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The synthesis, characterization and catalase-like activity of the tetranuclear complex [Fe4(l-O)(l-OH)
(l-OAc)4(L)2](ClO4)3 (HL is the ligand 1,3-bis[(2-aminoethyl)amino]-2-propanol) is described herein.
The complex was obtained from the self-assembly of Fe(ClO4)3�xH2O, NaOAc�3H2O and HL. The X-ray
structural elucidation, together with spectroscopic and ESI-MS data, disclosed a (l-oxo)(l-hydroxo)-
bis(l-alkoxo)tetra(l-carboxylato)tetrairon core structure that can be described as a dimer of dimer,
where the four metallic centers are embedded in the same chemical environment. The kinetics of the
catalase-like activity was investigated in water, TRIS buffer and acetonitrile, and it revealed a
Michaelis–Menten behavior. The progress of H2O2 disproportionation reactions was followed by UV–Vis,
ESI-MS/Q-TOF and EPR, indicating the disruption of the tetranuclear core, which was accelerated at
higher proton concentration. The rate constant was higher in CH3CN than in aqueous solution
(kobs(CH3CN) > kobs(buffer) > kobs(H2O)).

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Although hydrogen peroxide is not a toxic compound, it gener-
ates the hydroxyl radical that causes lipid peroxidation, membrane
damage and cell death [1]. The biological defense against hydrogen
peroxide is accomplished by the catalase enzyme that converts it
into water and dioxygen Eq. (1) [2–4].
2H2O2 ! 2H2Oþ O2 ð1Þ

Two main classes of catalase enzymes are known, an iron- and a
manganese-based proteins. Although these catalases have different
structural features, they perform the same biological activity. The
first class is a heme-type catalase containing an iron(III)-protopor-
phyrin IX prosthetic group in the active site [5–7] and the second
one is a binuclear manganese enzyme (MnCAT) [8–9]. In the later,
a histidine and a glutamate residue are coordinated to each
manganese atom. Three bridges link the metal ions, a glutamate,
and two bridges that have not been reliably established yet, which
could be oxo, hydroxo or aquo.

In stress conditions, the organism can fail in protecting itself
against radicals and the natural defenses might be insufficient
[1]. Since the natural enzyme is unstable in solution and cannot
be used as drug, synthetic models that reproduce its structural fea-
tures and/or activity have potential biomedical application as ther-
apeutic agents against oxidative stress [10–12]. Most of the
synthetic models for MnCAT are manganese complexes, including
mono [13–15] and dinuclear [16–20] compounds in the great
majority and a few examples of trinuclear and tetranuclear as well
[21–23]. Although the iron catalase enzyme is a heme-type, several
non-heme dinuclear [24–29] and mononuclear [12,29,30] iron
complexes were also able to promote hydrogen peroxide dismuta-
tion. However, no tetranuclear iron complex was described as a
catalase model.

Tetranuclear oxo-, hydroxo- or alkoxo-bridged iron complexes
are of interest from a bioinorganic viewpoint, since similar bridged
moieties are present in the active site of numerous proteins. The
main types of tetranuclear iron complexes are listed below and
the structures are represented in Chart 1.

– ‘‘butterfly’’: possesses the core [Fe4(l3-O)2]8+ or [Fe4(l3-OR)2]10+

(R = H, Me) [31–33];
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Chart 1. Main types of tetranuclear iron cores.
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– adamantane-like: possesses the core [Fe4(l-X)2(l-OH)2

(l-O)2]4+ (X = hydroxo, alkoxo or phenoxo) [34–36];
– cubane: consists of a [Fe4(OR)6]6+ core, with the iron atoms

located at the corners of a cubane [33];
– rectangular: presents two separated cores, consisting of

Fe2(l-X)(l-carboxilato)n, where X can be O, OH or alkoxo and
n = 0, 1, 2. The two cores are linked by two oxo, two alkoxo
bridges or two hydrocarbon chains [37–44].

In this work, we have synthesized the tetranuclear non-heme
complex [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3, where HL is the li-
gand 1,3-bis[(2-aminoethyl)amino]-2-propanol, and we have stud-
ied its catalase-like activity in water, TRIS buffer and acetonitrile,
as well as its kinetics, in order to disclose if tetranuclear iron(III)
complexes would be able to promote hydrogen peroxide dismuta-
tion, and what similarities they would share with the MnCAT en-
zyme. The monitoring of the H2O2 disproportionation reactions
was carried out by UV–Vis, ESI-MS/Q-TOF and EPR.

