-
[Co(en)>(Me)L]*" where L is CN, NH;, triazole pyrazole, N-Ac-ImH and H,O is
332, 354, 355, 358 and 364 nm, respectively. Also the second absorption band shifted
from 445nm (CN) to 462 nm (triazole), 468 nm (pyrazole and N-Ac-ImH) and finally
in the case of H,O, was located at 473 nm. This shift is consistent with the spectroche-
mical series: CN~ > NH; > triazole > pyrazole ~ N-Ac-ImH > H,O.

0.8

Absorbance

0.0

: T . T . T ;
300 400 500 600 700
Wavelength, nm

FIGURE 1 Electronic spectra of frans-[Co(en),(Me)H,O]*" in the presence of various concentrations
(0.015-0.3 M) of triazole at pH 6.0, 18.0°C and I=0.1 M (NaClOy).
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Equilibrium (1) was established within the time required for mixing the solutions and
recording the spectra. Spectrophotometric titration of triazole was monitored by fol-
lowing the increase in absorbance at 330 nm or the decrease at 384 nm, where the largest
change in absorbance occurred. A solution of 3-5 x 107> M trans-[Co(en),(Me)-NH]**
dissolved in bis—tris buffer (pH 6.0) (I=0.1 M using NaClO,), was placed in a 1.0cm
path length cuvette in the thermostatted cell block of the spectrophotometer for
ca 20min. This solution was titrated by addition of small volumes of a concentrated
stock solution of the azoles using a Hamilton syringe. Values of the equilibrium
constant, K, and A, were obtained by fitting the absorbance versus concentration
curve to Eq. (2) after correction of dilution if necessary.

A= Ao+ (Aoo — A)K[L]/(1 + K[L]) 2

Typical data for the reaction with triazole are shown in Fig. 2. The solid line repre-
sents the fit of the experimental data to (2), where 4, and A4, represent the absorbance
at 0 and 100% formation of trans-[Co(en),(Me)triazole]*", respectively, and A, is
the absorbance at any given ligand concentration, [L]. The data were subsequently
analyzed by plotting log(A, — 4,)/(As — Ax) versus log[L], which resulted in a good
linear plot with slope of 1.02+0.03 for triazole at 18°C, indicating that only one
ligand (L) is coordinated to the cobalt complex. The intercept gives the value of
log K, in excellent agreement with the directly determined value described above.
The value of K in the case of triazole was found to be 13.8+1.4M™! at 18°C (this
temperature throughout unless specifically noted).

0.60

0.55

0.50

0.45 -

Absorbance

0.40

0.35

0.30

T v T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

[Triazole], M

FIGURE 2 Changes in absorbance at 330nm on addition of triazole to trans-[Co(en),(Me)H,0]*"; the
solid line is a fit of data to Eq. (2).
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Similar spectrophotometric titrations were carried out in the case of pyrazole and
N-Ac-ImH. Values of K in the case of pyrazole and N-Ac-ImH were found to be
0.74£0.1 and 1.7+£02M""', respectively. Plotting log(Ay — A,)/(Aec — Ay) versus
log[L] resulted in good linear plots with slopes of 1.08+0.07 for pyrazole and
0.95+0.07 for N-Ac-ImH. This indicates that only one entering ligand is coordinated
to the cobalt atom.

The value of K for the reaction of frans-[Co(en),(Me)H,O*" with imidazole was
found to be 24.5M~" [16]. This values is higher than that obtained in the case of
N-Ac-ImH (1.7M~") and pyrazole (0.7M™"). This comparison demonstrates the
effect of basicity since the pKgy ' values of pyrazole, N-Ac-ImH and imidazole are
2.48, 3.6 and 7.24, respectively [31]. These values may be used to establish a linear
relationship between log K and pKgyt to probe the effect of basicisity. Linear plots
between log K for the coordination of nitrogenous bases (imidazole, pyridines and
primary amines and their derivatives) versus pKgy ™ were obtained for the coordination
of these ligands to Co(III) corrinoids and Fe(III) porphyrins [32-34].

