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Abstract

A stepwise catalytic oxidation for nitric oxide and nitrite by water-soluble iron(III) meso-tetrakis(N -methylpyridinium-4-

yl)porphyrin (FeIII(4-TMPyP)) was first revealed by using an ITO electrode. Electrochemical and spectroelectrochemical studies

characterized the formation of oxoiron(IV) porphyrin and oxoiron(IV) porphyrin p-cation radical in the oxidation of FeIII(4-

TMPyP). O@FeIV(4-TMPyP) showed selective catalytic oxidation towards NO against NO�
2 with a normalized catalytic current of

3.4. The electrogenerated O@FeIV(4-TMPyP) p-cation radical effectively catalyzed the oxidation of NO�
2 to NO�

3 via nitrogen

dioxide (�NO2) intermediate. Product analysis clarified that nitrite was the sole product in the catalytic oxidation of NO by

O@FeIV(4-TMPyP) electrogenerated at 0.85 V vs. AgjAgCl, but nitrate was the final product after electrolysis at 1.1 V vs. AgjAgCl.

The different chemical reactivities of high-valent iron porphyrins electrogenerated at the separated potentials indicated the possi-

bility of selective electrochemical detection of NO. A mechanism of typical chemical catalysis was proposed for the catalytic oxi-

dations of NO and NO�
2 by oxoiron(IV) porphyrin complexes.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that nitric oxide (NO) plays a sig-

nificant role as a cell-signal molecule, anti-infective

agent, and an antioxidant in many biological processes

[1–4]. Measurement of NO in vivo is important but very
difficult because of its low concentration and short

lifetime. One of the most promising methods is to im-

prove the redox response of NO by using metallopor-

phyrins and metalloproteins as catalysts. Therefore, it

becomes essential to explore the catalytic action between

metalloporphyrin and NO. Most of the former research

has been focused on the catalytic reduction mechanism

of NO [5–8]. Much less attention has been given to the
mechanism of the NO oxidation: Malinski et al. [9,10]

proposed that nickel porphyrin could act as a catalyst
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for the oxidation of NO, because of the shift of the NO

oxidation potential from +0.9 to +0.65 V. However the

interaction between nickel porphyrin film and NO was

not obvious. Some other preliminary studies [11,12]

suggest that nickel porphyrin modified on the electrode

surface acts as a simple organic layer without any spe-
cific chemical interaction with NO. Our previous work

reported that trace amount of alcohols in Nafion� film

might play an important role in the catalytic cycle of NO

oxidation on CoTPP [13]. In that sense, the catalytic

oxidation mechanism of NO remains poorly under-

stood.

Recently, it has been shown that ferric porphyrin is

oxidized into oxoiron(IV) porphyrin (so-called Com-
pound II) and oxoiron(IV) porphyrin p-cation radical

(so-called Compound I) via one-electron and two-

electron oxidation by chemical oxidants [14,15] or the

direct electrochemical oxidation [16–19]. Oxoiron(IV)

porphyrins are strong oxidants which can promote
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oxidation, peroxidation, and epoxidation of various

biomolecules in vitro [20,21]. Oxoiron(IV) porphyrins

have also been utilized to catalyze mono-oxygenation in

many chemical reactions including catalytic oxidation of

organic substrates [22,23]. O@FeIV(4-TMPyP) has been
shown to catalyze the oxidation of sulfite anion [24]. The

reduction of oxoiron(IV) myoglobin or oxoiron(IV)

hemoglobin by nitric oxide has been considered as a

protective process against oxoiron(IV) hemoprotein-in-

duced oxidations [25]. Several types of Compound II

exhibit different rate constants for the reaction of NO

with the oxoiron(IV) form, the proximity of positive

charges to porphyrin peripheries causes a strong elec-
tron-withdrawing effect on the metal sites [26,27] and

seems to stabilize oxoiron(IV) species. In this work, we

chose FeIII(4-TMPyP) with positive charges at the pe-

ripheries as a catalyst to study the interaction between

NO and the oxoiron(IV) form.

