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’ INTRODUCTION

Nitric oxide (NO) was proclaimed the molecule of the year by
Science in 1992 since the important biological significance of this
messenger molecule was confirmed by many extensive studies on
the role of NO in mammalian biology.1 Since the physiological
and pathophysiological role of NO is often related to its
coordination to metal centers, in particular iron, the interac-
tion of hemoproteins and different modified, water-soluble
iron porphyrin complexes with NO has been intensively
studied over the past years.2�6 The dynamics of the formation
and stability of nitrosyl porphyrin complexes depends on
various factors, for instance, the nature and overall charge
on the porphyrin, oxidation state of the iron center, spin
reorganization, lability of the metal center, and the nature of
the axial ligands.7 In addition to the character of the prosthetic
group, numerous other factors connected with the protein
structure have a large influence on the reversible binding of
NO to the iron center. Thus, a comparison of the results ob-
tained from studies on the nitrosylation of iron porphyrins
with those obtained from studies on the binding of NO to
hemoproteins enabled the elucidation of the role of the
protein structure on the properties of the heme coordination
center and the regulation of NO binding. Because of the many
factors that govern NO coordination to iron hemes and NO
dissociation from nitrosyl complexes, the elucidation of the

mechanism of NO interaction with iron porphyrins is still far
from complete and requires more detailed studies.

Systematic studies on the interactionofNOwith [FeIII(TMPS)]3�,
[meso-tetrakis(2,4,6-trimethyl-3-sulfonatophenyl)porphinato]-
iron(III), a water-soluble synthetic model iron porphyrin, indicated
that this complex is a reasonable model for the ferriheme protein,
particularly met-myoglobin.2 The mechanism of reversible
binding of NO to FeIII(TMPS) was shown to depend strongly
on the pH of the solution.6 At low pH where FeIII(TMPS) exists
as a six-coordinate diaqua-ligated species [FeIII(TMPS)-
(H2O)2]

3�, coordination of NO occurs via a dissociatively
activated mechanism and is controlled by the lability of the
metal center.2 An opposite, associatively activated mechanism
was observed for the binding of NO to the five-coordinate
monohydroxo species [FeIII(TMPS)(OH)]4� at high pH.
On the basis of detailed mechanistic studies, it was proposed
that formation of FeII(TMPS)(OH)(NOþ) is controlled by
FeIII-NO bond formation and spin reorganization connected
with this process.6

Mechanistic studies on the binding of NO to FeIII(TMPS)-
(OH)(MeIm) in an ionic liquid revealed that coordination
ofmethylimidazole (MeIm) to themonohydroxo porphyrin species
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ABSTRACT: The reaction of the water-soluble FeIII(TMPS)
porphyrin with CN� in basic solution leads to the stepwise
formation of FeIII(TMPS)(CN)(H2O) and FeIII(TMPS)-
(CN)2. The kinetics of the reaction of CN

� with FeIII(TMPS)-
(CN)(H2O) was studied as a function of temperature and
pressure. The positive value of the activation volume for the
formation of FeIII(TMPS)(CN)2 is consistent with the opera-
tion of a dissociatively activated mechanism and confirms the
six-coordinate nature of the monocyano complex. A good
agreement between the rate constants at pH 8 and 9 for the
formation of the dicyano complex implies the presence of water in the axial position trans to coordinated cyanide in the monocyano
complex and eliminates the existence of FeIII(TMPS)(CN)(OH) under the selected reaction conditions. Both FeIII(TMPS)-
(CN)(H2O) and FeIII(TMPS)(CN)2 bind nitric oxide (NO) to form the same nitrosyl complex, namely, FeII(TMPS)(CN)-
(NOþ). Kinetic studies indicate that nitrosylation of FeIII(TMPS)(CN)2 follows a limiting dissociativemechanism that is supported
by the independence of the observed rate constant on [NO] at an appropriately high excess of NO, and the positive values of both
the activation parameters ΔSq and ΔVq found for the reaction under such conditions. The relatively small first-order rate constant
for NO binding, namely, (1.54( 0.01)� 10�2 s�1, correlates with the rate constant for CN� release from the FeIII(TMPS)(CN)2
complex, namely, (1.3 ( 0.2) � 10�2 s�1 at 20 �C, and supports the proposed nitrosylation mechanism.
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led to a changeover inmechanism for the formation of FeII(TMPS)-
(OH)(NOþ) from an associatively activated mode for FeIII-
(TMPS)(OH) to a dissociatively activated mode for
FeIII(TMPS)(OH)(MeIm).8 In a preliminary study, we also att-
empted to generate the mono(methylimidazole) FeIII(TMPS)
derivative in aqueous solution. However, formation of only the
bis(methylimidazole) complex FeIII(TMPS)(MeIm)2 was ob-
served over a wide pH range (pH = 5�13). The binding of NO
to the bis(methylimidazole) porphyrin complex revealed only
formation of FeII(TMPS)(OH)(NOþ) from FeIII(TMPS)-
(OH) existing in equilibrium with FeIII(TMPS)(MeIm)2. Sub-
sequent reductive nitrosylation, which occurs much faster in the
presence ofMeIm, rendered it impossible to monitor the binding
of NO to FeIII(TMPS)(MeIm)2.

It follows from the above discussion that the number and
electronic nature of the axial ligands in synthetic model ferric
porphyrins can regulate the dynamics of NO binding as well as
the stability and reactivity of the nitrosyl adducts. Therefore, to
investigate the influence of the nature of the axial ligand on the
reactivity of iron(III) porphyrins with NO, we selected the
cyanide ligand which behaves as a strong σ donor andπ acceptor.
The cyanide ion has been extensively used in the study of the
properties of iron porphyrins, hemes, and hemoproteins,9�12 as
well as in many modeling studies on simple iron complexes.13

Although both ferric and ferrous iron porphyrins can interact
with cyanide, the affinity of cyanide for the iron(III) heme center
is much higher. The binding of cyanide to the ferric heme center
leads to the formation of low-spin dicyano FeIII(Por)(CN)2 or
mixed-ligand FeIII(Por)(CN)(L) complexes.9,10 Cyanide for
example binds to the heme a3 oxygen site of cytochrome c
oxidase and strongly inhibits the catalytic activity of the enzyme,
and as a result studies in search for methods to treat cyanide
poisoning have received significant attention.14

In the present study we chose the water-soluble porphyrin
FeIII(TMPS) and by addition of appropriate amounts of sodium
cyanide under selected pH conditions generated the six-coordi-
nate FeIII(TMPS)(CN)(H2O) and Fe

III(TMPS)(CN)2 species.
Detailed kinetic studies on the reactions of the cyanide deriva-
tives of FeIII(TMPS) with NO were performed. To obtain a
better understanding of the mechanism of NO coordination to
cyano porphyrin complexes, we supplemented our study with
kinetic measurements on the formation of the mono- and dicyano
FeIII(TMPS) complexes. All measurements were performed
at two selected pH values (namely, 8 and 9), for which the
FeIII(TMPS) complex mainly exists as FeIII(TMPS)(OH) since
the pKa of Fe

III(TMPS)(H2O)2 is 6.9. Comparison of the kinetic
data from two different pH values helped us to identify the nature
of the monocyano species which participated in the observed
reactions. Furthermore, the selected pH conditions enabled us to
follow the formation of the monocyano porphyrin complex and
the subsequent formation of the dicyano complex.

