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Abstract

The mononuclear iron complex 1 was synthesized using a tripodal ligand, tris(2-benzimidazolylmethyl)amine (ntb), where ntb
served as a neutral tetradentate chelating ligand for the distorted octahedral ferric ion. Three benzimidazole groups of ntb and
one chloride anion formed a base of octahedral geometry. One of the two axial positions was occupied by an apical nitrogen atom
of ntb and the other site was occupied by another chloride anion. Two of the chloride anions in complex 1 are in a cis
arrangement. The decay of the electrochemically generated superoxide radical (O2

−) by complex 1 was observed using cyclic
voltammetry. The superoxide dismutase (SOD) activity of complex 1 was also examined using a modified method of the light- and
riboflavin-driven hydroxylaminenitrate assay. Reaction of complex 1 with an O2

− radical in methanol gave the m-oxo dinuclear
iron complex 2. The m-oxo group was substituted for the basal chloride anion of complex 1 in complex 2. Complex 2 could also
be synthesized using weak bases instead of the O2

− radical. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Superoxide dismutases (SODs) are metalloenzymes
that disproportionate superoxide radicals, toxic
byproducts of cellular respiration, to molecular oxygen
and hydrogen peroxide [1]. Many low molecular weight
biomimetic molecules have been proposed as SOD
mimics, the vast majority of them being Cu–Zn–SOD
mimics [2]. Recently, iron [3] and manganese [4] based
SOD mimics have been reported. The most successful
mimics were obtained using macrocyclic pentadentate
ligands [3a,4a,b]. However, these structures are quite
different from the distorted trigonal bipyramidal geo-
metry of the active site structure of Mn- and Fe-SODs
[5]. Nishida et al. claimed that the manganese and iron
SOD mimics containing a tripodal tetradentate ligand,

ntb, have SOD activity [4h]. However, we could not
find any evidence of SOD activity in the manganese
complex [Mn(ntb)Cl]ClO4 [6]. In this study, we synthe-
sized and characterized a mononuclear high spin ferric
complex with a tripodal ligand, ntb, and its reactivity
towards superoxide radicals was reinvestigated by an
electrochemical study.

2. Experimental

2.1. Materials

The following were used as received with no further
purification: tris(2-benzimidazolylmethyl)amine (ntb),
potassium superoxide, sodium perchlorate, ferric chlo-
ride hexahydrate, sodium acetate, hexamethylene di-
amine and DMSO-d6 from Aldrich; tetraethyl-
ammonium tetrafluoroborate (TEABF4,) from Fluka;
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methanol, ethanol, dimethylformamide, diethyl ether,
chloroform, hexane and acetone from Carlo Erba;
flavin mononucleotide (FMN), hydroxylamine, Tris
base, Tris–HCl, EDTA, sulfanilic acid and naphthyl
amine from Sigma Chemicals. FMN was further
purified with DEAE-cellulose ion exchange column
chromatography to remove contaminated riboflavin
and stocked in 1 ml aliquots in a freezer at a concentra-
tion of 5 mM.

2.2. Instrumentation

C, H, N and Fe determinations were performed by
the Elemental Analysis Laboratory of the Korean Insti-
tute of Basic Science. IR spectra were recorded as KBr
pellets in the range 4000–600 cm−1 on a Bio-Rad
FT-IR spectrometer. Absorption spectra were obtained
using Perkin–Elmer Lambda spectrometer and a Bio-
Rad microplate reader (model 3550). NMR spectra
were obtained using a Varian-300 spectrometer. Posi-
tive-ion FAB mass spectra were obtained using a Jeol
HX110A/HX110A tandem mass spectrometer in a glyc-
erol matrix. Room temperature (r.t.) magnetic suscepti-
bilities of well-ground solid samples were measured
using an Evans balance. The measurements were cali-
brated against a Hg[Co(SCN)4] standard.