On the other hand, Compound I has been demon-

strated to possess stronger reactivity than Compound II

because its redox potential is higher than that of com-
pound II [28]. It has been reported that NO�

2 can be

oxidized by heme peroxidases such as HRP, MPO, and

LPO in the presence of hydrogen peroxide, most likely

to generate nitrogen dioxide as an intermediate. For-

mation of such a reactive intermediate via Compound I

in the catalytic oxidation of NO�
2 also represents an

important mechanism contributing to NO-mediated

toxicity [29,30]. O@FeIV(4-TMPyP) and O@FeIV(4-
TMPyP) p-cation radical have been suggested as the

intermediates in catalytic decomposition of peroxyni-

trite by FeIII(4-TMPyP) [31]. Moreover, there is a strong

driving force in the thermodynamic feasibility for the

oxidation of NO�
2 by compound I, because the NO�

2 /

NO2 potential is well placed between the one-electron

oxidation potential of FeIVP/FeIIIP and FeIVP p-cation
radical/FeIVP [32].

In this paper, we report a stepwise chemical catalysis

by high-valent iron porphyrins (4-TMPyP) for nitric

oxide and nitrite oxidation at an ITO electrode.
2. Experimental

2.1. Chemicals

FeIII(4-TMPyP) was prepared according to the

methods of Pasternack et al. [33] and Bedioui et al. [34].

The product was purified by chromatography with the

help of an anion exchange resin. It showed UV–vis data

of kmaxðlog eÞ ¼ 423 (4.82); 490 (3.78); and 598 (3.66) nm

in 50 mM PBS at pH 7.4.

Phosphate buffer solutions (PBS, 50 mM) over a wide
range of pH were prepared by mixing 50 mM solutions

of KOH, KH2PO4 and K2HPO4 (Wako, analytical

grade). The solution pH was monitored using a digital
pH meter (TOA, HM-30V). All aqueous solutions were

prepared from twice distilled water.

All the solutions were deoxygenated by bubbling ul-

trapure argon gas (Nippon Sanso, 99.9999%) for 20 min.

NO-saturated solution was prepared by bubbling argon
and NO mixed gases (Nippon Sanso) into a deoxygen-

ated solution for 30 min before each electrochemical and

spectroscopic run. The molar concentration of NO in

the solution was evaluated from Ostwald’s solubility

coefficient [35] for a given partial pressure of NO.

2.2. ITO electrode

Electroconductive indium-tin oxide (ITO) is a very

promising material for the characterization of biological

systems. The ITO surface is stable under physiological

conditions because of its polarizable properties, main-

taining a high sensitivity without an insulating oxide

layer. Cyclic voltammograms of NO, NO�
2 , and FeIII(4-

TMPyP) were measured at an ITO and at a glassy car-

bon (GC) electrode. The ITO electrode showed lower
currents and more positive peak potentials for the oxi-

dations of NO and NO�
2 than those at a GC electrode.

On the other hand, the oxidation behavior of FeIII(4-

TMPyP) was almost the same for an ITO and a GC

electrode. On a GC electrode, however, oxidation of

NO�
2 was overlapped with that of FeIII(4-TMPyP). This

obscured the participation of high valent iron porphy-

rins in the oxidations of NO and NO�
2 on a GC elec-

trode. In this sense, large overpotentials for NO and

NO�
2 oxidations at hydrophilic ITO electrode led to the

clarification of chemical catalysis by high-valent iron

porphyrin for NO and NO�
2 oxidations.

A glass plate coated with a 0.1-lm thick ITO film was

used as the ITO electrode. Prior to each experiment, the

ITO electrode was first sonicated in acetone for 15 min,

followed by rinsing with water, ultrasonic cleaning in
concentrated NaOH in water + ethanol (1:1) mixed sol-

vent, and rinsing with water again. It was then immersed

in CHCl3 for 10 min, and dried.

2.3. Electrochemical and spectroelectrochemical measure-

ments

Electrochemical experiments were performed on a
digital universal processing unit (Fuso, HECS 326)

connected to a head box (Fuso, HECS 326-1) in one

three-electrode cell. The working areas of the optically

transparent ITO electrode and a GC electrode were 18.2

mm2 and 7.1 mm2, respectively. The AgjAgClj3 M NaCl

electrode (BAS, RE-5) and a platinum coil were utilized

as reference and counter electrodes, respectively.