’EXPERIMENTAL SECTION

Materials. All chemicals used in this study were of analytical reagent
grade. NO gas was purchased from Praxair Deutschland GmbH & Co.
KG, Bopfingen (3.0) and bubbled through concentrated KOH solution
to remove higher nitrogen oxides (N2O3, NO2), then passed through an
Ascrite II column (NaOHon silica gel, Sigma Aldrich) and a phosphorus
pentoxide column. The iron(III) porphyrin, [meso-tetrakis(2,4,6-tri-
methyl-3-sulfonatophenyl)porphinato]-iron(III) hydroxide (tetrasodium
salt), was purchased from Frontier Scientific, Inc. Utah, U.S.A. Sodium

cyanide was purchased from Aldrich Chemical Co., Inc. and used as
source for cyanide throughout the study.
Solution Preparation. Samples of FeIII(TMPS)(OH) were pre-

pared at pH 8 and 9 using TAPS (>99%, ROTH) and CHES (>99%,
Sigma) buffer solutions (0.05 M), respectively. The ionic strength of the
solutions was adjusted with NaNO3 to 0.15 M. Deionized water was
used for the preparation of all solutions. Since experiments with NO
required an inert atmosphere, all solutions were deoxygenated by argon
and handled using gastight syringes. Appropriate concentrations of NO
(0.2�1.8 mM) were prepared by mixing a saturated solution of NO
(1.8 mM) with a deoxygenated buffer solution under inert atmosphere.
Cyanide derivatives of FeIII(TMPS) were obtained by addition of an
appropriate excess of NaCN.
Measurements. Ambient pressure stopped-flow measurements

were performed on an SX 18.MV Applied Photophysics apparatus
equipped with a thermostat ((0.1 �C). In a typical experiment, buffer
solutions (deoxygenated if required) of the porphyrin complex were
rapidly mixed with appropriate concentrated substrate solutions (NO or
NaCN) in the ratio 1:1. All reactions with NO were initiated using pre-
equilibrated solutions of FeIII(TMPS)(OH) with cyanide. All kinetic
measurements were performed under pseudo first-order conditions, that
is, by using at least a 10-fold excess of NO or NaCN (representing the
total cyanide concentration in the solution) over the porphyrin concentra-
tion.Reported rate constants aremean values of at least 10 kinetic runs.Time-
resolved spectra were recorded with the use of the stopped-flow apparatus
described above, equipped with a J&M TIDAS diode-array detector. High
pressure stopped-flow experiments were performed in the pressure range of
10 to 130 MPa on a custom built apparatus.15 OLIS KINFIT software
(Bogart, GA, 1989) was used for the analysis of kinetic traces. Ambient
pressure UV�vis spectra were recorded on a Shimadzu UV�2101PC
spectrophotometer equipped with a thermostatted cell compartment
(CPS-260). UV�vis spectra under high pressure conditions (up to 150
MPa) were recorded in a quartz pill-box cell on the spectrophotometer
described above including a custom built high pressure cell.16

’RESULTS AND DISCUSSION

UV�vis Spectral Data for the Reaction of FeIII(TMPS)(OH)
with Cyanide. The UV�vis spectrum of FeIII(TMPS)(OH)
exhibits a Soret band maximum at 416 nm. After addition of an
excess of sodium cyanide to the FeIII(TMPS)(OH) complex, two
subsequent reactions were observed. The first fast reaction
leadingto formation of the monocyano species revealed an
absorbance increase in the Soret band at 416 nm and the
appearance of a new Q-band at 550 nm (Figure 1a). The second
reaction connected with conversion of the monocyano to the
dicyano complex occurred on a much slower time scale and
resulted in the spectral changes presented in Figure 1b. The
decrease in the Soret band at 416 nm was accompanied by a
simultaneous appearance of a new Soret band at 427 nm and an
increase in absorbance at 600 nm.
Kinetic and Thermodynamic Studies on the Reaction of

CN� with FeIII(TMPS)(OH). Mixing equally concentrated solu-
tions of FeIII(TMPS)(OH) and sodium cyanide in the volume
ratio 1:1 at pH 8 or 9, and 20 �C, resulted in the formation of a
small fraction of both monocyano and dicyano species. The
spectral changes and stopped-flow kinetic measurements indi-
cated that binding of cyanide to [FeIII(TMPS)(OH)] occurs in
two steps.12,17�20 Under the selected pH conditions the follow-
ing reactions are to be considered:

HCN a Hþ þ CN� KaðHCNÞ ð1Þ
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FeIIIðTMPSÞðOHÞ þ CN� a
k1

k�1

FeIIIðTMPSÞðCNÞðOHÞ
K1 ¼ k1=k�1 ð2Þ

FeIIIðTMPSÞðCNÞðOHÞ þHþ a FeIIIðTMPSÞðCNÞðH2OÞ
Kb ð3Þ

FeIIIðTMPSÞðCNÞðH2OÞ þ CN� a
k2

k�2

FeIIIðTMPSÞðCNÞ2 þH2O

K2 ¼ k2=k�2 ð4Þ
The coordination of cyanide to FeIII(TMPS)(OH) in the first
step leads to the formation of the six-coordinate species FeIII-
(TMPS)(CN)(OH) (reaction 2). The strong labilizing effect of
CN� is expected to increase the pKa value of coordinated H2O,
on which basis we suggest that under the studied pH conditions,
rapid protonation of OH� follows the first cyanide binding
(reaction 3). Such a conclusion is in line with literature data
which show that the presence of an anionic ligand like OH� or
CN� in the trans position strongly increases the pKa value of
coordinated water up to≈11�12 in comparison with that for the
diaqua-ligated form.20,21 In the next step binding of a second
cyanide ion leads to the formation of the six-coordinate FeIII-
(TMPS)(CN)2 species. The stopped-flow kinetic measurements
for cyanide binding to FeIII(TMPS)(OH) at pH 8 and 20 �C
were carried out under pseudo-first-order conditions, and re-
vealed a linear dependence of kobs(n) on [CN