2.3. Synthesis

2.3.1. [Fe(ntb)Cl2]ClO4 (1)
A 1.00 g (2.50 mmol) sample of ntb was dissolved in

80 ml of methanol. When 0.663 g (2.50 mmol) of ferric
chloride hexahydrate was added to the solution, a
precipitate formed immediately. After 1 h of stirring,
the solution was filtered. 1.27 g of the powder obtained
was added to 100 ml of methanol and then 1.60 g (12.0
mmol) of sodium perchlorate was added to the result-
ing solution. After 1 h of stirring the solution was
filtered. A red powder was again obtained (1.22 g,
80.0% yield). Slow evaporation of the filtrate solution
over a 4 day period gave red crystals. The IR spectrum
of the crystal was identical to that of the red powder
sample. Anal. Calc. for [Fe(ntb)Cl2]ClO4·H2O
(FeC24H23N7O5Cl3) (FW=632): C, 44.23; H, 3.56; N,
15.04; Fe, 8.57. Found: C, 44.47; H, 4.37; N, 15.04; Fe,
8.63%. 1H NMR (DMSO-d6): d 28.0, 44.2, 64.2.
FABMS: m/z of [Fe(ntb)Cl2–HCl]+, 498. UV–Vis
(MeOH) [lmax (o)]: 239 nm (6300 M−1 cm−1), 272 nm
(8000 M−1 cm−1), 279 nm (8000 M−1 cm−1), 305 nm
(2400 M−1 cm−1), 395 nm (1900 M−1 cm−1). meff: 6.02
mB.

2.3.2. [Fe2O(ntb)2Cl2](ClO4)2 (2)
Method A: 0.787 g (1.24 mmol) of 1 was dissolved in

30 ml of methanol and 0.09 g (1.3 mmol) of KO2 was
dissolved in 10 ml methanol in another flask. The two

solutions were mixed and stirred for 20 min and
filtered. On standing for 1 week, red crystals were
obtained in the filtrate (0.62 g, 94.2% yield).

Method B: 0.787 g (1.24 mmol) of 1 was dissolved in
30 ml of methanol and 0.12 g (1.5 mmol) of sodium
acetate was added to the solution. After 30 min of
stirring, the solution turned a clear red. Slow evapora-
tion of the solution in a refrigerator gave red crystals
(0.657 g, 97.8% yield).

Method C: 0.310 g (0.50 mmol) of 1 was dissolved in
20 ml of methanol and 0.025 g (0.25 mmol) of hexa-
methylene diamine was added to the solution. After 1 h
of stirring, the solution was filtered (0.20 g, 74% yield).
Slow evaporation of the filtrate solution gave red crys-
tals (0.05 g, 20% yield). Anal. Calc. for
[Fe2O(ntb)2Cl2](ClO4)2 (Fe2C48H42N14O9Cl4): C, 47.55;
H, 3.49; N, 16.17; Fe, 9.21. Found: C, 46.94; H, 4.06;
N, 16.46; Fe, 8.80%. meff: 2.0 mB. IR (KBr pellet): 790
cm−1 (for Fe–O–Feasym).

2.4. X-ray crystallography

Because a crystal of complex 1 loses its solvents of
crystallization within 1 min, it was mounted in a glass
capillary with the mother liquor to prevent the loss of
the structural solvents during data collection. Prelimi-
nary examination and data collection were performed
with Mo Ka radiation (l=0.71069 A, ) on an Enraf-
Nonius CAD4 computer-controlled k-axis diffractome-
ter equipped with a graphite crystal, incident-beam
monochromator. The cell constants and orientation
matrix for data collection were obtained from a least-
squares refinement method, using the setting angles of
25 reflections. Data were collected at r.t. using the
v-scan technique. Three standard reflections were mon-
itored every hour, but no intensity variations were
monitored. Lorentz and polarization corrections were
applied to the data; however, no correction was made
for absorption. The structure was solved by direct
methods using SHELXS-86 [7] and refined by full-matrix
least-squares calculations with SHELXL-97 [8]. Three
non-coordinating methanol sites were identified, one of
which was disordered. All non-hydrogen atoms were
refined anisotropically; all hydrogen atoms, except
those of the disordered methanol, were allowed to ride
on geometrically ideal positions with isotropic tempera-
ture factors 1.2 times those of the attached non-hydro-
gen atoms. Crystal and intensity data are given in Table
1.