Spectroelectrochemical measurements were carried
out by means of a polarographic analyzer (Yanako, P-

1100) and a multi-channel spectrophotometer (Otsuka

Electronics, MCPD-1000). An optically transparent thin
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Fig. 1. Cyclic voltammograms of 20 lM FeIII(4-TMPyP) at an ITO

electrode in 50 mM pH 7.4 PBS (a) without and (b) with 100 lMNO�
2 ,

and (c) with 100 lM NO�
2 and 18.3 lM NO. Curves (d) and (e) are

obtained in pure PBS with and without 18.3 lM NO and 100 lM
NO�

2 , respectively. Scan rate, 10 mV s�1. Inset: differential pulse vol-

tammogram of 20 lM FeIII(4-TMPyP) at an ITO electrode in 50 mM

pH 7.4 PBS. Scan rate, 20 mV s�1; pulse amplitude, 25 mV; pulse

width, 50 ms.
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layer electrode (OTTLE) cell was constructed by a

combination of two ITO-coated glass plates (total area,

900 mm2), which served as one working electrode. The

distance between the two plates was adjusted to ca. 0.2

mm by using a Teflon spacer. This cell was connected to
the bottom of a one-compartment cell through a small

rectangular hole. All of the measurements were carried

out at room temperature.

2.4. Product analysis

In order to clarify the product in the catalytic oxi-

dation cycle of NO by O@FeIV(4-TMPyP), an electrol-
ysis was carried out in an OTTLE cell containing

FeIII(4-TMPyP) solution at +0.85 V. After the UV–vis

spectrum indicated that O@FeIV(4-TMPyP) had been

formed completely, different amounts of NO were added

to the OTTLE cell in a glove box filled with argon gas.

Then, iron porphyrin in the resulting solution, which is

an interfering factor in NO�
2 /NO�

3 detection, was first

removed by passing the solution through a tiny chro-
matographic column filled with a cation exchange resin.

The amount of nitrite was determined by using the

Griess method [25], and nitrate was determined after

reduction to nitrite by nitrate reductase (NO�
2 /NO�

3

Assay Kit-C II, Dojindo), respectively. A similar meth-

od was applied to product analysis in the catalytic oxi-

dation cycle of NO�
2 by O@FeIV(4-TMPyP) p-cation

radical.
3. Results and discussion

3.1. Stepwise catalytic behavior of oxoiron(IV) 4-

TMPyP complexes towards NO and NO�
2 oxidation

Fig. 1(a) shows the cyclic voltammogram (CV) of
FeIII(4-TMPyP) in pH 7.4 PBS at an ITO electrode. At

pH 7.4 the hydroxy-aqua iron porphyrin, HO–

FeIII(H2O)(4-TMPyP), predominates over diaqua or

dihydroxy iron porphyrin, since proton equilibria exist

with pKa values of 5.5 and 11.8 [36]. Two separate oxi-

dation peaks are observed for HO–FeIII(4-TMPyP) (li-

gand H2O is omitted for simplicity) around +0.85 and

+1.15 V, corresponding to the oxidation of the central
iron and porphyrin ring, respectively. The CV of pure

NO and NO�
2 in pH 7.4 PBS at an ITO electrode is

shown in Fig. 1(d). The oxidation peak potential of NO

was observed around +1.0 V compared with +0.65 V at

a GC electrode. On the other hand, the peak potential of

NO�
2 oxidation was not clear and was estimated by

subtracting residual currents to be roughly +1.2 �+1.3

V (+0.8 V at a GC electrode), but the peak currents were
small owing to the large overpotentials for the direct

oxidation on the ITO electrode. However, a large peak

current was observed at the CV of NO�
2 in the presence
of FeIII(4-TMPyP) (Fig. 1(b)). By comparing Fig. 1(b)

with Figs. 1(a) and (d), it could be concluded that the

enhanced current arose from the catalytic oxidation of

NO�
2 by FeIII(4-TMPyP). Fig. 1(c) shows the CV of NO

and NO�
2 mixture in the presence of FeIII(4-TMPyP).