�] (representing the
concentration of free cyanide at a particular pH) (eq 5) for
reactions 2 and 4 (Figure 2). It is important to note that Figure 2
refers to the free cyanide concentration (eq 6) on the abscissa,
and the pseudo-first-order kinetic conditions are fulfilled by the
presence of an appropriate large pool of nondissociated HCN in
solution (pKa(HCN) = 9.2 at 20 �C).

kobsðnÞ ¼ kn½CN�� þ k�n n ¼ 1, 2 ð5Þ
where

½CN�� ¼ KaðHCNÞ
½H�þ þ KaðHCNÞ

 !
½NaCN� ð6Þ

Since the ratio of the rate constants for reactions 2 and 4 at pH 8
is sufficiently large (k1/k2 ≈ 4 � 103), the observed rate
constants, kobs(1) and kobs(2) were determined independently
by fitting a single exponential function to the recorded kinetic
traces. Taking into account that formation of FeIII(TMPS)-
(CN)2 is preceded by protonation of FeIII(TMPS)(CN)(OH)

Figure 2. Dependence of kobs(n) on [CN�] for the reaction of CN�

with FeIII(TMPS)(OH) at pH 8: (a) binding of first CN� to FeIII-
(TMPS)(OH), inset: typical kinetic trace at λ = 416 nm, [CN�] = 5.9�
10�6 M; (b) binding of second CN� to FeIII(TMPS)(CN)(H2O),
inset: typical kinetic trace at λ = 450 nm, [CN�] = 5.9 � 10�6 M.
Experimental conditions: [FeIII(TMPS)(OH)] = 1 � 10�5 M, pH = 8,
[TAPS buffer] = 0.05 M, I = 0.15 M (NaNO3), T = 20 �C.

Figure 1. (a) Spectral changes observed during formation of the monocyano porphyrin complex after addition of NaCN to FeIII(TMPS)(OH).
Experimental conditions: [FeIII(TMPS)(OH)] = 1� 10�5 M, [NaCN] = 1.5� 10�5 M, pH = 8, [TAPS buffer] = 0.05 M, I = 0.15 M (NaNO3). (b)
Spectral changes observed during formation of the dicyano porphyrin complex after addition of NaCN to FeIII(TMPS)(OH). Experimental conditions:
[FeIII(TMPS)(OH)] = 1 � 10�5 M, [NaCN] = 5 � 10�4 M, pH = 8, [TAPS buffer] = 0.05 M, I = 0.15 M (NaNO3).
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to form FeIII(TMPS)(CN)(H2O), the observed rate constant
kobs(2) can be expressed as in eq 7.

kpH8obsð2Þ ¼
k2Kb½CN��½Hþ�
1þ Kb½Hþ� þ k�2 ð7Þ

It is reasonable to assume that at pH 8, Kb[H
þ] . 1 and eq 7

reduces to eq 5. The insets of Figures 2a and 2b present typical
kinetic traces recorded for reactions 2 and 4 at pH 8 at 416 and
450 nm, respectively. The rate constants for cyanide binding (kn)
and release (k�n) calculated from the slope and intercept of these
plots, respectively, are summarized in Table 1.
Formation of the monocyano derivative at pH 9 was found to

be too fast to bemeasured by stopped-flow technique. Therefore,
kinetic measurements were performed only for reaction 4 under
such conditions. The observed rate constants were determined
by fitting a single exponential function to the kinetic traces. A plot
of the resulting kobs(2) values versus the cyanide concentration
was found to be linear over the selected [CN�] range (Figure 3),
but the extrapolation of kobs(2) to [CN�] = 0 did not give an
intercept that could be used to determine k�2.
On the basis that the formation of FeIII(TMPS)(CN)(OH)

occurs in a fast pre-equilibrium step, which is followed by fast
protonation to form FeIII(TMPS)(CN)(H2O) and the second
cyanide binding reaction, the observed rate constant can be
expressed as in eq 8. Since the dependence of kobs(2) on [CN

�] at

pH 9 is linear, it can be concluded that under the applied
conditions K1Kb[H

þ][CN�] . 1 þ K1[CN
�], such that eq 8

can be simplified to the linear form expressed as in eq 5.
However, this simplification is only true at appropriately high
[CN�] since at lower [CN�] a curved dependence of kobs(2) on
[CN�] will be observed. Therefore, the square dependence of
the observed rate constant on the cyanide concentration ex-
pressed by eq 8 accounts for our inability to determine k�2 after
simplification of this equation to the linear expression 5.

kpH9obsð2Þ ¼
k2K1Kb½Hþ�½CN��2

1þ K1½CN�� þ K1Kb½Hþ�½CN�� þ k�2 ð8Þ

The rate constant for the release of cyanide from FeIII(TMPS)-
(CN)2 was also determined in the reaction of FeIII(TMPS)-
(CN)2 withNO (denoted as k00�2) at both pH values, which gave
more accurate values of k�2 (see section on “Kinetic studies on
the reaction of NO with FeIII(TMPS)(CN)2”) (Table 1). The
general agreement observed for the data at pH 8 and 9 in Table 1
indicates that a correct model was used to fit these data to obtain
pH independent parameters. The independence of the rate
constants k2 and k00�2 on pH substantiates our assumption that
at both studied pH values the major species that undergoes a
reaction with CN� is FeIII(TMPS)(CN)(H2O). If the second
axial ligand in themonocyano derivative wasOH�, a dependence
of the rate constant for binding of the second CN� on pH would
be observed.
The pKa value of Fe

III(TMPS)(H2O)2 is 6.9 and thus at pH 8
only about 7% of the porphyrin complex exists in the diaqua-
ligated form.6 Unfortunately, the pKa value for the Fe

III(TMPS)-
(CN)(H2O) intermediate is presently unknown. Determination
of the pKa value for the latter species was not possible since its
formation could not be observed at higher pH. We assume that
the pKa value for Fe

III(TMPS)(CN)(H2O) isg11, in agreement
with the value of 12.2 reported for FeIII(TMPyP)(CN)(H2O).

