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ABSTRACT: The kinetics and mechanism of the formation of an antitubercular complex
[Fe(CN)5(INH)]3− based on the substitution reaction between K4[Fe(CN)6] and isoniazid (INH),
i.e., isonicotinohydrazide, catalyzed by Hg2+ in aqueous medium was studied spectrophoto-
metrically at 435 nm (the λmax of the golden-yellow-colored complex [Fe(CN)5(INH)]3−) as a
function of pH, ionic strength, temperature, and the concentration of the reactants and the cat-
alyst. The replacement of coordinated CN− in [Fe(CN)6]4− was facilitated by incoming ligand
INH under the optimized reaction conditions: pH 3.5 ± 0.02, temperature = 30.0 ± 0.1◦C, and
ionic strength I = 0.05 M (KNO3). The stoichiometry of the reaction and the stability constant
of the complex ([Fe(CN)5(INH)]3−) have been established as 1:1 and 2.10 × 103 M, respectively.
The rate of catalyzed reaction was found to be slow at low pH values, to increase with increasing
pH, to attain a maximum value at 3.50 ± 0.02, and finally to decrease after pH > 3.5 due to less
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availability of H+ ions needed to regenerate the catalytic species. The initial rates were eval-
uated for each variation from the absorbance versus time curves. The reaction was found to
be pseudo-first order with respect to [INH] and first order with respect to [Fe(CN)4−

6 ] at lower

concentration, whereas it was found to be fractional order at higher [INH] and [Fe(CN)4−
6 ]. The

ionic strength dependence study showed a negative salt effect on the rate of the reaction. Based
on experimental results, a mechanism for the studied reaction is proposed. The rate equation
derived from this mechanism explains all the experimental observations. The evaluated values
of activation parameters for the catalyzed reaction suggest an interchange dissociative (I d )
mechanism. C© 2012 Wiley Periodicals, Inc. Int J Chem Kinet 44: 398–406, 2012

INTRODUCTION

Substitution at pentacyano(ligand)ferrate(II),
[Fe(CN)5L](n−3)−, is slow due to the strongly
bonded cyanide forcing the iron(II) to adopt the
low spin t62g electronic configuration, with maximum
crystal field stabilization. There is extensive infor-
mation available about ligand substitution reactions
of pentacyano(ligand)ferrate(II) complexes [1,2].
However, the subject is still given considerable
attention because of its fundamental importance in
analytical and synthetic chemistry. An extensive
series of complexes, substituted with N-, O-, S-,
and P-donor ligands Ln+ have been synthesized
from labile [Fe(CN)5H2O]3− ion [3–6]. The kinetic,
thermodynamic, and volume of activation data from
numerous mechanistic studies are consistent with
a dissociative mechanism for ligand substitution
reactions in these complexes [7,8]. Because of their
high stabilities in dark [9], the hexacyanoferrate(II/III)
is considered nontoxic [10], but undergo photolysis in
acidic medium [11] when exposed to ultraviolet (UV)
radiation, producing [Fe(CN)5H2O]3− and CN− or
HCN. The primary slow reversible thermal aquation
of [Fe(CN)6]4− produces [Fe(CN)5H2O]3−, which
reacts with pyridine-4-carboxylic acid hydrazide or
isonicotinic acid, commercially known as isoniazid
(INH), yielding substituted antitubercular complex
[Fe(CN)5(INH)]3− through the following reactions:

[Fe(CN)6]4− + H2O
k1−→←−

k−1

[Fe(CN)5H2O]3−

+ CN−(slow)

[Fe(CN)5H2O]3− + INH → [Fe(CN)5(INH)]3−

+ H2O

CN− + H2O →← HCN + OH−

The INH, an antitubercular drug, was first reported
to be effective in the treatment of tuberculosis [12,13]

but strains of Mycobacterium tuberculosis, a causative
agent of disease resistant to INH, were also reported
shortly after its introduction [14]. The mutations in
drug target genes were held responsible for INH re-
sistance [15–17]. The INH is a prodrug, and it is ac-
tivated by mycobacterial catalase–peroxidase enzyme
(CPE) in the presence of manganese ions, nicotinamide
adenine dinucleotide (NADH), and oxygen [18–20].
The recent results have suggested that the complex,
[Fe(CN)5(INH)]3−, requires no activation by CPE in
the absence of NADH, and probably its mechanism of
action involves interaction with NADH binding site of
enzyme [21,22]. This inorganic analogue may repre-
sent a new class of leading antitubercular agents aiming
at the inhibition of a validated target without activation
of CPE in the absence of NADH [21,22].