Simultaneously, two enhanced peak currents were ob-

served around the first and second oxidation potentials
of FeIII(4-TMPyP), which are shown in the inset of

Fig. 1. These results clearly suggest a stepwise catalytic

oxidation behavior of NO and NO�
2 oxidation by high-

valent iron porphyrins.

3.2. Spectroelectrochemical and electrochemical charac-

terization of oxoiron(IV) (4-TMPyP) complexes

It has been reported that oxoiron(IV) species of Fe(4-

TMPyP) and some related iron porphyrins exist stably

in alkaline solutions at different pH values [37]. How-

ever, much of the insight into the oxoiron(IV) porphy-

rins has been gained from the extensive chemical

characterization of these species. To reveal the biologi-

cal significance, this approach must be complemented by

direct measurement under physiological conditions. In
this research, electrochemical formation of O@FeIV(4-

TMPyP) during the oxidation of FeIII(4-TMPyP) in pH

7.4 PBS has been confirmed by a spectroelectrochemical

method. The further oxidized species, O@FeIV(4-

TMPyP) p-cation radical, has also been estimated to be

formed at more positive potential.

Fig. 2 shows the spectral change of FeIII(4-TMPyP)

in pH 7.4 PBS at different potentials. Clear isosbestic
points were observed at 409, 444, 518 and 572 nm. With
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Fig. 2. Typical absorption spectra of FeIII(4-TMPyP) at different po-

tentials in an OTTLE cell which was composed of two ITO-coated

glass plates with the optical pathlength of ca. 0.2 mm. (a) At open

circuit potential, (b) 0.67, (c) 0.70, (d) 0.74, and (e) 0.76 V. Inset: plot

of log[O]/[R] vs. Eappl.
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increasing applied potential, the Soret band shifted from
423 to 426 nm and the absorbance of the Q band at 598

nm decreased while two new peaks appeared at 517 and

572 nm. The double peaks in the visible region were

typical for an intermediate containing an oxoiron(IV)

(FeIV@O) group in Compound II [14]. However, at

more positive potential (+1.2 V), the spectra showed a

decrease in the absorbance and all peaks disappeared

finally.
A plot of log[O]/[R] vs. Eappl is shown in the inset of

Fig. 2. According to the Nernst equation, the slope of

approximately 60 mV/(log[O]/[R]), indicates that the

number of electrons transferred in the oxidation of
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Fig. 3. Plots of log[O]/[R] vs. Eappl: in pH (a) 8.8, (b) 8.1, (c) 7.4, (d) 6.7,

and (e) 6.0 solution containing 200 lM FeIII(4-TMPyP). [O]¼
[O@FeIV(4-TMPyP)], [R]¼ [FeIII(4-TMPyP)]. Inset: Nernst plot of E00

vs. pH.
FeIII(4-TMPyP), n, was 1. The formal potential, E00, was
+0.706 V (vs. AgjAgCl) at pH 7.4. Fig. 3 shows the plots

of log[O]/[R] vs. Eappl at different pHs between 6.0 and

8.8. These plots gave the same slope of 60 mV, and the

slope of pH dependence of E00 in this pH range was –60
mV/pH. These results indicated that O@FeIV(4-TMPyP)

was formed via a one-electron and one-proton process

as shown in the following equation

HO–FeIIIð4-TMPyPÞ � e� ! O@FeIVð4-TMPyPÞ þHþ

ð1Þ
The fact that Hþ participated in the 1 e� oxidation of

FeIII(4-TMPyP) suggested that the oxidation of HO–
FeIII(4-TMPyP) occurred at the metal site, that is, the

HO–FeIII site was oxidized to O@FeIV with the loss of

1 Hþ. Since O@FeIV(4-TMPyP) is confirmed to be

stable in pH 7.4 PBS until 1.0 V, Fig. 1(a) shows that

O@FeIV(4-TMPyP) is further oxidized at potentials

more positive than +1.0 V. Groves et al. [38] have

confirmed that 1 e� oxidation of oxo-ligated iron(IV)

porphyrin preferentially generates an iron(IV) porphy-
rin p-cation radical rather than an iron(V) porphyrin.