20

Therefore, it is reasonable to conclude that the binding of CN�

to the five-coordinate FeIII(TMPS)(OH) species leads to a
considerable decrease in the pKb value, and thus rapid proton-
ation leads to the monoaquamonocyano complex. Furthermore,
it is well-known that coordination of two negatively charged
ligands like OH� or CH3O

� to the relatively electron-rich iron
center in FeIII(TMPS) is not observed even at a high nucleophile
concentration, unless it is CN�. Therefore, the formation
of FeIII(TMPS)(CN)(OH) is highly unlikely in the studied
pH range.6,22

Comparison of the second order rate constant k1 = (1.92 (
0.04)� 107 M�1 s�1 for reaction 2 determined at pH 8, with the
rate constants for the reaction of cyanide with met-myoglobin
and met-hemoglobin, namely, (2�5)� 102 M�1 s�1 at pH≈ 7
and 20 �C, and 3 � 102 M�1 s�1 at pH 9.2 and 20 �C,
respectively,23�26 shows that the reaction with hemoproteins
occurs almost 5 orders of magnitude slower than with the
FeIII(TMPS)(OH) complex and seems not to depend on the
nature of the binding species, namely, HCN or CN�. There are
three key factors which cannot be ignored when differences
between cyanide binding tomodel porphyrins and hemoproteins
are discussed: (i) the protein environment which regulates ligand
movement into the distal pocket, (ii) HCN deprotonation, and
(iii) dissociation of coordinated water. A detailed study of various
myoglobin mutants showed that in the case of HCN binding,
ligand diffusion into the protein is not the rate-determining

Table 1. Rate and Equilibrium Constants for the Reversible
Binding of Cyanide to FeIII(TMPS)(OH) and FeIII(TMPS)-
(CN)(H2O) at pH 8 and 9, and 20 �C

pH = 8 pH = 9

k1 [M
�1 s�1] (1.92 ( 0.04) � 107

k�1 [s
�1] 35 ( 6

k2 [M
�1 s�1] (4.9 ( 0.1) � 103 (4.8 ( 0.1) � 103

k�2 [s
�1] (1.3 ( 0.2) � 10�2

k0 0�2 [s
�1]a (1.54 ( 0.01) � 10�2 (1.66 ( 0.01) � 10�2

K1 [M
�1] (5.5 ( 0.9) � 105

K2 [M
�1] (3.8 ( 0.6) � 105

K0 0
2 [M

�1]a (3.2 ( 0.1) � 105 (3.2 ( 0.4) � 105

a k0 0�2 represents k�2 obtained from the reaction of FeIII(TMPS)(CN)2
withNO;K0 0

2 represents the equilibrium constant calculated using k00�2.

Figure 3. Dependence of kobs(2) on [CN�] for the reaction of CN�

with FeIII(TMPS)(CN)(H2O), reaction 4 at pH 9. Experimental
conditions: [FeIII(TMPS)(OH)] = 1 � 10�5 M, [CHES buffer] =
0.05 M, I = 0.15 M (NaNO3), 20 �C, λ = 455 nm.
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step.25,26 The major factor that controls cyanide binding to the
protein heme center is deprotonation of HCN, which depends
on the polarity of the distal pocket and its accessibility to
solvent.25,26 In contrast to that, it has been reported that binding
of the anion N3

� is mainly governed by its accessibility to the
heme site.25 It seems likely that also in the case of CN�, ligand
movement into the distal pocket is the dominant barrier.
Furthermore, under the studied conditions, CN� binding to
Fe(TMPS)(OH) does not require displacement of a solvent
molecule since the sixth coordination site is vacant in FeIII-
(TMPS)(OH). In met-myglobin or met-hemoglobin the sixth
coordination site is occupied and the dissociation of a water
molecule is required. Therefore, the strength of solvent coordi-
nation seems to be crucial. In the case of ligand coordination to
the iron center that is not preceded by deprotonation at
physiological pH, for example, N3

�, it has been shown that the
absence of water in the sixth coordination position entails a
significant increase in the binding rate constant.25,27

The ratio of the rate constants kn/k�n gave the equilibrium
constants K1 = (5.5 ( 0.9) � 105 M�1 and K2 = (3.8 ( 0.6) �
105 M�1 for reactions 2 and 4, respectively at pH 8. Despite the
small value of k2 in comparison to k1, K2 is relatively high, which
is due to a much smaller rate constant for cyanide release from
the dicyano than from the monocyano complex. At pH 8, the
equilibrium constant K2 calculated using the k�2 value obtained
from the intercept is within the error limits in good agreement
with the K00

2 value calculated by using k00�2 obtained from the
reaction with NO (see further Discussion).
Unfortunately, the determination of activation parameters for

reaction 2 was not possible because of the high rate of the
reaction and the limitations of the instrumentation to follow such
reactions as a function of temperature and pressure. Therefore,
kinetic measurements as a function of temperature and pressure
were performed only for the formation of FeIII(TMPS)(CN)2 at
pH 8 and 9. In all the calculations of reaction and activation
parameters, the concentration of free cyanide was used and
calculated by taking the dependence of Ka(HCN) on temperature
and pressure into account.28,29 In addition, the influence of
temperature and pressure on the pH of the employed buffers
was also considered.30�32 The rate constants for CN� binding
(k2) in the temperature range from 15 to 40 �C enabled to
construct an Eyring plot (Figure 4a) and to calculate ΔHq

2 and
ΔSq2 from the slope and intercept, respectively.
In addition, the effect of pressure on the kinetics of the

reaction of FeIII(TMPS)(CN)(H2O) with cyanide was stu-
died over the pressure range 10�130 MPa. Plots of ln(k2)
versus pressure were found to be linear and enabled to deter-
mine the volume of activation (ΔVq

2) (Figure 4b). Pressure
experiments were repeated at least two times, and the reported
ΔVq

2 values were calculated as the mean value. At the applied
concentration of cyanide the contribution of k�2 to kobs(2)
can be neglected and then kobs(2) = k2[CN

�]. The activation
parameters for the binding of cyanide to FeIII(TMPS)(CN)-
(H2O), determined at pH 8 and 9, are summarized in Table 2.
The activation parameters for release of CN� from FeIII-
(TMPS)(CN)2 were determined in a more direct way, namely,
in the reaction with NO (see section on “Kinetic studies on
the reaction of NO with FeIII(TMPS)(CN)2”) and are in-
cluded in Table 2.
To determine the standard reaction parameters for reaction 4,

UV�vis spectra weremonitored as a function of temperature and
pressure in the presence of 30- and 15-fold excess of NaCN over

the porphyrin complex at pH 8 and 9, respectively. The relatively
high excess of total cyanide used and the clean isosbestic points
observed over the applied temperature and pressure ranges
confirmed that the observed spectral changes can be exclusively
attributed to reaction 4. The thermodynamic equilibrium con-
stants (Kth

2) at 20 �C were found to be in good agreement at
both studied pHs, namely, 2.7 � 105 and 1.9 � 105 M�1, and
correlate very well with the kinetically determined values (see
Tables 1 and 2).
The influence of temperature on the equilibrium constant

(Kth
2) was monitored over the temperature range from 10 to

40 �C. The increase in temperature caused a shift in equilib-
rium (4) toward the reactants (Figure 5a). The values of
ln(Kth

2) obtained over the selected temperature range show a
linear dependence on 1/T (Figure 5a, inset) and enabled to
determine ΔH� and ΔS� from the slope and intercept,
respectively. High pressure experiments were performed at
30 �C over the pressure range from 5 to 150 MPa. The ob-
served spectral changes were completely reversible and in-
dicated that increasing pressure shifted equilibrium (4) to-
ward the product side (Figure 5b). A plot of ln(Kth

2) versus
pressure showed a linear dependence (Figure 5b, inset), and
the value of the slope was used to calculateΔV�. All calculated
thermodynamic parameters for the reaction of FeIII(TMPS)-
(CN)(H2O) with cyanide are included in Table 2.