However, such reactions involving exchange of
the coordinated cyanide in least labile [Fe(CN)6]4−

by few nitrogen heterocyclic ligands [23–25] or
[Ru(CN)6]4− ion with two naphthalene substituted
ligands, viz, nitroso-R-salt and α-nitroso-β-naphthol
[26], are found to be very slow and it can be ho-
mogeneously catalyzed by some metal ions such as
Ag+ [23] and Hg2+ [24,25]. Such catalyzed reactions
provided fundamental importance in the view of ana-
lytical chemistry for trace determination of metal ions
in complex materials [24–28]. In such reactions, the
catalyst Hg2+abstracts a CN−-forming HgCN+, which
dissociates in acidic medium to regenerate the cata-
lyst [24,25,29]. Thus, coordination of INH to transi-
tion metal ions in general and Fe(II) in particular is
of special interest because of efficiency of this lig-
and to form a complex, [Fe(CN)5(INH)]3−. We have
further been interested in studying the catalytic chemi-
cal and electrochemical wet oxidation of phenol using
new copper(II) tetraazamacrocycle complexes under
homogeneous conditions [30]. Therefore, in continua-
tion of our interest in studying the catalytic reactions
[23–28,30], in the present work we have considered
it worthwhile to investigate the kinetics and mech-
anism of the Hg2+-catalyzed antitubercular complex
[Fe(CN)5(INH)]3− formation through a ligand substi-
tution reaction between [Fe(CN)6]4− and INH.
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EXPERIMENTAL

Reagents

All solutions were prepared using double distilled
water throughout the study. All the reagents used
were of analytical grade. K4[Fe(CN)6]·3H2O (Merck,
Darmstadt, Germany), HgCl2 (Glaxo Laboratories,
Lucknow, India), and INH (BDH, Poole, UK) were
used in this study. The stock solutions (1.0 × 10−2 M)
of each of K4[Fe(CN)6]·3H2O and INH were prepared
by their accurate weighing. K4[Fe(CN)6]·3H2O
solution was stored in dark amber-colored bottles to
avoid photodecomposition. The appropriate dilutions
were made from these solutions immediately before
use. Dilute solutions of HgCl2 of required concen-
trations were prepared daily to prevent loss due to
its adsorption on glass surface. The INH is highly
soluble in water, and solution is quite stable and can
be used for months. Buffer solutions were prepared by
adding KCl to HCl or potassium hydrogen phthalate
(Qualigens Fine Chemicals, India) and HCl/NaOH,
as reported in the literature [31]. The standard BDH
buffers were used to standardize the pH meter before
use. KNO3(Merck, Darmstadt, Germany) was used to
maintain ionic strength in the reaction medium.

Instrumentation

A Shimadzu double-beam UV-240 spectrophotometer
equipped with a circulatory arrangement of water for
thermostating the cell compartment was used to moni-
tor the progress of the reaction at λ = 435 nm, as well
as repetitive spectral scan of the reaction mixture. The
pH measurements were made on a digital CL46 Tosh-
niwal (India) pH meter. A self-designed thermostat was
used to maintain the temperature of all the reagents and
the reaction mixture.

Product Characterization, Stoichiometry,
and Kinetic Measurements

The reported antitubercular complex, formed between
INH and [Fe(CN)6]4−, was synthesized by a di-
rect reaction of Na3[Fe(CN)5NH3]·3H2O with INH
in aqueous solution at room temperature by adopt-
ing the procedure reported for cyanoferrate complexes
[32]. The well-known complex has been fully char-
acterized as Na3[Fe(CN)5(INH)]·4H2O using elemen-
tal analysis, nuclear magnetic resonance, UV–visible,
Mössbauer spectroscopy, and cyclic voltametric stud-
ies [33]. The UV–visible spectrum of the complex
Na3[Fe(CN)5(INH)]·4H2O in aqueous solution exhib-
ited a peak at 436 nm (ε = 4.0 × 103 M−1 cm−1)
[33] assigned to the metal to ligand charge-transfer

Figure 1 Determination of stoichiometry of the reaction
by the mole ratio method at 2.5 × 10−4 M [INH], 2.5 ×
10−6 M [Hg2+], pH 3.5 ± 0.02, I = 0.05 M (KNO3), and
temperature = 30.0 ± 0.1◦C.