Therefore, the second oxidation of HO–FeIII(4-TMPyP)

occurs on the porphyrin ring to generate O@FeIV(4-

TMPyP) p-cation radical following the equation

O@FeIVð4-TMPyPÞ � e� ! O@Feð4-TMPyPÞþ� ð2Þ
Close examination of the second oxidation was per-

formed using differential pulse voltammetry (DPV).

Two splitting peaks were observed around +1.02 and

+1.15 V, which represent the successive oxidation of the

porphyrin ring (inset of Fig. 1). The first shoulder peak

suggested the formation of O@FeIV(4-TMPyP) p-cation
radical. Further, controlled-potential coulometry (CC)
at a thin-layer cell containing FeIII(4-TMPyP) was car-

ried out at fixed potentials of +0.85 and +1.2 V, re-

spectively. According to the Faraday law

Q ¼ nFN ; ð3Þ

where F is Faraday’s constant, N is the molar number of
FeIII(4-TMPyP) in the cell, Q is the charge during the

CC experiment and the number of electrons transferred

ðnÞ was approximately 1 at 0.85 V and 4 at 1.2 V, re-

spectively. These results indicated that FeIII(4-TMPyP)

was oxidized via one electron oxidation to O@FeIV(4-

TMPyP) and following the second oxidation, generated

multiply oxidized species through O@FeIV(4-TMPyP) p-
cation radical. The 1 e� oxidized species of O@FeIV(4-
TMPyP), O@FeIV(4-TMPyP) p-cation radical, was

stable in aprotic solvent and was confirmed by cyclic

voltammetry [17]. However, O@FeIV(4-TMPyP) p-cat-
ion radical in aqueous solution was stable only on the

cyclic voltammetric time scale at ambient temperatures

and could be further oxidized at the porphyrin ring to

form multiply oxidized species [39]. It has been known

that the oxidation of porphyrin ring combining with the
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nucleophilic attack of hydroxide ion leads to destruction

of the macrocycle of porphyrin. Overall, the spectro-

electrochemical data suggested the formation of

O@FeIV(4-TMPyP) by the 1 e� oxidation of FeIII(4-

TMPyP) in pH 7.4 and the further oxidation of the
porphyrin ring to generate O@FeIV(4-TMPyP) p-cation
radical, followed by multiply oxidized species.

3.3. Catalytic oxidation of NO by O@FeIV(4-TMPyP)

Fig. 4 shows cyclic voltammograms of NO and

FeIII(4-TMPyP) at the ITO electrode in 50 mM pH 7.4

PBS. The direct oxidation current of NO (Fig. 4(d)) was
very small at ITO electrode owing to the large overpo-

tential, but the presence of FeIII(4-TMPyP) (Fig. 4(a))

resulted in a significant current increase. A comparison

of Fig. 4(a) with Fig. 4(b) indicates that the oxidation of

NO proceeds along with the oxidation of FeIII(4-

TMPyP). These results suggested one catalytic process

of FeIII(4-TMPyP) towards NO oxidation through an

EC catalytic regeneration mechanism. A feature of this
mechanism was that the iron porphyrin must first be

oxidized to O@FeIV(4-TMPyP) at the ITO electrode. To

our knowledge, this is the first report on the catalytic

oxidation of NO by oxoiron(IV) porphyrin.

The catalytic oxidation of NO was investigated at

various concentrations of FeIII(4-TMPyP). The nor-

malized catalytic current ðIp;NcÞ was calculated accord-

ing to the equation [40]

Ip;Nc ¼ ðIp;cat � Ip;MÞ=Ip;n¼1; ð4Þ
where Ip;M is the current contributed by the catalyst

itself; Ip;n¼1 is the current for one-electron oxidation of
NO calculated from the Randles–Sev�cik equation [41].
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Fig. 4. Cyclic voltammograms of 20 lM FeIII(4-TMPyP) at an ITO

electrode in 50 mM PBS (pH 7.4) (a) with and (b) without 82.3 lM
NO, and (c) with 20 lM NO�

2 . Curve (d) is obtained in pure PBS with

82.3 lM NO. Scan rate, 10 mV s�1.
The plot of Ip;Nc vs. the concentration of catalyst is

exhibited in Fig. 5, Ip;Nc increased rapidly with an

increasing FeIII(4-TMPyP) concentration up to ca.