The value of K(triazole) was found to be 13.8 4+ 1.4 M~" and the value for binding of
triazole to [Co(corrin)(Me)H,O*" was reported to be 2.75M~! [35], from which it fol-
lows that the affinity of triazole for trans-[Co(en),(Me)H,OJ*" is almost 5 times higher
than for [Co(corrin)(Me)H,O]*". 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 formation constants for the equatorial ligands
is corrin < (en),.

Kinetic Measurements

Reaction of tmns-[Co(en)z(Me)H20]2+ with Triazole

The reaction between 3 x 107>M trans-[Co(en)»(Me)H,O" and excess triazole at
pH 6.0 (Jtriazole]=0.05-0.5M, I=0.1M using NaClO,4) was studied at different
temperatures. The results are shown in Fig. 3, from which good linear plots with signi-
ficant intercepts were obtained. Furthermore, the plots do not indicate any saturation
at high concentrations of triazole. This behaviour can be expressed by the rate law
given in (3), where k, and k;, represent the rate constants for the forward and reverse
reactions in (1). Values of k, and k, as a function of temperature, along with corre-
sponding activation parameters are summarized in Table I.

kobs = kg[triazole] + k, 3)

Values of AH” and AS” for the forward reaction (k,) were found to be
594+ 2kImol™" and +14+6JK 'mol™", respectively, whereas those for the reverse
reaction (k;) were 90 £4kJmol~" and +87+13JK 'mol ™', respectively, suggesting
that the reaction is dissociative I4 in nature.

The value of k, and k;, can be used to calculate K (=k,/k;), which turns out to
be 15.84+1.6M~" at 18°C. The kinetically determined value of K is in very good
agreement with that obtained spectrophotometrically at the same temperature,
138+1.4M°"
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FIGURE 3 Plot of kops versus [triazole] for the reaction between trans-[Co(en),(Me)H,O]** and triazole as

a function of temperature. Experimental conditions: [Co(III) =0.003M, pH 6.0, I=0.1M (NaClO,) and
temperature = 5.0 (a); 12.0 (b); 18.0 (c) and 25.0°C (d).

TABLE 1 Kinetic data and activation parameters for the reaction of frans-[Co(en),(Me)H,O*" with
pyrazole, triazole and N-acetylimidazole as a function of temperature

Temp. (°C) Pyrazole 1,2 4-Triazole N-Ac-ImH

keM7's™ kT kMY kT kMY k57T

5.0 402 + 3.8 28.2 + 1.8 62 + 1 2204030 276+0.70 1.59 +0.21
12.0 83 +£3 88 + 1 118 £ 1 6.78 £0.42  7.03+022 413 +0.07
15.0 102+ 6 119 + 3

18.0 161 + 12 159 + 5 212 + 11 13.4+34 129+ 1.6 8.67 + 0.47
25.0 256 + 13 33.6 +4.2 24.1 £ 0.7 20.4 + 0.21
AH7, kJ mol~! 67 + 6 88 £ 8 59 +£2 90 + 4 72+ 4 85+ 1
AS”, JK 'mol™! 427+ 19 +102 + 27 +1+6 +87+ 13 +23+ 14 +66+3

Experimental conditions: [Co(en),(Me)H,0] = 3-5 x 1073 M; pH 6.0 (bis—tris buffer), [=0.1 M NaClOy,.

Reaction of trans-[Co(en),(Me)H,0 12t with Pyrazole

Figure 4 shows the effect of [pyrazole] on the reaction of frans-[Co(en),(Me)H,O]*+
with excess pyrazole at pH 6.0 ([pyrazole] =0.15-0.7 M, I =0.1 M using NaClOy) at dif-
ferent temperatures. This figure shows that good linear plots with significant intercepts
are obtained and no curvature was observed at high concentrations of pyrazole. This
behaviour can be expressed by a rate law similar to that in (3). Values of k, and k,
as a function of temperature, along with the corresponding activation parameters
are summarized in Table I. The values of AH” and AS” for the forward reaction
(k,) were found to be 67+6kImol™' and +27+19JK 'mol™', respectively,
whereas those for the reverse reaction (k,) were found to be 88 +8kJmol™' and
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FIGURE 4 Plot of ke versus [pyrazole] for the reaction between trans-[Co(en)»(Me)H,O]** and pyrazole
as a function of temperature. Experimental conditions: [Co(III)]=0.005M, pH 6.0, I=0.1 M (NaClO,) and
temperature = 5.0 (a); 12.0 (b); 15.0 (¢) and 18.0°C (d).