Figure 4. Temperature and pressure dependence for the binding of
CN� to FeIII(TMPS)(CN)(H2O). (a) Eyring plot of ln(k2/T) vs 1/T
(b) plot of ln(k2) vs pressure, T = 25 �C. Experimental conditions:
[FeIII(TMPS)(OH)] = 1 � 10�5 M, [NaCN] = 8 � 10�4 M, pH = 8,
[TAPS buffer] = 0.05M, I = 0.15M (NaNO3), λ = 450 nm. To calculate
k2, the concentration of free cyanide was used and changes in pKa(HCN)

with temperature and pressure, as well as changes in the pH of the buffers
with temperature were taken into account.
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Mechanism for the Reversible Binding of CN� to Fe-
(TMPS)(CN)(H2O). The positive values of ΔV

q for the binding

and release of the second cyanide ion, confirm the six-coordinate
nature of the Fe(TMPS)(CN)(H2O) complex and suggest a
dissociative reaction mechanism. Since coordination of the
second CN� has to be preceded by dissociation of H2O, the
mechanism of the reaction can be expressed by Scheme 1.
According to a steady-state approximation on FeIII(TMPS)-
(CN), the observed first-order rate constant (kobs(2)) can be
expressed as shown in eq 9.33

kobsð2Þ ¼ k
0
2k

}
2½CN�� þ k

0
�2k

}
�2½H2O�

k0�2½H2O� þ k}2½CN�� ð9Þ

Under the selected conditions, it can be assumed that k0�2[H2O]
. k002[CN

�] as no curvature in the dependence of kobs(2) on
[CN�] was observed. Consequently, rate law (9) can be simplified
to the expression shown in eq 10, where k2 = k02k002/k0�2[H2O]
and k�2 = k00�2

kobsð2Þ ¼
k
0
2k

}
2½CN��

k0�2½H2O�
þ k}�2 ð10Þ

According to eq 10, the activation parameters for the “on” reaction
can be expressed as a composite of three terms:

ΔHq
2 ¼ ΔHq0

2 þΔHq00
2 �ΔHq0 �2 ð11Þ

ΔSq2 ¼ ΔSq
0
2 þΔSq

00
2 �ΔSq

0
�2 ð12Þ

ΔVq
2 ¼ ΔV q0

2 þΔV q00
2 �ΔV q0 �2 ð13Þ

Therefore the values of ΔHq
2, ΔS

q
2, and ΔVq2 for the forward

reaction will include compensating effects arising from the differ-
ent contributions. In terms of ΔVq2, the first reaction step in
Scheme 1 involves the dissociation of a water molecule for which

Table 2. Summary of Reaction and Activation Parameters for the Reversible Binding of CN� to FeIII(TMPS)(CN)(H2O) at pH 8
and 9a

pH = 8 pH = 9

kinetic and thermodynamic parameters CN� binding ΔXq
2 CN� release ΔXq

�2
b CN� binding ΔXq

2 CN� release ΔXq
�2

b

ΔHq (kJ mol�1) 43.3 ( 0.3 92 ( 1 37 ( 1 94 ( 3

ΔSq (J mol�1 K�1) �26 ( 1 þ36 ( 2 �50 ( 3 þ41 ( 9

ΔVq (cm3 mol�1) þ10.4 ( 0.4 þ11.2 ( 0.3 þ13 ( 1 þ15 ( 1

Kth
2 (M

�1) at 20 �C 2.7 � 105 1.9 � 105

ΔH� (kJ mol�1) �54.6 ( 0.2 �61 ( 1

ΔS� (J mol�1 K�1) �82 ( 1 �107 ( 5

ΔV� (cm3 mol�1) �3.9 ( 0.4 �5.0 ( 0.2
aX represents H, S, V, respectively. bActivation parameters determined through the reaction of FeIII(TMPS)(CN)2 with NO.

Scheme 1

Figure 5. (a) Temperature induced spectral changes for reaction 4,
inset: plot of ln(Kth

2) vs 1/T. Experimental conditions: [FeIII-
(TMPS)(OH)] = 1 � 10�5 M, [NaCN] = 3 � 10�4 M, pH = 8,
[TAPS buffer] = 0.05 M, I = 0.15 M (NaNO3), P = 0.1 MPa; (b)
Pressure induced spectral changes, inset: plot of ln(Kth

2) vs pressure.
Experimental conditions: [FeIII(TMPS)(OH)] = 5 � 10�6 M,
[NaCN] = 1.5 � 10�4 M, pH = 8, [TAPS buffer] = 0.05 M, I = 0.15 M
(NaNO3), T = 30 �C. For the calculation of K2

th, the concentration of
free cyanide was used, and changes in pKa(HCN) with temperature and
pressure, as well as changes in the pH of the buffers with temperature were
taken into account.
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ΔVq02 � ΔVq0�2 is expected to be ∼ þ13 cm3 mol�1, estimated
for the release of a water molecule in going from a six- to a five-
coordinate complex.34 This value will be offset by the contribution
ofΔVq002, expected to be negative for the coordination of cyanide.
In many cases the value of ΔSq usually reflects the trend in ΔVq;
however, in our case the determined value ofΔSq2 was found to be
negative, that is, opposite to the positive ΔVq2 value. We assume
that the obtained value ofΔSq2 is a result of the composite nature
of k2. In general, considerable uncertainties contributing to the
determination of ΔSq limit the usability of this parameter in
drawing mechanistic conclusions.
The activation parameters for the release of cyanide (Table 2)

are in good agreement at both studied pH values. In accordance
with the principle of microscopic reversibility, the “on” and “off”
reactions are expected to pass through the same transition state.
The positive values of ΔSq�2 and ΔVq

�2 can be interpreted in
terms of a dissociativemechanism in which Fe-CN bond cleavage
and changes in electrostriction are responsible for the positive
values. The dissociation of CN� from [FeIII(TMPS)(CN)2]