0.02 mM and reached a maximum value of 3.4 after a

ratio of catalyst/NO of 1:4. Anson [42] suggested that
Ep;cat would be more negative than the redox potential

of catalyst at the high kinetic rate of the reaction.

This phenomenon was observed in the present exper-

iment. Ep;cat moved to more negative potentials from

0.97 to 0.89 V, as the iron porphyrin concentration

increased from 0.004 to 0.05 mM. On the other hand,

it was also observed that the catalytic current for NO

oxidation increased with an increasing solution pH.
These results indicated that the reactions (1) and (5)

were very fast

O@FeIVð4-TMPyPÞ þNOþOH�

! HO–FeIIIð4-TMPyPÞ þNO�
2 ð5Þ

Interestingly, an addition of nitrite into FeIII(4-

TMPyP) solution caused little change of the cyclic vol-

tammogram in the potential window of +0.5 to +1.0 V
(Figs. 4(b) and (c)). Thus, nitrite was not oxidized in that

potential range. O@FeIV(4-TMPyP) showed high selec-

tivity for NO oxidation against NO�
2 .

Fig. 6 shows the reactivity of electrogenerated

O@FeIV(4-TMPyP) with NO and NO�
2 . O@FeIV(4-

TMPyP) was relatively stable in both PBS and PBS

containing NO�
2 (Figs. 6(a) and (c)) and was quickly

reduced back to FeIII(4-TMPyP) upon addition of NO
(Fig. 6(b)). The initial slope of the decay curve corre-

sponded to the reduction rate of O@FeIV(4-TMPyP).

The slope ratio of NO to NO�
2 , which was corrected to

the natural decay (Fig. 6(a)), was about 120. This value

was almost the same as the estimated free NO concen-

tration ratio of 128 in NO and NO�
2 solutions. NO in



Fig. 6. UV–vis absorbance change at 426 nm monitored for the decay

reaction of O@FeIV(4-TMPyP) to FeIII(4-TMPyP) in 50 mM PBS (a)

without and (b) with 82.2 lM NO, and (c) with 100 lM NO�
2 .
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NO�
2 was generated thermodynamically according to

the disproportionation reaction of NO�
2 [43]

2NOaq þNO�
3 þ 2OH�

� 3NO�
2 þH2O

K ¼ 1:1� 1020 M�2 ð6Þ

1 mol% nitrite even in pH 7.4 could be disproportion-
ated into nitrate and NO (0.64 mol%). In this sense,

O@FeIV(4-TMPyP) could not be reduced by nitrite.

After a bulk electrolysis of 100 lM FeIII(4-TMPyP)

was carried out at +0.85 V for 10 min in PBS, different

concentrations of NO were added to the electrolyzed

solution. Product analysis exhibited that the absorbance

of nitrite by Griess assay [25] at 540 nm was propor-

tional to the amount of NO added, which indicated that
the reaction of electrogenerated O@FeIV(4-TMPyP)

with NO led to the formation of nitrite. Therefore, ni-

trite was the product in the catalytic oxidation of NO by

O@FeIV(4-TMPyP). This result was in good agreement

with the result that no catalytic current for NO�
2 oxi-

dation was observed in Fig. 4(c).

As a conclusion, O@FeIV(4-TMPyP) selectively oxi-

dized NO to form NO�
2 anion. Herold and Rahmann

[44] noted the rapid formation of MbFeIIIONO inter-

mediate in the reaction between MbFeIV@O and NO.

The direct incorporation of this oxygen atom into NO,

yielding nitrite, may account for the relatively rapid

reaction rate, compared with the slow rate of NO

binding to ferric porphyrin. On the other hand, no

catalytic current of NO oxidation was observed when an

electrode was exposed to a FeIII(4-TMPyP) solution for
20 min and then rinsed thoroughly with distilled water,

in contrast to the case of strong absorbable catalyst.