+102+27JK~"mol ™', respectively. The derived value of K (=k,/k;) is 0.94+0.1M~!
at 15°C, in good agreement with that obtained spectrophotometrically at the same
temperature, 0.7 +0.1 M.

Reaction of trans-[Co(en)(Me)H,O** with N-Ac-ImH

Similar linear plots to those obtained in the case of pyrazole and 1,2,4-triazole were
obtained for the reaction of trans-[Co(en),(Me)H,O]*" with excess N-Ac-ImH at
pH 6.0 ([N-Ac-ImH]=0.075-0.5M, I=0.1 M) at different temperatures. These plots
are shown in Fig. 5 and show significant intercepts. The same is apparent in this
case and rate law values of k, and k;, as a function of temperature, along with the
corresponding activation parameters are summarized in Table I. The values of AH”
and AS” for the forward reaction (k,) were found to be 724+4kJmol™' and
+23+14JK "mol™", respectively, whereas those for the reverse reaction (k,) were
found to be 85+ 1kJmol™" and +66+3JK "mol™!, respectively. K (=k,/k;) is
1.48+£02M"" at 18.0°C, in a good agreement with that obtained spectrophoto-
metrically at the same temperature, 1.7+0.2M ™.

By way of comparison, the second order rate constants (Table I) for pyrazole,
triazole and N-Ac-ImH at 18.0°C are 161+12, 212+11 and 129+1.6M's7!,
respectively. The significant decrease in k, (12.9M~'s™!) in the case of N-Ac-ImH
as compared to the other azoles is ascribed to the possibility of hydrogen-bond forma-
tion between N-Ac-ImH and ethylenediamine in the equatorial position. It has been
suggested recently that N-Ac-ImH forms hydrogen bonds with the acetamide side
chain of the corrin ring and the suppression in the rate constant in this case too was
ascribed to hydrogen bond formation [24].
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FIGURE 5 Plot of kg versus [N-Ac-ImH] for the reaction between trans-[Co(en),(Me)H,O]*" and N-Ac-
ImH as a function of temperature. Experimental conditions: [Co(I11)] =0.003 M, pH 6.0, I=0.1 M (NaClOy)
and temperature = 5.0 (a); 12.0 (b); 18.0 (c) and 25.0°C (d).

The high lability of coordinated water in rrans-[Co(en)>,(Me)H,O]*" is seen in the
relatively low activation enthalpy for substitution by azoles, as compared to the
higher activation enthalpy for the aquation reaction of the azole complexes (i.e.,
the back reaction). The significantly positive values of AH” and AS” for the reverse
reaction suggest a dissociatively activated transition state. Values of the activation
enthalpy for the reaction with triazole, pyrazole and N-Ac-ImH (59 +2, 67 £6, and
72 +4 kI mol ™!, respectively) are close to those obtained previously [16,17] for the reac-
tion with CN~, imidazole and NH5 (50 £4, 5342 and 624 1 kImol™' respectively).
Values of activation entropy for the formation of trans-[Co(en),(Me)azole]*™ were
found to be close to zero, compared to a significantly positive value for the back
reaction. AH” and AS” for the reaction of frans-[Co(en)>,(Me)H,O]*" with pyrazole,
triazole and N-Ac-ImH are in a good agreement with those obtained previously for
CN™, NH; and Imidazole, where the mechanism was assigned as I4 [16,17]. Thus it
can be concluded that the mechanism for the reaction investigated here is an I4 mechan-
ism, where the azoles partially participate in the transition state.
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