2. Experimental

2.1. Materials and measurements

The reagents and solvents were used as received from commer-
cial sources. The ligand 1,3-bis[(2-aminoethyl)amino]-2-propanol
was synthesized from epichlorohydrin and ethylenediamine, as de-
scribed in literature [45].

Solution UV–Vis spectra were recorded on a Shimadzu 1601PC
spectrophotometer in water, TRIS buffer and CH3CN, and diffuse
reflectance UV–Vis spectra were recorded on a Shimadzu UV-
2450 spectrophotometer. Infrared spectra were collected on a FTIR
Nicolet Magna-IR 760 spectrophotometer (KBr or CsI pellets or as
film in NaCl window). 1H NMR and 13C NMR spectra were obtained
with a Bruker DRX-200 spectrometer in D2O and the chemical
shifts were referenced to the solvent peak.

Mössbauer spectra were obtained using a Wissel instrument in
the constant acceleration mode with transmission geometry where
the 20 mCi 57Co/Rh source was maintained at room temperature.
The resultant spectra were least square fitted to Lorentzian-shaped
lines using the NORMOS software (Wissel Company). Metallic iron
was used for energy calibration and also as reference for the isomer
shift (d) scale.

Electron paramagnetic resonance (EPR) measurements of the
powder and solution materials were conducted on an EPR BRUKER
EMX microX spectrometer (frequency X, band 9.5 GHz) at room
temperature and 77 K (using liquid N2), using the perpendicular
microwave polarization (perpendicular polarization CW-EPR).

ESI-MS spectra of the complex in an acetonitrile solution in
presence of H2O2 were acquired by using a quadrupole/time-
of-flight (Q-ToF) mass spectrometer (Micromass, Manchester,
UK). General conditions were as follows: source temperature of
100 �C, capillary voltage of 3.5 kV, and cone voltage of 15–50 V.
Mass spectra were acquired by scanning over the 90–1500 m/z
range. The product ion MS analysis was accomplished with the
orthogonal TOF (time-of-flight) analyzer.

Cyclic voltammetry experiments were carried out in acetoni-
trile and water using a BAS Episilon potentiostat/galvanostat and
a three-electrode system, consisting of a glassy carbon disk as
the working electrode, a platinum wire as the auxiliary electrode
and an Ag/AgCl system as the reference electrode. A 0.1 mol dm�3

solution of tetrabutylammonium hexafluorophosphate or of
lithium perchlorate was used as supporting electrolyte for the
analyses in acetonitrile or water, respectively. The Fc/Fc+ (E1/2 =
0.249 V versus Ag/AgCl; DE = 125 mV) or K3[Fe(CN)6] (E1/2 =
0,254 V versus Ag/AgCl; DE = 347 mV) was used as internal
standard for the analyses in acetonitrile or water, respectively.
Spectroscopic grade solvent was used and the solutions were
purged thoroughly with argon and kept under a positive pressure
of this gas during the experiments. Potentials are expressed versus
Fc/Fc+ (0.400 V versus ENH) [46] for both scans at 25 and 100 mV/s
in acetonitrile solutions and versus NHE (E1/2(K3[Fe(CN)6]) =
0.361 V vs ENH) at 100 mV/s in aqueous solutions [47].

Gas chromatography analyses were conducted on a HP5890 gas
chromatograph with a HPDB5 column (30 m � 0.25 mm � 0.25 lm)
connected to a FID detector, using H2 (140 kPa) as carrier gas. The
analysis conditions for the cyclohexane oxidation reactions were:
initial temperature of 50 �C, heating ramp of 1.5 �C/min to 56 �C,
then heating ramp of 10 �C/min to the final temperature of 127 �C.
The injector and detector temperature was 200 �C and 250 �C,
respectively. Products were identified by their mass spectra and
the retention times were compared with those of authentic samples.
Quantification was made through calibration plots for the detector
response of the authentic samples.

Caution! The perchlorate salts used in this study are potentially
explosive and should be handled with care!