5�

leads to the formation of the five-coordinate intermediate species
[FeIII(TMPS)(CN)]4� (see Scheme 1). Although the overall
charge does not change on going from products to transition state,
charge dilution does take place which can be expected to cause a
reduction in the electrostricted water.35 This in turn will result in a
positive contribution to bothΔVq�2 andΔS

q
�2. On the basis of the

reported activation volumes, a volume profile (Figure 6) was con-

structed for the reversible binding of CN� to FeIII(TMPS)(CN)-
(H2O), which nicely demonstrates the dissociative character of both
the forward and the back reactions.
A comparison of the reaction parameters calculated on the

basis of kinetic data with those obtained from thermodynamic
measurements shows only minor discrepancies. The negative
value of ΔH� demonstrates the exothermic character of reaction
4 that involves the reversible binding of cyanide to FeIII(TMPS)-
(CN)(H2O). The reaction entropy and volume values were found to
be negative. The overall reaction volume does not only result
from the displacement of H2O byCN�, but is also due to a change in
electrostriction. Charge concentration which occurs on going
from [FeIII(TMPS)(CN)(H2O)]

4� to [FeIII(TMPS)(CN)2]
5�

(Scheme 1) results in a volume contraction that arises from an
increase in electrostriction. Furthermore, a relatively small over-
all volume collapse confirms the lack of any spin state change on
the iron center on going from the low-spin monocyano to the
low-spin dicyano complex. As can be expected, the binding of the
first cyanide ion to the high-spin, five-coordinate FeIII(TMPS)-
(OH) complex will involve a change in spin state to form the
low-spin FeIII(TMPS)(CN)(H2O) complex as found for many
different six-coordinate mixed-ligand monocyano iron(III) porphyrin
species.10,18

UV�vis Spectral Data for the Reaction of NO with FeIII-
(TMPS)(CN)(H2O) and FeIII(TMPS)(CN)2. As previously men-
tioned, on mixing cyanide with an aqueous solution of FeIII-
(TMPS)(OH) at pH 8 and 9 in the concentration ratio 1:1 (or
lower) leads to the formation of both FeIII(TMPS)(CN)(H2O)
and FeIII(TMPS)(CN)2. Since the equilibrium constants for
reactions 2 and 4 at pH 8 are almost equal (see Table 1), it was
not possible to obtain a high yield of the monocyano complex at
room temperature. Addition of NO to a deoxygenated solution
of FeIII(TMPS) containing a small excess of total cyanide, result-
ed in spectral changes with no clean isosbestic points that
indicated the occurrence of three simultaneous reactions. The
fastest reaction leads to the formation of FeII(TMPS)(OH)-
(NOþ) with a characteristic Soret band maximum at 430 nm,
Q-band at 545 nm and isosbestic points at 420, 447, and 527 nm
(Figure 7a). The concurrent slower reaction corresponds to a
bathochromic shift of the Soret (434 nm) and Q (553 nm) band
maxima, and isosbestic points at 430, 457, and 549 nm. The
spectral changes associated with this reaction indicated the
formation of FeII(TMPS)(CN)(NOþ) (Figure 7b). On a much
longer time scale, small absorbance changes (no shift in Soret and
Q-band, but only absorbance increase) associated with nitrosylation
of FeIII(TMPS)(CN)2, were observed. In the presence of a high
excess of cyanide, where the main species is FeIII(TMPS)(CN)2,

Scheme 2

Figure 6. Volume profile for the reversible binding of CN� to FeIII-
(TMPS)(CN)(H2O) according to reaction 4 at pH 8.
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only one slow reaction was observed after addition of NO. The
observed spectral changes with clean isosbestic points (427, 446,
and 533 nm) showed a shift of the Soret band to longer wavelength.

New bands appeared at 434 and 553 nm, corresponding to the
conversion of FeIII(TMPS)(CN)2 to FeII(TMPS)(CN)(NOþ)
(Figure 7c).
Kinetic Studies on the Reaction of NO with FeIII(TMPS)-

(CN)(H2O). The formation of FeII(TMPS)(CN)(NOþ) was
studied under pseudo-first-order conditions by following the
reaction of NOwith FeIII(TMPS)(CN)(H2O) in the presence of
different concentrations of NaCN and at different temperatures
to find the best reaction conditions. Because of the presence of
three species in solution, namely, FeIII(TMPS)(OH), FeIII-
(TMPS)(CN)(H2O), and FeIII(TMPS)(CN)2, which can si-
multaneously undergo nitrosylation, the appropriate spectral
range had to be selected to monitor the binding of NO to the
monocyano complex. The stopped-flow kinetic experiments
were performed at 446 nm that corresponds to the isosbestic
point for the reaction of NO with FeIII(TMPS)(CN)2 (see
Figure 7c) and shows negligible absorbance changes associated
with the conversion of FeIII(TMPS)(OH) to FeII(TMPS)-
(OH)(NOþ) (see Figure 7a). Furthermore, NO binding to
FeIII(TMPS)(CN)(H2O) was followed in the presence of a
relatively large excess of NaCN (1:25) such that the con-
centration of FeIII(TMPS)(OH) present in solution prior to
addition of NO was practically zero. Therefore, at this wave-
length only absorbance changes associated with the conversion
of FeIII(TMPS)(CN)(H2O) to FeII(TMPS)(CN)(NOþ) were
observed. The essential advantage of this approach was the
possibility to record single exponential kinetic traces,36 although
they were associated with quite small absorbance changes at this
wavelength. Furthermore, it is important to note that since the ratio
of the observed rate constants for NO binding to FeIII(TMPS)-
(CN)(H2O) and FeIII(TMPS)(CN)2 varies from 25 to 267 over
the [NO] range from0.1 to 0.6mM, respectively, these reactions do
not interfere with each other under the selected reaction conditions
(see Figures 8 and 9). The data in Figure 8 show that the observed
rate constants increase linearly with [NO] at lowNO concentration
and display a slight saturation at higher NO concentrations. The
latter is ascribed to complications arising from side reactions that
occur under these conditions.
The second-order rate constant calculated from the data in the

lower NO concentration range by fitting a linear dependence to the
data presented in Figure 8 has a value of (8.2( 0.3)� 103M�1 s�1.
It is important to note that the observed rate constants depend
on the cyanide concentration present in solution, that is, with

Figure 7. Spectral changes accompanying the nitrosylation of the
FeIII(TMPS) complex in the presence of cyanide. (a) Reaction between
NO and FeIII(TMPS)(OH) leading to the formation of FeII(TMPS)-
(OH)(NOþ), time 0�0.15 s; (b) simultaneous slower reaction between
NO and FeIII(TMPS)(CN)(H2O) leading to the formation of FeII-
(TMPS)(CN)(NOþ), time 0.15�20 s. Experimental conditions (a)
and (b): [FeIII(TMPS)(OH)] = 1 � 10�5 M, [NaCN] = 2 � 10�5 M,
[NO] = 0.9 mM, pH = 8, [TAPS buffer] = 0.05M, I = 0.15M (NaNO3),
T = 10 �C. (c) Reaction between NO and FeIII(TMPS)(CN)2 leading to
the formation of FeII(TMPS)(CN)(NOþ). Experimental conditions (c):
[FeIII(TMPS)(OH)] = 5 � 10�6 M, [NaCN] = 5 � 10�4 M, [NO] =
0.54mM,pH=8, [TAPSbuffer] = 0.05M, I=0.15M(NaNO3),T=20 �C.