transition, Fe(II)dπ → pπ INH. The structure of the
complex anion, [Fe(CN)5(INH)]3− (see below), shows
that INH coordinates through the ring nitrogen. The
mole ratio study conducted on the complex formed
during the course of the Hg2+-catalyzed reaction be-
tween [Fe(CN)6]4− and INH also revealed that the
composition of the final reaction product is 1:1, i.e.,
[Fe(CN)5(INH)]3− (Fig. 1). Hence, [Fe(CN)5(INH)]3−

is identified as the final reaction product during the
course of the reaction between [Fe(CN)6]4− and INH.

Fe
CN

CN

CN

NC

NC

N

C
O

H
N

NH 2

3–

All reactant solutions were equilibrated at 30◦C by
keeping them for 30 min in a self-designed thermo-
stat prior to the start of the reaction to maintain the
desired temperature within the accuracy of ±0.1◦C.
The reactants (2.0 mL each) were mixed in a 50-mL
Borosil measuring flask in the sequence: INH, buffer,
and HgCl2. The reaction was finally initiated by adding
2 mL of K4[Fe(CN)6]·3H2O solution to the reaction
mixture. The reaction mixture was properly shaken to
mix the contents and transferred quickly into a 10-mm
cuvette in the temperature-controlled cell compartment
of the spectrophotometer. The progress of reaction was
subsequently followed by monitoring the increase in
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absorbance at 435 nm, the λmax of the golden yellow an-
titubercular complex [Fe(CN)5(INH)]3− formed dur-
ing the reaction. No absorbance correction was applied
at the above wavelength because only this complex
absorbs strongly and the other reactants, viz, HgCl2,
K4[Fe(CN)6], and INH have no absorption. The ini-
tial rates (Vi) were calculated from absorbance values
recorded at 435 nm and used to find the reaction order
dependences in [INH], [Fe(CN)4−

6 ], and [Hg2+]. The
fixed time procedure was used to find the dependence
of [Hg2+] and pH on the reaction rate. The effect of pH
on the reaction rate was studied using potassium hy-
drogen phthalate–hydrochloric acid buffer to avoid any
complication in the reaction system. No absorbance
change at λmax of INH was noticed on adding Hg2+ to
its solution, which rules out any complexation between
the two species.

RESULTS

Mercury(II)-Catalyzed Formation of
Antitubercular Complex [Fe(CN)5(INH)]3−

The catalyzed ligand substitution reaction between
[Fe(CN)6]4− and INH has been investigated under var-
ious conditions by changing a desired experimental
variable in turn while keeping all other variables con-
stant. A detailed study of the kinetics and mechanism
of this reaction is reported in this paper. The depen-
dence of initial rates on different reaction variables are
reported below and discussed at length separately.

Effect of pH on the Reaction Rate

The effect of pH on the initial rate of the reaction be-
tween [Fe(CN)6]4− and INH catalyzed by Hg2+ ions
was investigated using a fixed time procedure in the
pH range 1.5–8.0 while keeping all other reaction vari-
ables constant to select a pH value corresponding to the
optimum rate of reaction. In the acidic medium, the pH
up to 6 was varied using KCl/HCl and potassium hy-
drogen phthalate/NaOH or HCl buffers. The plot of the
absorbance At (measured after 5, 7, and 10 min of mix-
ing the reagents) versus the pH of the reaction medium
is shown in Fig. 2. It is evident from this plot that
the rate is slow at low pH values, attains a maximum
value at 3.50 ± 0.02, and subsequently falls again. The
decrease in the rate at still higher pH values may be
due to the deficiency of protons required to reproduce
the catalytic species (vide infra). The lower rate of
the reaction at low pH values is attributed to the forma-
tion of various protonated species of K4[Fe(CN)6] hav-
ing low reactivity [34]. The protonation consequently
decreases the concentrations of free INH [35] as well

Figure 2 Effect of pH on Hg(II)-catalyzed substitution of
CN− in hexacyanoferrate(II) by INH at 1.25 × 10−2 M
[Fe(CN)4−

6 ], 2.5 × 10−4 M [INH], 2.5 × 10−6 M [Hg2+],
I = 0.1 M (KNO3), and temperature = 30.0 ± 0.1◦C.

as [Fe(CN)6]4− needed for the reaction [23–25]. Thus,
pH 3.5 was chosen for further experiment.