2.5. Electrochemical experiments

The working electrode was a glassy carbon disk (GC,
electrochemical area=0.064 cm2), freshly polished with
activated aluminum oxide (150 mesh, 58 A, , Aldrich)
before use. The area of a GC electrode was determined
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by chronocoulometry. The potential was stepped from
+0.40 to +0.10 V versus Ag/AgCl in a 1 mM
K3Fe(CN)6 aqueous solution (1 M KCl, Dox=7.63×
10−6 cm2 s−1) with a pulse width of 500 ms [9]. The
reference and counter electrodes were Ag/AgCl (3 M
KCl) and Pt plates, respectively. All the potentials
mentioned in this paper were referenced to Ag/AgCl.

For anaerobic voltammetric measurements, Ar was
purged through electrolyte media for at least 10 min
until no O2 redox pair was seen on cyclic voltam-
mograms. It should be noted that this fact does not
necessarily mean that the media is completely absent
from O2, but is electrochemically O2 free. The anaerobic
conditions were also maintained under an Ar blanket
throughout the measurements. Otherwise, the media
were saturated with pure O2 in order to examine the
effects of complex 1 on O2 redox reactions. All the
electrochemical measurements described in this study
were carried out at r.t. using a BAS CV-50W with a
conventional three-electrode configuration.

2.6. SOD acti6ity assay

SOD activity measurement was performed using a
modified method of the light- and riboflavin-driven
hydroxylaminenitrate SOD assay described by
Archibald [10]. The reaction was performed in 0.1 ml of
25 mM Tris–HCl buffer (pH 8.0) containing 1 mM
EDTA. The reaction mixture contained 10 mM of FMN,
5 mM of hydroxylamine, and a varying amount (10.0–

Fig. 1. ORTEP drawing of the [Fe(ntb)Cl2]+ (1).

0.078 mg) of complex 1. The reaction commenced under
light illumination for 25 min and then 0.1 ml of 20 mM
sulfanilic acid and 0.1 ml of 7 mM naphthyl amine, both
in 4.2 M acetic acid, were added to the reaction mixture.
After standing for 20 min at r.t., the absorbance was
measured at 540 nm with a microplate reader.

3. Results and discussion

3.1. Preparation and characterization of complex 1

[Fe(ntb)Cl2]ClO4 (1) can be synthesized using ferric
chloride as a metal source and tris(2-benzimidazolyl-
methyl)amine as a neutral tripodal tetradentate ligand.
For crystallization, perchlorate was used as a counter
anion. The magnetic moment of complex 1 at r.t., 6.02
mB, corresponds to the spin-only value of high spin d5

Fe(III), 5.92 mB. The DMF solution of complex 1 in a
glycerol matrix gave a peak at m/z 498 in the FAB mass
spectrum. This peak corresponds to the five-coordinate
metal complex ion, [Fe(ntb)Cl–H]+.

The paramagnetically-shifted 1H NMR spectrum of
complex 1 in DMSO-d6 gave only three bands at 28.0,
44.2, and 64.2 ppm. The D2O exchange experiment
suggested that the band at 44.2 ppm is due to the amine
protons of the benzimidazole groups. The remaining
bands were tentatively assigned as benzyl protons. It is
interesting that although there are two types of benzim-
idazole groups, only one type of amine proton is
observed.