Figure 8. Plot of kobs vs [NO] for the reaction of FeIII(TMPS)(CN)-
(H2O) with NO. Experimental conditions: [FeIII(TMPS)(OH)] = 1�
10�5 M, [NaCN] = 2.5 � 10�4 M, pH = 8, [TAPS buffer] = 0.05 M,
I = 0.15 M (NaNO3), λ = 446 nm, T = 20 �C.
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increasing excess of [NaCN] kobs also increases. Accordingly,
determination of an accurate value of the second order rate
constant for NO binding to FeIII(TMPS)(CN)(H2O) was
impossible (it is in the order of 103 M�1 s�1 at 20 �C for
concentration ratios of [FeIII(TMPS)(OH)] to [NaCN] from
1:1 to 1:25). This indicates that equilibrium 2 does contribute to
the observed rate constant. The presence of three different
complexes in solution that simultaneously, but at different
rate constants, bind NO, made it very difficult to follow the
nitrosylation of only the monocyano complex. Scheme 2 sum-
marizes the three reactions which lead to two different nitrosyl
complexes, as well as the concomitant equilibria between the
reactant species.
The data at 20 �C presented in Scheme 2 indicate that the

estimated rate constant for NO binding to FeIII(TMPS)(CN)-
(H2O) is lower than the rate constant for NO binding to
FeIII(TMPS)(OH). This can be ascribed to dissociation of the
aqua ligand which has to precede NO binding to FeIII(TMPS)-
(CN)(H2O), leading to the formation of FeII(TMPS)(CN)-
(NOþ). Furthermore, the rate constant for cyanide release from
the monocyano complex is relatively high. Therefore, it can be
expected that for the applied [NO] range the monohydroxo
nitrosyl complex, FeII(TMPS)(OH)(NOþ), is produced in a
relatively high quantity, even though only traces of FeIII(TMPS)-
(OH) are present in solution prior to the addition of NO.
This conclusion is supported by the fact that nitrosylation
of FeIII(TMPS)(OH) was observed even if the ratio of the
FeIII(TMPS)(OH) complex to cyanide concentration was very
high, namely, 1:25. The presence of such a large excess of cyanide
will lead to the existence of mainly the dicyano species and only a
small fraction of the monocyano species, which was confirmed
by spectra recorded aftermixing FeIII(TMPS)(OH)with cyanide in
the concentration ratio 1:25.
Taking into account that the binding of NO has to be preceded

by the dissociation of one axial ligand, the mechanism of the
reaction can be presented by Scheme 3. Accordingly, the mono-
cyano species reacts with NO along two parallel pathways leading
to two different reaction products as described above.
Themajor reaction pathway proceeds through the dissociation

of water, followed by the binding of NO to the five-coordinate
monocyano complex to produce FeII(TMPS)(CN)(NOþ). The
second pathway involves deprotonation of coordinated water,

followed by dissociation of CN�. In the next step rapid NO
binding to the five-coordinate monohydroxo complex leads to
formation of FeII(TMPS)(OH)(NOþ).
Kinetic Studies on the Reaction of NO with FeIII(TMPS)-

(CN)2. Kinetic studies on the binding of NO to FeIII(TMPS)-
(CN)2 were performed in the presence of a high excess of NaCN
to eliminate other possible side reactions. The binding of NO to
FeIII(TMPS)(CN)2 is described by reaction 14.

FeIIIðTMPSÞðCNÞ2 þNOa
kon

koff
FeIIðTMPSÞðCNÞðNOþÞ þ CN�

ð14Þ
Single exponential kinetic traces were recorded at 460 nm and
20 �C. The observed rate constants decreased with increasing
[NO] to reach a limiting value at high [NO] (Figure 9). Such a
correlation between kobs and [NO] can be attributed to the
operation of a limiting dissociative mechanism as depicted in
Scheme 4. By applying a steady-state approximation to the five-
coordinate intermediate FeIII(TMPS)(CN), the observed first-
order rate constant can be expressed as in eq 15.33

kobs ¼ k}�2k3½NO� þ k}2k�3½CN��
k}2½CN�� þ k3½NO�

ð15Þ

The characteristic decrease in kobs with increasing [NO], is a
consequence of the smaller value of k00�2 in comparison to k�3.
Nevertheless, at a high [NO] the observed rate constant shows
no dependence on the NO concentration, which can be ac-
counted for in terms of a limiting dissociative mechanism in
which the release of CN� from FeIII(TMPS)(CN)2 is the rate-
determining step of the reaction. Therefore, eq 15 can be reduced
to kobs = kon = k00�2. Thus, the values of kon, namely, (1.54 (
0.01) � 10�2 and (1.66 ( 0.01) � 10�2 s�1 at pH 8 and 9,
respectively, were calculated using NO concentrations in the
range from 0.27 to 0.9 mM. These results suggest that the first-
order rate constant for the nitrosylation of FeIII(TMPS)(CN)2
corresponds to the first-order rate constant for the dissociation of
CN�, that is, kon = k�2. Therefore, the reaction of NO with
FeIII(TMPS)(CN)2 can be used to determine the value of k�2

more accurately, since the determination of k�2 from the
intercept was coupled to large uncertainties (see Table 1). The
upper limit of k�3 is e0.1 s�1 (see Figure 9) and much slower
than the release of NO by FeII(TMPS)(OH)(NOþ) (k�4),

6

Scheme 3

Scheme 4

Figure 9. Dependence of kobs on the NO concentration. Experimental
conditions: [FeIII(TMPS)(OH)] = 5 � 10�6 M, [NaCN] = 5 � 10�4

M, pH = 8, [TAPS buffer] = 0.05 M, I = 0.15 M (NaNO3), λ = 460 nm,
T = 20 �C.