2.2. Synthesis of the complex [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3

The complex [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3 was synthe-
sized by addition of the ligand solution (3.7 mmol, 0.65 g in
10.0 cm3 of ethanol) to a solution of Fe(ClO4)3�xH2O (4.4 mmol,
1.56 g) and NaOAc�3H2O (4.4 mmol, 0.60 g) in 30.0 cm3 of ethanol.
A green precipitate was immediately formed, which was filtered
and washed with ethanol. The solid was recrystallized in acetoni-
trile. After few days, green single crystals suitable for X-ray analy-
sis were obtained. Yield: 0.68 g.

Anal. Calc. for C22H51N8O24Cl3Fe4�1.5C2H5OH: C, 24.80; H, 5.00;
N, 9.26. Found: C, 24.96; H, 4.72; N, 9.19%. FTIR (CsI, cm�1):
3466, 3343, 3275, 3223, 3125, 2938, 2892, 1584, 1457, 1427,
1101, 986, 654, 625. UV–Vis in CH3CN; k/nm (e/dm3 mol�1 cm�1):
635 (6.88 � 101), 475 (5.03 � 102), 316 (1.07 � 104), 217
(2.81 � 104), 242 (2.00 � 104).

2.3. Crystal structure of [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3

The X-ray data were collected at 295 K from an Enraf–Nonius
Kappa-CCD [48] diffractometer with graphite monochromatized
Mo Ka radiation. The cell parameters were obtained using COLLECT

[48] and PHICHI [49] softwares, and were refined using DIRAX [50]
software. Intensities were corrected by Lorentz polarization with
EvalCCD [51] program and absorption with SADABS [52] software.
The structure was solved by SHELXS-97 Direct Methods [53], and re-
fined with SHELXL-97 [54]. The positional parameters of the H atoms
bonded to C atoms in the methylene groups were obtained geo-
metrically, with the C–H distances fixed at 0.96 Å for Csp3 atoms,
and set to ride on their respective C atoms, with Uiso(H) = �1.2Ueq
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(Csp3). The hydrogen from methyl groups were obtained geometri-
cally and ideally disordered in the two positions, with the C–H dis-
tances fixed at 0.97 Å for Csp3 atoms and Uiso(H) = �1.5Ueq(Csp3)
for respective C atoms. The positional parameters of H3o atom in
the O2� � �H3o–O3 moiety were obtained from difference Fourier
map and refined with an isotropic displacement parameter.

The squeeze [55] procedure was adopted because disorder ef-
fect was observed in 3 water molecules that act as solvate of crys-
tallization. Before the squeeze procedure, these water molecules
occupied 488.6 Å3 in the unit cell; after the squeeze, this space is
void after the exclusion of 54 electrons per unit cell. X-ray data
are collated in Table 1.
2.4. Catalase-like activity

2.4.1. H2O2 disproportionation reactions
The catalase-like activity was followed by measuring the vol-

ume of O2 produced. The total reaction volume was kept constant
during all experiments at 5.0 mL. The reactions were performed at
25 �C, using the assistance of a water bath and a thermostat. Water,
TRIS buffer or CH3CN was used as solvent. The buffer pH was ad-
justed to 7.2 with HCl. The reactor was a kitassato flask (25 cm3)
magnetically stirred and closed with a rubber septum. The kitassa-
to was connected to an inverted graduated burette filled with
water. Hydrogen peroxide solution (commercial 30% aqueous solu-
tion) was injected through the septum with a syringe and the diox-
ygen production was measured in the burette at appropriate times.
The experimental data were plotted in a curve describing the
amount of dioxygen evolved versus time. Observed initial rates
were expressed as mol(O2) s�1 and calculated from the maximum
slope of the curves describing the O2 evolution versus time.

The pH variation during the reaction in water was evaluated for
30 min, using a pHmeter. The reaction was carried out in a glass
Table 1
Crystal data and structure refinement for [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3.