3.2. Molecular structure of complex 1

An ORTEP drawing of complex 1 is shown in Fig. 1.
Complex 1 is a cis-dichloro distorted octahedral com-
plex. Three benzimidazole groups of ntb and a chloride
anion formed the base of the octahedral geometry. One
of the two axial positions was occupied by an apical
nitrogen of ntb and the other site was occupied by
another chloride anion. Two chloride anions in complex

Table 1
Crystal data and structure refinement for 1

Formula C27H33Cl3FeN7O7

FW 729.80
Crystal system triclinic
Space group P1(
Unit cell dimensions

10.143(2)a (A, )
b (A, ) 12.138(2)
c (A, ) 13.937(2)
a (°) 90.97(2)
b (°) 109.77(1)

96.82(2)g (°)
V (A, 3) 1600.3(5)
Z 2
Dcalc (g cm−3) 1.515
Absorption coefficient (mm−1) 0.777
Crystal size (mm) 0.60×0.45×0.10
u Range for data collection (°) 1.56–22.47
No. independent reflections 4140
GOF on F2 1.134
Final R indices [I\2s(I)]a R1=0.0694,

wR2=0.1592
R indices (all data) R1=0.1137,

wR2=0.1717
0.380, −0.300Largest difference peak, hole (e A, −3)

a R1=S��Fo�−�Fc��/S�Fo� and wR2= [Sw(Fo
2−Fc

2)2/SwFo
4]1/2.
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1 are in a cis geometry, while the perchlorate anion
exists as a counter ion. In the manganese complexes of
the same ntb ligand, both trigonal bipyramidal geome-
try [6,11] and distorted octahedral geometry [11] were
observed. However, only the distorted octahedral iron
complex was observed in this study.

The average bond distance between the ferric ion and
the two basal nitrogen atoms of the benzimidazole
groups at the cis position of the basal chloride (2.093
A, ) is about 0.04 A, shorter than that of the correspond-
ing benzimidazole group at the trans position of the
basal chloride (2.131 A, ). The bond distance between
the ferric ion and the basal chloride is 2.348 A, , whereas
the distance between the ferric ion and the chloride
anion at the trans position of the apical nitrogen is
2.214 A, . The bond distance between the ferric ion and
the apical nitrogen atom (N1) of 2.332 A, is about 0.23
A, longer than the bond distances between the ferric ion
and the basal nitrogen atoms of the benzimidazole
groups (Table 2). A similar elongation is also observed
in the other iron [12] and cobalt [13] complexes of
tripodal tetradentate ligands containing a benzimida-
zolylmethyl group. However, this elongation is rela-
tively shorter than that of the corresponding manganese
[13b,14] and zinc [15] complexes. The average Fe–
Nbezim distance of 2.093 A, is the same as that of the
Fe–Nim distance of a high spin Fe(III) complex [3b,16]
but is about 0.04 A, shorter than that of the Fe–Npy

distance of a high spin Fe(III) complex [17]. The aver-
age bond distance suggests that the donor ability of the
benzimidazole group is similar to that of imidazole
group but is slightly better than that of the pyridine
group.

3.3. Electrochemistry

A cyclic voltammetry investigation of a 5 mM com-
plex 1/0.1 M TEABF4/DMF solution, performed under
anaerobic conditions, indicated that Fe(III)/Fe(II) re-
dox reactions are chemically reversible and occur at
+0.25 V (E1/2) (0.48 V versus NHE), as shown in Fig.
2. This value is a little higher than the optimal value of

Fig. 2. Cyclic voltammograms of a 5 mM complex 1/0.1 M TEABF4/
DMF solution, scanned at 100 mV s−1 within a wide (A) and a
narrow (B) potential window. A solution was Ar purged and mea-
surements were carried out under an Ar blanket.