Effect of [INH] on the Reaction Rate

The initial rates were determined as a function of [INH]
by varying its concentration from 2.5 × 10−5 to 4.5 ×
10−4 M keeping the concentrations and other reaction
variables fixed at 2.5 × 10−6 M [Hg2+], 2.5 × 10−3

M [Fe(CN)4−
6 ], pH 3.50 ± 0.02, I = 0.05 M (KNO3),

and temperature 30.0 ± 0.1◦C. The plot of the ini-
tial rate (Vi) versus [INH] is shown in Fig. 3, which
clearly indicates that the initial rate increases, showing

Figure 3 Effect of the INH concentration on the initial reac-
tion rate at 2.5 × 10−2 M [Fe(CN)4−

6 ], 2.5 ×10−6 M [Hg2+],
pH 3.5 ± 0.02, I = 0.05 M (KNO3), and temperature = 30.0
± 0.1◦C.
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Figure 4 Dependence of the initial reaction rate on the con-
centration of [Fe(CN)6]4− at 2.5 × 10−4 M [INH], [Hg2+]
= 2.5 × 10−6 M, pH 3.5 ± 0.02, I = 0.05 M (KNO3), and
temperature = 30.0 ± 0.1◦C.

a linear dependence up to 2.5 × 10−4 M [INH], and
finally leveling off to almost a constant value at higher
concentrations.

Effect of [Fe(CN)4−
6 ] on the Reaction Rate

The initial rates were evaluated as a function
of [Fe(CN)4−

6 ] by changing its concentration from
1.0 × 10−4 to 1.0 × 10−2 M while keeping other exper-
imental variables fixed at optimum values. The plot of
log(initial rate) versus log[Fe(CN)4−

6 ] (Fig. 4) clearly
indicates that the order of the reaction with respect
to [Fe(CN)4−

6 ] is first order at its low concentration
and a low fractional order at higher concentrations, but
certainly not tending toward zeroth order. It has been
demonstrated through an independent experiment that
at higher [CN−] the rate of the forward reaction is
inversely proportional to its concentrations.

Effect of Temperature on the Reaction Rate

The rate of Hg2+-catalyzed ligand exchange between
[Fe(CN)6]4− and INH was studied as a function of
temperature range 25–40◦C keeping all other reaction
variables fixed at an optimum value. Higher tempera-
ture was avoided due to the possibility of decomposi-
tion of the golden yellow complex, [Fe(CN)5(INH)]3−.
The Arrhenius equation was used to determine the ac-
tivation energy (Ea) for the catalyzed reaction. The
energy of activation has been determined from the
slope of the plot of log(Vi) versus 1/T . The other ac-
tivation parameters, viz, enthalpy of activation (�H �=)
and entropy of activation (�S �=) have also been eval-

uated using Eyring’s equation, ln(initial rate/T ) =
ln(kB /h·e�S �=/R) − �H �=/RT, by plotting ln(Vi /T ) ver-
sus 1/T , which yields a straight line.

The values of activation parameters are found to be
Ea = 51.58 kJ mol−1, �H �= = 49.14 kJ mol−1, and
�S �= = −144.73 J K−1 mol−1. The entropy of activa-
tion is highly negative in comparison to the correspond-
ing positive values on pentacyano(ligand)ferrate(II)
[34]. This highly negative value of entropy of activation
points toward an enhanced degree of a bond-breaking
(SN1 character or dissociative character) in the acti-
vated complex of [Fe(CN)5L](3−n)− in comparison to
corresponding [Fe(CN)6]4− counterpart.

Effect of Ionic Strength (I)
on the Reaction Rate

The effect of ionic strength on the initial rate of the re-
action was studied employing KNO3 for maintaining
ionic strength in the 0.02–0.3 M range. Ionic strength
>0.3 M was not studied due to the limited solubility
of KNO3. The results indicated that the initial rate de-
creases with increasing ionic strength of the reaction
medium, confirming a negative salt effect on the rate of
the reaction. The initial rate of the reaction was found
to decrease drastically when KCl was used to maintain
the ionic strength of reaction medium. Such reduction
in the initial rate with increasing concentration of KCl,
or in other words [Cl−], may be attributed to the forma-
tion of weakly ionized species of catalyst, viz, HgCl−3
and HgCl2−

4 species, which decrease the effective con-
centration of catalytic species Hg2+ (or HgCl+) in the
reaction system.