Empirical formula C22H51N8O24Cl3Fe4�3H2O
Formula weight 1141.46, 1195.52
T (K) 295(2)
Wavelength (Å) 0.71073
Crystal system Orthorhombic
Space group Pmnn
Unit cell dimensions
a (Å) 17.177(3)
b (Å) 15.637(3)
c (Å) 17.229(3)
V (Å3) 4627.7(14)
Z 4
Dcalc (Mg/m3) 1.638
Absorption coefficient (mm�1) 1.488
F(000) 2344
Crystal size (mm) 0.15 � 0.11 � 0.08
h (�) 2.37–24.50
Index ranges �17 6 h 6 18, �18 6 k 6 18,

�19 6 l 6 20
Reflections collected 34,095
Independent reflections (Rint) 3897 (0.0413)
Completeness to theta = 24.5� (%) 97.4
Absorption correction semi-empirical from equivalents
Maximum and minimum

transmission
0.8902 and 0.8076

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 3897/0/315
Goodness-of-fit (GOF) on F2 1.088
Final R indices [I > 2r(I)] R1 = 0.0581, wR2 = 0.1713
R indices (all data) R1 = 0.0786, wR2 = 0.1868
Largest difference in peak and hole

(e Å�3)
1.190 and �0.901
tube under stirring, with the complex concentration of
2.5 � 10�3 M and the H2O2 concentration of 0.5 M.

2.4.2. Influence of the TRIS buffer in the H2O2 disproportionation
reactions

Three different buffer solutions were prepared at pH 7.2, with
TRIS concentrations of 0.1, 0.25 and 0.5 M. A typical H2O2 dispro-
portionation experiment was conducted using the buffer solutions
to prepare the complex solutions, with the final concentration of
1.25 � 10�3 M. 0.11 mL of an aqueous 30% solution of H2O2 was
added, at a final concentration of 0.25 M. The O2 volume evolved
was measured with a burette. The total reaction volume was of
5.0 mL.

2.4.3. Kinetics of the H2O2 disproportionation reactions
In a typical disproportionation experiment the concentration of

the reagents was varied to determine the dependence of the initial
rate on the dioxygen evolution. In a first set of experiments, the
hydrogen peroxide concentration was kept constant while the con-
centration of the complex was varied. In a second set of experi-
ments, the opposite was done: the hydrogen peroxide
concentration was varied while the complex concentration was
kept constant. The concentration values for each solvent are listed
in Table 2.

2.4.4. Progress of H2O2 disproportionation reactions followed by
UV–Vis, ESI-MS/Q-TOF and EPR

The UV–Vis experiments were conducted in water, 0.25 M of
TRIS buffer at pH 7.2 or in CH3CN. 30 lL of 30% aqueous solution
of H2O2 ([H2O2]0 = 0.1 M) were added to 3.0 mL of the complex
solution at 1.5 � 10�3 M in the respective solvent and the elec-
tronic spectra were acquired in every two minutes during one
hour.

The ESI-MS experiments were conducted in CH3CN. 50 lL of
30% aqueous solution of H2O2 ([H2O2]0 around 0.1 M) were added
to 1.0 mL of the complex solution around 1 � 10�5 M. Mass spectra
were acquired in the region of m/z 90–1300, before and soon after
de addition of H2O2, and after 3, 6 and 20 min of reaction. In the
experiments in pure water, no ionized species were detected.

The EPR experiments were conducted in CH3CN at 77 K. 100 lL
of 30% aqueous solution of H2O2 ([H2O2]0 = 0.1 M) were added to
10 mL of the complex solution at 1.0 � 10�5 M. Aliquots of the
reaction were taken at the appropriate time (0, 3, 6, 9 and
20 min), frozen at 77 K and analyzed.

2.5. Cyclohexane oxidation

Cyclohexane oxidation tests were carried out in water and CH3-

CN, using H2O2 as oxidant. The catalyst:substrate:oxidant ratio was
of 1:1000:1000 with the catalyst concentration of 7 � 10�4
Table 2
Complex and H2O2 concentration for the kinetics experiments.

Experiment Solvent

Water TRIS buffer CH3CNa

Complex
effect

[H2O2]0/M 5.00 � 10�1 5.00 � 10�1 1.00 � 10�1

[complex]0/
M

4.58 � 10�4–
2.29 � 10�3

5.00 � 10�4–
2.50 � 10�3

1.00 � 10�4–
5.00 � 10�4

H2O2

effect
[H2O2]0/M 0.24–3.00 0.13–1.00 0.075–0.195
[complex]0/
M

1.14 � 10�3 1.25 � 10�3 7.5 � 10�5

a The volume of CH3CN was kept constant in all experiments at 4.6 mL. The initial
H2O2 solution was diluted with H2O, in order to keep the water volume constant at
0.4 mL for all experiments.
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mol dm�3. The reaction was quenched by addition of an aqueous
0.4 M Na2SO4 solution, followed by extraction with 10 mL of
diethyl ether. The ether layer was dried with anhydrous Na2SO4

and analyzed by GC-FID. The reaction samples were analyzed be-
fore and after reaction with PPh3 to determine the corrected yield
of the products, accounting for the decomposition of cyclohexyl
hydroperoxide in the chromatograph [56]. Adipic acid was quanti-
fied by titration experiments with NaOH.
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O6 O5