:0.36 V (versus NHE) and the values of 0.2–0.4 V
observed in most Fe- and Mn-SODs [18]. The anodic to
cathodic peak separation is 197 mV at 100 mV s−1 and
increases with scan rates (not shown), indicating that
the process deviates from a kinetic reversibility of 59
mV [19], and the electron transfer at the electrode
surface is relatively slow. This renders the whole
Fe(III)/Fe(II) electron transfer process quasi-reversible.
Fig. 2(A) also shows that the complete irreversible
oxidation of the complex occurs at +1.1 V, corre-
sponding to the oxidation of benzimidazole rings. It
should be noted that no dissolved-O2 reduction wave
was observed during the scan at more negative poten-
tials than −1.2 V. This suggests that the medium is
electrochemically free of dissolved O2. The voltam-
mogram exhibits a small hump at ca. −0.3 V during
scans to a negative direction. This may be due to a
small amount of impurity in the sample because its
intensity does not change either under dioxygen purg-
ing or prolonged argon purging.

Rodriguez et al. investigated the electrochemical be-
havior of Fe(III) complexes with (bis[(1-methylimida-
zol-2-yl)methyl]amino)acetate ligands (L) in DMF and
they reported that FeII–O2 is oxidized at ca. 0.5 V
lower potentials than the Fe(II) complex [3b]. They also
observed that two Fe(III) reduction processes exist and
two overlapping peaks become more distinct as scan
rates increase. They claimed that one process results
from the reduction of a complex with DMF as a ligand,
while the other wave is responsible for the reduction of
FeIII(L)Cl2. In our studies, complex 1 shows only a
single reduction wave at ca. 0.2 V, and this is the case
at higher scan rates, indicative of no Cl− substitution
with DMF. The substitution of the anionic chloride
with the neutral DMF solvent might not be so easy
because complex 1 is already monocationic.

In order to investigate the reaction of complex 1 with
electrochemically generated superoxide, cyclic voltam-

Table 2
Bond lengths (A, ) and angles (°) for 1

Fe1–N6 2.131(6)Fe1–N1 2.332(6)
2.091(6)Fe1–N2 Fe1–Cl1 2.214(3)

Fe1–N4 2.348(3)Fe1–Cl22.095(6)

74.8(2)N1–Fe1–N2 N2–Fe1–Cl2 89.7(2)
74.6(2)N1–Fe1–N4 N4–Fe1–N6 86.8(2)
77.6(2)N1–Fe1–N6 N4–Fe1–Cl1 105.7(2)

89.2(2)174.5(2) N4–Fe1–Cl2N1–Fe1–Cl1
N6–Fe1–Cl1 96.9(2)88.4(2)N1–Fe1–Cl2

N2–Fe1–N4 149.4(2) N6–Fe1–Cl2 166.0(2)
86.9(2)N2–Fe1–N6 Cl1–Fe1–Cl2 97.1(1)

104.8(2)N2–Fe1–Cl1
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metry of an O2 saturated solution of 0.1 M complex
1/DMF, containing no complex 1, was first performed
and compared to the result of a 5 mM solution of
complex 1. While Fig. 3(A) shows a redox pair at ca.
−0.7 V due to O2 reduction and O2

− reoxidation, the
O2

− reoxidation wave completely disappears in a solu-
tion of complex 1 (Fig. 3(B)). This suggests that O2

−

electrochemically generated at the electrode surface re-
acts with complex 1 (reduced Fe(II) complex either/or
oxidized Fe(III) complex) and transforms into an inert
form for reoxidation. It should be noted that the appear-
ance of an O2

− reoxidation wave depends on the concen-
tration of complex 1 and the scan rate, indicating that
the reaction of O2

− with complex 1 is relatively slow
within an experimental time scale. We confirmed that
the O2

− reoxidation wave begins to be seen in solutions
of 1 mM or lower concentrations of complex 1 when
scanned at 100 mV s−1. This trend is also true when
scanned faster than 500 mV s−1 in 5 mM solutions of
complex 1.