Effect of [Hg2+] on the Initial Rate

The catalytic action of the mercury(II) concentration
on the reaction rate at pH 3.5 was studied to check the
linearity between the reaction rate and the [Hg2+] range
for analytical application due to its catalytic effect, and
also to gain an information into the changing role of
mercury as a function of its concentration. The [Hg2+]
was varied from 1.0 × 10−8 to 6.0 × 10−4 M keeping
the concentrations of [Fe(CN)6]4− and INH fixed at
an optimum value of pH 3.5 ± 0.02, I = 0.05 M
(KNO3), and temperature = 30.0 ± 0.1◦C. The plot of
the absorbance values At (t = 2, 5, and 7 min) as a
function of [Hg2+] is shown in Fig. 5.

It is interesting to note that the catalytic activity of
mercury increases, though not linearly, till the concen-
tration of Hg2+ ions is approximately equal to the con-
centration of [Fe(CN)6]4−. The value of the intercept
obtained by extrapolation of the initial linear portion
of the curve (Fig. 5) corresponds to the rate due to un-
catalyzed path. The observed decline in the rate at a
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Figure 5 Effect of variation of [Hg2+] on the initial rate of
the catalyzed ligand exchange reaction between hexacyano-
ferrate(II) and INH at 2.5 × 10−3 M [Fe(CN)4−

6 ], 2.5 ×
10−4 M [INH], pH 3.5 ± 0.02, I = 0.05 M (KNO3), and
temperature = 30.0 ± 0.1◦C.

higher concentration of mercury may be due to forma-
tion of a binuclear adduct [Fe(CN)4−

6 ·HgCl2], which
would decrease the rate of the forward reaction.

It has been observed through an independent ex-
periment conducted at low [Fe(CN)4−

6 ] that mixing of
[Fe(CN)6]4− and HgCl2 in a 1:2 molar ratio leads to the
formation of white precipitate, which quickly turned
into blue color. This observation further strengthens
the idea of adduct/binuclear complex formations be-
tween K4[Fe(CN)6] and HgCl2 in 1:1 stoichiometric
amount in solution. The existence of a similar complex
formation between [Fe(CN)6]4− and Hg(CN)2 has been
postulated by Beck [36].

DISCUSSION

The detailed experimental observation on the Hg(II)-
catalyzed reaction between [Fe(CN)6]4− and INH en-
abled us to propose the following mechanistic scheme
through Eq. (1)–(5):

[Fe(CN)6]4– + Hg2+ + H2O  K

(CN)5Fe
CNHg

H2O
k–1

k2
slow

[Fe(CN)5H2O]3–

– HgCN+

+INH –H2O
k3 fast

[Fe(CN)5(INH)]3–  

2–

HgCN+  + H+ Hg2+ + HCN 

[Fe(CN)6
4– ...Hg2+...H2O]

Uncatalyzed path

k1

= A*
+H2O

–H2O
slow

(1)

(2)

(3)

(4)

(5)

The rate expression for the formation of the complex
[Fe(CN)5(INH)]3− can be given as follows:

d[Fe(CN)5(INH)3−]/dt = k3[Fe(CN)5H2O3−][INH]

(6)

There are two possible paths for the formation of
the intermediate [Fe(CN)5H2O]3−, the catalyzed, as
well as the uncatalyzed paths. The rate of the un-
catalyzed path is dependent on the concentration of
INH (<2.5 × 10−4 M), and this dependence varies
with the concentration under certain conditions. The
rate for the uncatalyzed path can be given by the
following equation:

Uncatalyzed rate = k′[Fe(CN)
4−
6

]
(7)

where k′ is a composite rate constant involving some
concentration terms and rate constants. If the slow de-
composition of deactivated complex in the proposed
mechanism (Eq. (2)) corresponds to the slowest or rate-
determining step, the overall rate of the reaction due
to both uncatalyzed as well as catalyzed reactions in
a nonrate limiting concentration can be given through
the following rate equation (8):

Rate = d[Fe(CN)5(INH)3−]/dt

= k′[Fe(CN)
4−
6

] + k2[A∗] (8)

In Eq. (8), the first and second terms correspond to
the rate due to uncatalyzed and catalyzed reactions,
respectively. Since

[Hg2+]T = [Hg2+]Free

+ [
Mercury adduct with Fe(CN)