C3 C5
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O1
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Fig. 1. ORTEP plot of the cation of [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3. View of the
arrangements, numbering scheme and intramolecular H-bond, with thermal
ellipsoids at the 20% probability level. Hydrogen atoms have been omitted. Bond
lengths (Å): 1.536(9) N1–C1, 1.497(9) C1–C2, 1.456(7) C2–N2, 1.391(7) N2–C3,
1.511(7) C3–C4, 1.548(6) O1–C4, 1.396(7) C4–C5, 1.484(7) C5–N3, 1.506(8) N3–C6,
1.569(10) C6–C7 and 1.506(8) C7–N4; and angles: 131.2(6)� O7–C14–O7i, 131.9(6)�
O6–C12–O6i, 131.4(6)� O5–C10–O5i and 131.1(6)� O4–C8–O4i. [Symmetry code
(i) = �x, y, z].
3. Results and discussion

3.1. Synthesis

The ligand was synthesized from epichlorohydrin and ethylene-
diamine, according to a published procedure [45]. The green com-
plex [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3 was prepared by the
self-assembly of HL, Fe(ClO4)3�xH2O and NaOAc�3H2O, as shown
in Scheme 1. The title complex presents the rectangular tetranu-
clear iron(III) core mentioned above. Several of the rectangular
complexes reported have been obtained from ligands containing
the 1,3-diamino-2-propanol backbone [57–59], although binuclear
complexes have also been described with such ligands [60,61]. It
seems that the carboxylate bridge (R-CO2

�) plays an important role
in the nuclearity of the complex. In general, when small R groups
are used, such as acetate, tetranuclear complexes are obtained
and with larger R groups, such as benzoate, binuclear complexes
are formed.

3.2. X-ray crystallographic study

Single crystal X-ray analysis of [Fe4(l-O)(l-OH)(l-OAc)4(L)2]
(ClO4)3, in accordance with spectroscopic and ESI-MS analyses, dis-
closed the rectangular tetranuclear iron(III) complex. The atom
arrangement and numbering schemes of the complex cation are
shown in Fig. 1.

The complex can be described as a dimer of dimers, where the
N,O-pentadentate ligand links two iron atoms through the alkoxo
bridge. Four carboxylate, one oxo and one hydroxo bridges connect
a pair of dimers, leading to a (l-oxo)(l-hydroxo)bis(l-alkoxo)te-
tra(l-carboxylato)tetrairon core. Each iron atom has a N2O4 donor
set in a distorted octahedron geometry. The four iron atoms are
equivalent, consistent with the Mössbauer spectra (see below),
and lay in the corners of a rectangle, that could be considered as
a square judging by the almost identical side lengths (Fig. 2A). A
plane is formed with the iron atoms, the alkoxo bridges and with
two of the carboxylato bridges (Fig. 2). The two remaining acetate
bridges are pointing upwards and the oxo and hydroxo bridges are
downwards, as is better seen in Fig. 2B and C. On the other hand,
the carboxylato, oxo and hydroxo bridges are located on special
Scheme 1. Synthesis of the complex [F
sites, some of whose atoms are located on one mirror plane. The
m symmetry includes the following atoms: O3, H3o, O2, C8–C9,
C10–C11, C12–C13, and C14–C15. The symmetry code used to gen-
erate the other half of the molecule is (�x, y, z), with the perpendic-
ular mirror plane [100].