3422 dx.doi.org/10.1021/ic1023345 |Inorg. Chem. 2011, 50, 3413–3424

Inorganic Chemistry ARTICLE

which indicates that OH� has a stronger labilizing effect than
CN� in the present system.
For more detailed information on the binding mechanism of

NO to FeIII(TMPS)(CN)2, the temperature dependence of kobs
was measured over the range 15 to 40 �C under limiting [NO]
conditions. At both selected pH values, plots of ln(kon/T) cor-
related linearly with 1/T (Figure 10a). The values of the
activation enthalpy (ΔHon

q) (pH 8: 92.0 ( 0.6 kJ mol�1; pH
9: 94( 3 kJ mol�1) and activation entropy (ΔSon

q) (pH 8:þ36
( 2 J mol�1 K�1; pH 9: þ41 ( 9 J mol�1 K�1) are in good
agreement within the error limits at both pH values. Further
insight into the reaction mechanism was obtained by applying
high pressure (10�130 MPa) kinetic measurements, which
indicated positive activation volumes, namely, þ11.2 ( 0.3
and þ15.3 ( 0.5 cm3 mol�1 at pH 8 and pH 9, respectively.
The linear dependence of ln(kon) on pressure used to determine
ΔVqon, is presented in Figure 10b.
The positive values of the activation parameters ΔSqon and

ΔVqon reported for the binding of NO to FeIII(TMPS)(CN)2 are
consistent with a limiting dissociative mechanism in which
FeIII�CN bond cleavage is the rate-determining step. We were
not able to determine the activation parameters for the release of
NO from FeII(TMPS)(CN)(NOþ), but on the basis of micro-
scopic reversibility we suggest that the reverse reaction passes
through the same five-coordinate intermediate as shown in
Scheme 4. Therefore, it is reasonable to expect that the back
reaction follows the same limiting dissociative substitution
mechanism. As mentioned above, according to the limiting
dissociative mode of NO binding to FeIII(TMPS)(CN)2, the

activation parameters for the “on” reaction with NO are
synonymous with those for cyanide release from FeIII(TMPS)-
(CN)2. Therefore, the activation parameters ΔHq

�2 = ΔHq
on,

ΔSq�2 = ΔSqon, and ΔVq
�2 = ΔVq

on summarized in Table 2,
were obtained from the nitrosylation of FeIII(TMPS)(CN)2 as
described above.
A similar limiting dissociativemechanismwas proposed for the

nitrosylation of FeIII(TMPS)(OH)(MeIm) in the ionic liquid
[emim][NTf2], 1-ethyl-3-methylimidazolium bis-trifluorometh-
ylsulfonylamide, where the formation of the six-coordinate FeIII-
(TMPS)(OH)(MeIm) complex was connected with the pre-
sence of methylimidazole impurities at a micromolar level in the
ionic liquid.8 The kinetic data showed an independence of kobs on
[NO], suggesting that the release of methylimidazole is the rate-
determining step of the reaction rather than the binding of NO.
The first-order rate constant, kon = (7.0( 0.2)� 10�2 s�1 found
for the nitrosylation of FeIII(TMPS)(OH)(MeIm) is compar-
able with that obtained for the reaction of NOwith FeIII(TMPS)-
(CN)2. On the contrary, NO binding to the five-coordinate
FeIII(TMPS)(OH) complex in basic aqueous solution follows an
associative mechanism.6 The obtained results indicate that the
presence of a strong ligand in the sixth axial position strongly
affects NO coordination to the metal center and results in a
changeover in the nitrosylation mechanism. Earlier conclusions
drawn from studies on water-soluble iron(III) porphyrins and
ferriheme proteins confirm that NO binding could be mainly
governed by axial ligand lability.2,3(c) However, the influence of
an overall spin transition and related structural changes can play a
crucial role in the reactivity of NO toward ferriporphyrins.6 The
ability of NO to substitute CN� in FeIII(TMPS)(CN)2 suggests
a very high affinity of this signaling molecule for the iron(III)
center. Colman and co-workers previously reported that NO can
substitute inhibitors of cytochrome c oxidase like CN� and CO,
and so act as “antidote” for their poisoning.37 Taking advantage
of the fact that cyanide dissociation is the rate-determining step
in the nitrosylation of cyanide ligated myoglobin, the koff rate
constant for cyanide release from ferric myoglobin was found to
be 4.3� 10�4 s�1.23 This value is more than a 100 times smaller
than the value found in this study for the release of cyanide from
FeIII(TMPS)(CN)2.

’CONCLUSIONS

The reported study revealed detailed insight into the mechan-
ism of the reactions of CN� with the water-soluble ferric
porphyrin, FeIII(TMPS). The obtained kinetic and thermody-
namic data for CN� coordination to the Fe(III) center provide a
better understanding of the mechanism of nitric oxide binding to
the cyano complexes FeIII(TMPS)(CN)(H2O) and FeIII-
(TMPS)(CN)2. The positive activation volume and indepen-
dence of the rate constant on pH for the binding of the second
cyanide ion to the monocyano species imply the six-coordinate
nature of the complex and presence of a water ligand in the axial
position trans to cyanide. Nitrosylation of both FeIII(TMPS)-
(CN)(H2O) and FeIII(TMPS)(CN)2 resulted in the formation
of the same species, namely, FeII(TMPS)(CN)(NOþ). Detailed
kinetic studies on the coordination of NO to FeIII(TMPS)(CN)2
indicated that nitrosylation occurs via a limiting dissociative
mechanism.

The obtained results allow us to draw a conclusion related to
the effect of the axial ligands on the reactivity pattern of NO with
ferriporphyrins. The presence of a strong nucleophile in the sixth

Figure 10. Temperature and pressure dependence for the binding of
NO to FeIII(TMPS)(CN)2. (a) Eyring plot of ln(kon/T) vs 1/T. (b) Plot
of ln(kon) vs pressure, T = 25 �C. Experimental conditions:
[FeIII(TMPS)(OH)] = 7.5 � 10�6 M, [NaCN] = 5.6 � 10�4 M,
[NO] = 0.9 mM, pH = 8, [TAPS buffer] = 0.05M, I = 0.15M (NaNO3),
λ = 455 nm.
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axial position results in a changeover of the mechanism of NO
binding to the iron(III) center in comparison with the mechan-
ism observed for nitrosylation of five-coordinate porphyrin
complexes. Furthermore, the fact that NO is able to substitute
the CN� ligand in FeIII(TMPS)(CN)2, further supports that NO
can be a better ligand than cyanide also in iron(III) hemopro-
teins. Accordingly, the mechanism of CN� substitution by NO
proposed in the present study can shed more light on the mecha-
nism of the recovery process in the treatment of cyanide inhi-
bition of cytochrome c oxidase.
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