From the comparison of Fig. 3(A) and (B), other
features can be drawn. First, the total charge passed
during O2 reduction in a solution containing complex 1
(Fig. 3(B)) is approximately twice the charge in a
solution containing no complex 1 (Fig. 3(A)). Although
it can be anticipated that simultaneous Fe(III) reduction
during O2

− generation will increase the cathodic current,
it is only partially responsible for the increase in the total
reduction current since the background current, due to
continuous Fe(III) reduction, is relatively small, as
shown in Fig. 3(A). If complex 1 behaves only as an O2

−

radical scavenger, the reduction current enhancement
could not be explained fully. Fe-containing SOD dispro-
portionates O2

− by the following two-step reaction [1]:

FeIII complex+O2
−�FeII complex+O2

FeII complex+O2
−�FeIII complex+O2

2−

Fig. 4. Cyclic voltammograms of an O2 saturated solution of 5 mM
complex 1/0.1 M TEABF4/DMF, scanned at 100 mV s−1. The
potential was scanned between −0.7 and +0.6 V under stationary
(A) and hydrodynamic (B) conditions. A series of curves in (A)
indicates the 2nd, 11th, and 20th scans.

The reduction current enhancement could occur through
either the increase of O2 concentration at the electrode
surface by the first reaction or the increase of the Fe(III)
concentration at the electrode surface by the second
reaction, or through both reactions. The result appears
to indicate catalytic effects of complex 1. Second, the
Fe(III)/Fe(II) redox wave, shown during an initial po-
tential scan in Fig. 3(B) (the cycling was started at −0.2
V and scanned toward a positive potential limit), disap-
pears once the superoxide radical is generated at the
electrode surface. However, the O2 reduction wave
reaches a steady-state value and is not reduced during
continuous cycling. The same behavior can be obtained
in a 5 mM complex 1/0.1 M TEABF4/DMSO solution.
The steady-state cyclic voltammogram, cycled between
−0.2 and +0.6 V at 100 mV s−1, indicates no suppres-
sion of Fe(III)/Fe(II) redox. The wave characteristics are
the same as those in Fig. 2(B); it is reasonable to
speculate that reaction of complex 1 with O2

− finally
leads to electrode surface deterioration. This reasoning
was further investigated under hydrodynamic voltam-
metry conditions. The solution was slowly stirred and a
cyclic voltammogram was obtained simultaneously. Fig.
4 compares cyclic voltammograms in stationary (A) and
hydrodynamic (B) conditions. When the solution is
potential-cycled in between −0.7 and +0.6 V without
stirring, the decrease of Fe(III)/Fe(II) redox wave can be
visualized since O2

− generation is minimal at −0.7 V.
Three curves in Fig. 4(A) correspond to the 2nd, 11th,
and 20th cycles in a decreasing order. Meanwhile, the
reactants and products move rapidly into and out of the
electrode surface under hydrodynamic conditions, lead-
ing to alleviation of the surface fouling effect as shown
in Fig. 4(B).

It is quite surprising that the electrode surface deteri-
oration does not affect electron transfer behavior be-
tween the electrodes and O2, and the O2

− scavenging

Fig. 3. Cyclic voltammograms of O2 saturated solutions of 0.1 M
TEABF4/DMF, containing no complex 1 (A) and 5 mM complex 1
(B), scanned at 100 mV s−1. A solution was O2 purged and measure-
ments were carried out under an O2 blanket.
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Fig. 5. Cyclic voltammograms of the electrode, after maintaining at
−1.1 V for 10 min in a 5 mM complex 1/0.1 M TEABF4/DMF
solution, in a 0.1 M TEABF4/DMF solution (A) and a 5 mM
complex 1/0.1 M TEABF4/DMF solution (B–E). All the solutions
were O2 saturated and measurements for (B–E) were obtained imme-
diately after (A). (B–E) correspond to 2nd, 10th, 20th, and 30th
scans.

Fe(III)/Fe(II) redox process slowly recovers and finally
attains a diffusion-controlled cyclic voltammogram.