The ligand nitrogen atoms from the primary [Fe1–N1
2.058(6) Å; Fe2–N4 2.145(5) Å] and secondary amines [Fe1–N2
2.341(5) Å; Fe2–N3 2.318(5) Å] as well as the oxygen from the al-
koxo are in a facial arrangement. The alkoxo group forms with the
coordinated iron atoms an angle of 122.79(18)� Fe1–O1–Fe2 [Fe1–
O1 1.983(3) Å; Fe2–O1 2.007(3) Å]. The bridging oxygen atoms
from the oxo and hydroxo groups are bound slightly asymmetri-
cally to two different iron centers [Fe2–O2 1.972(2) Å and
Fe1–O3 2.008(2) Å], which show bond angles of 123.3(2)� along
Fe1–O3–Fe1i and 127.3(2)� along Fe2–O2–Fe2i [Symmetry code
(i) = �x, y, z].

A distorted geometry around Fe1 and Fe2 is a consequence of
the different types of bridges and of the different basic character
of the N-donor ligand atoms. The mean bond angles around Fe1
in the equatorial arrangement are 166.97(16)� O7–Fe1–O1 and
e4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3.
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172.79(15)� O3–Fe1–N2, and in the axial position is 162.5(2)� O6–
Fe1–N1. For Fe2 in the equatorial arrangement the angles are
167.32(16)� O4–Fe2–O1 and 172.86(15)� O2–Fe2–N3 and in the
axial position is 163.91(19)� O5–Fe2–N4. Other selected bond
lengths and angles are listed in the caption for Fig. 1.

The Fe� � �Fe distance for the (l-alkoxo)diiron moiety is
3.503(1) Å (a) and that for the (l-oxo/l-hydroxo)bis(l-carboxy-
lato)diiron moiety are 3.535(1) Å and 3.534(1) Å (b). The a and b
sides are pretty similar, and are defined in Fig. 2. The geometric
parameters for these chemical bonds are in agreement with the
data for similar structures [62,63]. Crystal structure of Na[Fe4

(dhpta)2(l-O)(l-OH)(l-Ala)2]�6H2O, published by Tanase et al.
[64], showed an average Fe� � �Fe distance of 3.692 and 3.463 Å
(equivalent to a and b, respectively).

The O2 and O3 atoms deviate from their mean Fe1/Fe2/Fe2i/Fe1i

equatorial plane by 0.2703 Å. The dihedral angle between the
equatorial arrangements O1/N2/O7/O3/Fe1 and O1/N3/O4/O2/Fe2
is 11.4(2)�. The mean torsion angles occurring on the ligand are
�43.5(5)� in N4–C7–C6–N3, �47.9(5)� in N3–C5–C4–O1, 47.0(6)�
in O1–C4–C3–N2, and 48.5(7)� in N1–C1–C2–N2.

An intramolecular classical hydrogen bond in a resonance sys-
tem occurs between the atoms O2 and O3. The bond lengths in this
O� � �H–O moiety are 1.29(12) and 1.20(13) Å for O3–H3o and O2–
H3o, respectively. The distance O2� � �O3 is 2.347(7) Å and the angle
O2–H3o–O3 is 141(11)�, which are indicative of a strong hydrogen
bond. Na[Fe4(dhpta)2(l-O)(l-OH)(l-L-Ala)2]�6H2O [61] has a sim-
ilar O–H� � �O hydrogen bond, O1–H1o 1.22 Å, O(2)–H1o 1.21 Å,
O1� � �O2 2.426(4) Å and O1–H1o–O2 176.08�.

3.3. Infrared, electronic, Mössbauer and EPR spectroscopy

The FT-IR spectrum of the complex is characterized by absorp-
tions at 1584 cm�1 (mas) and 1427 cm�1 (ms), which are assigned to
the asymmetric and symmetric C = O vibrations of the acetate
ligands, respectively. The difference D [D = mas(CO2) – ms(CO2) =
157 cm�1] between the bands is characteristic of carboxylate
group coordinated in a bidentate bridging mode [65]. Similar
values were obtained for the complex [Fe4(OHO)(OH)2(O2CMe)4

(phen)4](ClO4)3, which possesses the same (l-oxo)bis(l-carboxy-
lato)diiron(III) moiety [44]. The broad OH band around
3450 cm�1 in the ligand spectrum has disappeared after complex-
ation, indicating the coordination of the alkoxo group to the iron
ion. The perclorate band was observed at 1101 cm�1.