4−
6

]
(9)

Now on the basis of the proposed mechanistic scheme,
Eq. (9) can be easily transformed to Eq. (10)

[Hg2+]Total = [Hg2+]Free

+K
[
Fe(CN)

4−
6

]
[Hg

2+
]Free[H2O]

[Hg2+]Free = [Hg2+]Total/
(
1+K

[
Fe(CN)

4−
6

]
[H2O]

)

(10)

In Eq. (10), K refers to the association constant be-
tween catalyst, water, and [Fe(CN)6]4−. The second
term in Eq. (14) can be further expressed through
Eq. (11)

k2[A∗] = k2K
[
Fe(CN)

4−
6

]
[Hg

2+
]Free[H2O] (11)

International Journal of Chemical Kinetics DOI 10.1002/kin.20581
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Now putting the value of [Hg2+]free from Eq. (10) into
Eq. (11) yields Eq. (12):

k2[A∗] = k2K
[
Fe(CN)

4−
6

]
[Hg

2+
]Total[H2O]/

(
1 + K

[
Fe(CN)

4−
6

]
[H2O]

)
(12)

Now the rate of the overall reaction, both uncatalyzed
and catalyzed, in the presence of nonrate limiting
amounts of INH, i.e., Eq. (8), can be finally trans-
formed to Eq. (13)

Rate = k′[Fe(CN)
4−
6

] + k2K
[
Fe(CN)

4−
6

]

× [Hg2+]Total[H2O]/(1 + K
[
Fe(CN)

4
6

]
[H2O])

(13)

In Eq. (13), the first term corresponds to the rate due to
the uncatalyzed reaction and second term corresponds
to the rate due to the catalyzed reaction. The second
term demonstrates the tendency toward leveling off in
the rate at the higher concentration of [Fe(CN)6]4−, ex-
hibiting a variable-order dependence in [Fe(CN)6]4− in
the presence of a small concentration of mercury. Equi-
librium is supposed to lie on right-hand side of Eq. (1),
and the value of K to be >1. When the concentration
of [Fe(CN)6]4− is smaller, i.e., [Fe(CN)4−

6 ] 	 1 and
as the water concentration is in large excess, then Eq.
(13) reduces to Eq. (14)

Rate = k′[Fe(CN)
4−
6

] + k′
2K

[
Fe(CN)

4−
6

]
[Hg

2+
]
(14)

Equation (14) gives the observed rate constant as kobs =
k′ + k′

2 [Hg2+], where k′
2 = k2 [H2O]. However, at the

higher concentration of [Fe(CN)6]4−, K[Fe(CN)4−
6 ] 


1, Eq. (13) can be written as Eq. (15)

Rate = k′[Fe(CN)
4−
6

] + k′
2[Hg2+] (15)

Thus, the rate constants k′ and k′
2 were evaluated

from the intercept and slope, respectively, of a plot of
the initial rate versus [Hg2+] in the presence of higher
[Fe(CN)4−

6 ] (Eq. (15) and Fig. 6). The values of k′ and
k′

2 obtained from the above plot at I = 0.05 M (KNO3),
temperature = 30.0 ± 0.1◦C, and pH 3.5 ± 0.02 are
given as 6.80 × 10−4 s−1 and 3.75 s−1, respectively.
The values of these rate constants were substituted in
Eq. (14) to obtain the value of K corresponding to
the various concentrations of Hg2+ at low values of
[Fe(CN)4−

6 ]. The average calculated values of K using
Eq. (14) at varied [Hg2+] were found to be 241.4 ±
1.8. The average value of log K was found to be quite

Figure 6 Effect of [Hg2+] on the initial rate at high
[Fe(CN)4−

6 ] under condition: 5.0 × 10−3 M [Fe(CN)4−
6 ],

2.5 × 10−4 M [INH], pH 3.5 ± 0.02, I = 0.05 M (KNO3),
and temperature = 30.0 ± 0.1◦C.

close to that calculated by Beck [36]. The value of
the rate constant, k2 = 3.75 s−1, calculated at high
[Fe(CN)4−

6 ] is shown to be valid at lower [Fe(CN)4−
6 ],

where K[Fe(CN)4−
6 ] 	 1. k2 calculated by a plot of

rate versus [Hg2+] using Eq. (14) was found to be 3.78
s−1 and is in good agreement with k2 = 3.75 s−1.