3.4. SOD acti6ity assay

We examined the SOD activity of complex 1 using a
modified method of the light- and riboflavin-driven
hydroxylaminenitrate SOD assay. Complex 1 inhibited
the conversion of hydroxylamine to nitrate by O2

−. The
inhibition results are given in Fig. 6. The IC50 value is
13.3 mM and is an order of magnitude higher than that
of the best activity recorded with a (benzoato)-
manganese(II) complex [4e].

3.5. Reacti6ity

Reaction of complex 1 with one equivalent of O2
−

radical in methanol gave a m-oxo iron complex
[Fe2O(ntb)2Cl2](ClO4)2 (2). The cation part of the com-
plex 21 is identical to the previously reported m-oxo iron
complex, [Fe2O(ntb)2Cl2](PF6)2 [11a]. Interestingly,
complex 2 could also be synthesized from complex 1
with acetate or hexamethylene diamine instead of an
O2

− radical. A superoxide radical might behave as a
base in methanol. The reaction of complex 1 with an
O2

− radical as a base might be a competitive side-reac-
tion and ultimately lead to a m-oxo iron complex. The
m-oxo iron complex might be responsible for the elec-
trode surface fouling.

In conclusion, we obtained a crystal structure of a
mononuclear Fe(III) complex with a tripodal ligand
ntb, where ntb served as a neutral tetradentate chelating
ligand for a distorted octahedral ferric ion. The SOD
activity of complex 1 was demonstrated using both a
direct observation of O2

− decay using cyclic voltam-
mograms and an indirect inhibition method. It is inter-
esting that a manganese(II) complex, synthesized using
the same ligand, showed no SOD activity at all [6],
while complex 1 showed SOD activity. It is not surpris-
ing that the SOD activities are strongly dependent on
the redox potentials of the metal ion [18]. With the
exception of so-called cambiolistic SODs, Fe-sub-
(Mn)SODs (or Mn-sub-(Fe)SODs) have no catalytic
activities. The redox potential of complex 1 is 0.48 V
(versus NHE) in DMF, while the corresponding man-
ganese(II) complex is redox inactive at the DMF win-
dow. To improve the activity of the SOD mimics, we
need to reduce the redox potentials of the complex.

effect. After being maintained at −1.1 V for 10 min in
a 5 mM complex 1/0.1 M TEABF4/DMF solution, the
electrode was immediately immersed in a complex 1-free
solution and potential-cycled. Prior to each step, the
solutions were saturated with O2 and the electrochemi-
cal measurements were performed under an O2 blanket.
Fig. 5(A) demonstrates the O2 redox processes in a
complex 1-free solution. It should be pointed out that
the cyclic voltammetry results (peak heights and areas)
are quite similar to Fig. 3(A), indicating that the O2

redox process is not prohibited by electrode surface
deterioration. This result supports the fact that complex
1 still plays a role as a superoxide scavenger, while the
Fe(III)/Fe(II) redox reaction is suppressed, correspond-
ing to the result shown in Fig. 3(B). The surface-fouled
electrode was placed back into a 5 mM complex 1/0.1
M TEABF4/DMF solution and cycled continuously
between −0.2 and +0.6 V. Fig. 5(B–E) shows that the

Fig. 6. SOD activity of complex 1 in the light- and riboflavin-driven
hydroxylaminenitrate SOD assay method.

1 Crystallographic data for 2: triclinic, P1( , a=12.036(4), b=
12.838(2), c=13.637(3) A, , a=63.49(2), b=67.90(3), g=79.31(2)°,
V=1746.7(7) A, 3, Z=2, Dcalc=1.339 g cm−3. Final R factors were
R1=0.083 and wR2=0.2386 for 3886 reflections.
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4. Supplementary material

Tables giving a structural determination summary,
atomic coordinates, temperature factors, bond lengths,
bond angles, and anisotropic thermal parameters for
non-hydrogen atoms and atomic coordinates for hydro-
gen atoms, Fo/Fc tables, and ORTEP drawings with
complete atomic numbering for 1 and 2 are available
from the authors upon request.
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