Thus, these results indicated that the catalytic oxidation

cycle of NO by oxoiron (IV) porphyrin was not elect-

rocatalysis but was a typical chemical catalysis via an

intermediate to give nitrite as the product [45]. Com-
pared with the direct oxidation on ITO, chemical ca-

talysis (inner-sphere process) showed an increase in the

catalytic current. A reaction consistent with the above

observations would involve reaction (1) followed by the

equations:

O@FeIVð4-TMPyPÞ þNO

! ONO–FeIIIð4-TMPyPÞ ð7Þ

ONO–FeIIIð4-TMPyPÞ þOH�

! HO–FeIIIð4-TMPyPÞ þNO�
2 ð8Þ
3.4. Catalytic oxidation of NO�
2 by O@Fe(4-TMPyP) p-

cation radical

Fig. 7 shows the CVs of FeIII(4-TMPyP) at an ITO

electrode in PBS containing nitrite at different concen-

trations. The peak current around +1.1 V, which cor-

responded to the catalytic oxidation of nitrite, increased

gradually with increasing concentration of nitrite, while

the peak potential, Ep;cat, shifted to more negative value.
Such a negative shift of Ep;cat suggested the participation

of the first oxidized species of O@FeIV(4-TMPyP),

namely O@FeIV(4-TMPyP) p-cation radical, in the cat-

alytic oxidation of NO�
2 . Fig. 7, curves a and f are the

CVs of FeIII(4-TMPyP) and nitrite, respectively. Al-

though the concentration of nitrite was 7.5 times that of

FeIII(4-TMPyP), its direct oxidation on the ITO elec-

trode exhibited much smaller oxidation currents, indi-
cating a slow oxidation process. However, in the

presence of FeIII(4-TMPyP) the current of NO�
2 oxida-

tion was dramatically increased. This enhanced current
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was speculated to result from a catalytic cycle of NO�
2

oxidation as shown in the following equations:

O@FeIVð4-TMPyPÞþ�
NO�

2

! O@FeIVð4-TMPyPÞ þ �NO2 ð9Þ

2�NO2 �N2O4;

then N2O4 þH2O��������!k1¼7�105M�1s�1

NO�
2 þNO�

3 þ 2Hþ

ð10Þ

or O@FeIVð4-TMPyPÞ þ �NO2

! FeIIIð4-TMPyPÞ þNO�
3 ð11Þ

In the first process, O@FeIV(4-TMPyP) p-cation
radical reacted with nitrite to produce O@FeIV(4-

TMPyP) and �NO2. It has been reported that NO�
2 can

be oxidized by heme peroxidases such as HRP, MPO,

and LPO in the presence of hydrogen peroxide, most

likely to generate nitrogen dioxide (�NO2) intermediate

[29,30]. There are two possibilities for the fate of �NO2:

one is subsequent dimerization of �NO2 to N2O4 and
followed by hydrolysis to NO�

2 and NO�
3 (Eq. (10)),

whose overall rate constant is 7� 105 M�1 s�1 [46]; an-

other is that �NO2 is oxidized by O@FeIV(4-TMPyP) to

NO�
3 (Eq. (11)). In fact, the inset of Fig. 8(b) shows that

no change in the spectrum of FeIII(4-TMPyP) was ob-

served during the electrolysis at +1.1 V in the presence

of nitrite. However, FeIII(4-TMPyP) started its typical

oxidation process after NO�
2 was fully consumed. Al-

ternatively, FeIII(4-TMPyP) and nitrate are generated as

the final products in the fast reaction between

O@FeIV(4-TMPyP) and �NO2.