The rapid increase in the rate at [Hg2+] > 1.0 ×
10−5 M (Fig. 5) may be explained by considering the
ionic character of the Hg–Cl bond in Hg2Cl2 along
with the following equilibria:

Hg2+ + Cl− K1
⇀↽

HgCl+

HgCl+ + Cl− K1
⇀↽

HgCl2

On the basis of the species distribution (HgCl2, HgCl+,
and Hg2+), present in aqueous solution of HgCl2, as
a function of log[HgCl2] [23–25], it has been found
that at [HgCl2] >10−6 M, the HgCl+ concentration is
considerable and at still higher concentration HgCl2 is
mainly present. Therefore, a loose adduct is formed
with HgCl+ in comparison to adduct formed with
Hg2+ [37,38]. The adduct formed with HgCl+and
[Fe(CN)6]4− decomposes faster than the adduct formed
between [Fe(CN)6]4− and Hg2+ and hence the rate is
enhanced. With 1.5 × 10−4 M [Hg2+] (at 2.5 × 10−3

M [Fe(CN)4−
6 ]), the rate falls rapidly, probably due to

the formation of the 1:1 complex or higher complexes
between [Fe(CN)6]4− and HgCl2. This complexation
removes the catalytic species, viz, Hg2+ and HgCl+

from the reaction mixture and causes a sharp decline
in the rate. A similar observation has been reported by
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us [23–25]. This supposition is in line with an earlier
work of Beck [36] who demonstrated the formation
of 1:1 complexes in reactions of Hg(CN)2 with some
inert cyano-complexes such as [Fe(CN)4−

6 · Hg(CN)2],
[Fe(CN)3−

6 · Hg(CN)2], and [Fe(CN)2−
6 · Hg(CN)2].

However, another compound Hg2Fe(CN)2 is formed
when Hg(NO3)2 is added to [Fe(CN)6]4− solution [39].
According to Beck [36], the first complex may be
represented as

Fe Hg

CN

CN

CN

CN

CN

CN

NC

NC

Thus, the catalytic role of Hg2+ in the suggested mech-
anistic scheme appears to be justified. After an initial
association between [Fe(CN)6]4− and Hg2+, the ion
pair rapidly isomerizes to the following form:

CNHg  2–

(CN)5Fe 
 OH2

The isomerized complex then decomposes in a
slow step leading to the formation of [Fe(CN)5OH2]3−

and HgCN+. In the presence of INH, the water
molecules of aquapentacyanoferrate(II) are quickly
replaced leading to the formation of product
[Fe(CN)5(INH)]3−. The repetitive spectral scans of
the Hg(II)-catalyzed ligand substitution reaction be-
tween [Fe(CN)6]4− and INH are shown in Fig. 7,
which clearly reveals that a peak at 435 nm grows
with time, which is attributed to the formation
of a golden yellow complex [Fe(CN)5(INH)]3− dur-
ing the course of the reaction.

CONCLUSION

Based on our study, it is concluded that the antitu-
bercular complex [Fe(CN)5(INH)]3− is formed as a
final reaction product during the Hg2+-catalyzed lig-
and exchange reaction of INH via an interchange dis-
sociative mechanism, which replaces one of the six
coordinated cyanides in [Fe(CN)6]4−. The rate con-
stants and other equilibrium constants involved in the
mechanism have been evaluated. The computed acti-
vation parameters of the reaction are also provided in
support of the proposed mechanism. The negative en-
tropy of activation (�S �=) for the reaction at hand is
in contrast with the positive value found for other re-
lated [Fe(CN)5L](3−n)− complexes [34]. The decrease

Figure 7 A repetitive spectral scan of the reaction mixture
during a typical kinetic run at temperature = 25 ± 0.1◦C,
2.5 × 10−3 M [Fe(CN)4−

6 ], 2.5 × 10−4 M [INH], [Hg2+]
= 2.5 × 10−6 M, pH 3.5 ± 0.02, I = 0.05 M (KNO3), and
temperature = 30.0 ± 0.1◦C.

in the value of entropy of activation points toward a
shift from a pure D-mechanism to an Id -mechanism
in [Fe(CN)6]4−. The overall mechanistic sequence de-
scribed here is consistent with the kinetic studies of
antitubercular complex formation.

The authors are grateful to the Head, Department of Chem-
istry, University of Lucknow, Lucknow, India, for providing
necessary departmental facilities to perform the work.
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