Product analysis also exhibited that nitrite could be

rapidly oxidized to nitrate by O@FeIV(4-TMPyP) p-
cation radical. When a mixed solution of NO�

2 and
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Fig. 8. Plots of NO�
2 ðNÞ and NO�

3 ðjÞ concentrations vs. electrolytic
time in an OTTLE cell containing 200 lM FeIII(4-TMPyP) and

100 lM NO�
2 . Applied potential, +1.1 V. Inset: UV–vis spectra at

(a) 0, (b) 130, and (c) 200 s after the application of potential.
FeIII(4-TMPyP) was electrolyzed in an OTTLE cell with

an applied potential of +1.1 V, the product analysis

showed NO�
2 and NO�

3 coexisting in the resulting so-

lution (Fig. 8). Moreover, the increase of NO�
3 concen-

tration was proportional to the decrease of nitrite
concentration. After the electrolysis time when the for-

mation of O@FeIV(4-TMPyP) p-cation radical was

confirmed, the resulting solution showed that all of the

NO�
2 are oxidized to NO�

3 . The phenomena suggested

that the catalytic oxidation of nitrite to nitrate by

O@FeIV(4-TMPyP) p-cation radical was rapid and

quantitative. Shimanovich and Groves [47] showed the

reaction between O@Fe(IV)TMPS with �NO2 was a
rapid reaction with the rate constant of k2 ¼ 1:7� 107

M�1 s�1 by kinetic simulations. When an excess of �NO2

was allowed to react with MbFeIV@O, the intermediate

complex, MbFeIVONO2, was generated with an ap-

proximate second order rate constant of 1� 107 M�1 s�1

[48]. Comparing the kinetic constant k1(7� 105 M�1 s�1)

with k2(1.7� 107 M�1 s�1), the kinetic feasibility further

supposed �NO2 was more easily able to react with
O@FeIV(4-TMPyP) than to dimerize. Therefore, the

electrogenerated O@FeIV(4-TMPyP) p-cation radical

effectively catalyzed the oxidation of NO�
2 as a two-

electron oxidant: NO�
2 anion was first oxidized to NO2

radical and then interacted with O@FeIV(4-TMPyP) to

give FeIII(4-TMPyP) and nitrate as the final products.

A remarkable feature of the above experiment was

the small amount of decomposition of FeIII(4-TMPyP)
in the presence of nitrite. The absorbance of the Soret

band at 423 nm was almost the same as that in the early

stage of experiment. However, in the absence of nitrite,

electrolysis for 10 min resulted in 20% decomposition of

FeIII(4-TMPyP). It is known that porphyrin ring oxi-

dation causes a nucleophilic attack by hydroxide ion

and then the destruction of the porphyrin ring. The

stability of FeIII(4-TMPyP) in the presence of nitrite
further indicated that nitrite rapidly reduced O@FeIV(4-

TMPyP)p-cation radical to the stable ferric state in the

catalytic oxidation of NO�
2 .
4. Conclusion

Oxoiron(IV) porphyrin complexes are potential oxi-
dants in many chemical and biological reactions. This

work confirms a stepwise catalytic oxidation of NO and

NO�
2 by O@FeIV(4-TMPyP) and O@FeIV(4-TMPyP) p-

cation radical, respectively. A mechanism has been

presented in Scheme 1. NO radical attacks the negatively

charged oxygen, interacting with an iron site, and an

electron on the oxygen transfers to the FeIV site by a

synchronous process. O@FeIV(4-TMPyP)exhibits highly
selective oxidation for NO against nitrite. The

O@FeIV(4-TMPyP) p-cation radical is a stronger oxi-

dant than O@FeIV(4-TMPyP) because the redox
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potential of the O@FeIV(4-TMPyP) p-cation radical is

higher than that of O@FeIV(4-TMPyP). The electro-

generated O@FeIV(4-TMPyP) p-cation radical effec-
tively catalyzes the oxidation of NO�

2 by a two-step

process to give nitrate as a final product. This enhanced

catalytic current can be utilized to detect NO and NO�
2

in a same time in physiological environments and lead to

possible development of highly selective NO and NO�
2

biosensors. On the other hand, the reaction of high-va-

lent iron porphyrin with reactive nitrogen species may

represent a detoxifying pathway for both high-valent
iron porphyrin and reactive nitrogen species. It is im-

portant to further explore the significance of NO and

NO�
2 upon FeIV/FeIII redox couple in biological system.
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