The UV–Vis spectra in CH3CN are presented in Fig. 3(a). The band
at 635 nm (e = 6.88 � 101 M�1 cm�1) and the shoulder at 410 nm
can be attributed to the oxo-to-FeIII (LMCT) transition. The band at
475 nm (e = 5.03 � 102 M�1 cm�1) is attributed to the 6A1g ? (4Eg,
4A1g) ligand field transition. These data are in accordance with the
electronic transitions reported for (l-oxo)diiron(III) complexes
[66–68]. Intense bands in the UV region was observed at 316 nm
(e = 1.07 � 104 M�1 cm�1), 217 nm (e = 2.81 � 104 M�1 cm�1) and
242 nm (e = 2.00 � 104 M�1 cm�1). Comparison of the electronic
spectra in solid state (diffuse reflectance) and in solution shows
the same transitions around 635 and 475 nm, suggesting a similar
structure in both cases. The spectra in water and buffer presented
the same shapes of the spectra in CH3CN, however the bands are less
well defined, the bands at 306 and 488 nm appears as a shoulder.
Furthermore, the band at 635 nm and the shoulder at 410 nm are
not present, indicating that a possible loss of the oxo bridge may
be occurring in aqueous solution.

The Mössbauer spectra of the complex recorded at 298 and 115 K
are illustrated in Fig. 4. The room and low temperature spectra were
least-squares fitted with Lorentzian lines and both consist of a single
quadrupole doublet, which indicates a complete equivalence of the
four iron centers. The isomer shift values (d = 0.32 m s�1/298 K;
d = 0.42 m s�1/115 K) are typical of a high-spin FeIII center. The quad-
rupole splitting values (DEq = 1.02 mm s�1/298 K; DEq = 1.01 -
mm s�1/115 K) do not vary with temperature, as expected, and the
high values are indicative of low symmetry around the iron center
due its asymmetric environment (N2O4). Considerably high values
of DEq were also observed for similar complexes which possess al-
koxo bridges with 1,3-amino-2-propanol backbone and a NO5 envi-
ronment: Na[Fe4(dhpta)2(l-O)(l-OH)(l-Ala)2] (DEq = 1.21 mm s�1/
298 K) [64] and (Me2NH2)4[Fe4(dhpta)2(l-O)(l-OH)(l-O2CCH3)2]
(NO3) (DEq = 1.15 mm s�1/298 K) [62].

Solid-state EPR spectra (Fig. S6) of the title complex were col-
lected at room temperature and at 77 K. The spectrum at room
temperature was EPR silent and at 77 K two signals were observed
at g = 8 and g = 4.3, both characteristics of a rhombic high-spin ir-
on(III) center attributed to a mononuclear impurity present in the
solid. The same EPR silent behavior was described for [Fe4(OHO)
(OH)2(O2CMe)4(phen)4](ClO4)3, which possesses the same (l-oxo)-
bis(l-carboxylato)diiron(III) moiety [44], indicating a strong
antiferromagnetic coupling between the diiron(III) centers. The
spectrum in CH3CN (Fig. S7) was also EPR silent, what suggests that
the tetranuclear structure of the complex is preserved in solution,
as described for similar tetranuclear complexes in DMF as well
[69].

3.4. Electrochemistry

The electrochemical behavior of the complex [Fe4(l-O)
(l-OH)(l-OAc)4(L)2](ClO4)3 was investigated by cyclic voltamme-
try. The redox processes in CH3CN (Table 3) shows a strong



Fig. 3. Electronic spectra of [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3: (a) solution and (b) diffuse reflectance-solid state.

Fig. 4. 57Fe Mössbauer spectra of [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3, at 298 and
115 K.

Table 3
Cyclic voltammetry data for [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3.

CH3CN H2O

25 mV s�1 100 mV s�1 100 mV s�1

Epc(V) vs. Ag/
AgCl

�0.462(I);
�0.844(II)

�0.407(I); �0.808(II);
�1.019(III)

�0.408

Epa(V) vs. Ag/
AgCl

– �0.523(IV); �0.254(V);
�0.111(VI)

0.113

E1/2(V) vs. Ag/
AgCl

– �0.331(I/V) �0.148

Epc(V) vs. Fc/Fc+ �0.711(I);
�1.093(II)

�0.656(I); �1.057(II);
�1.268(III)

–

Epa(V) vs. Fc/Fc+ – �0.772(IV); �0.503(V);
�0.36(VI)

–

Epc(V) vs. NHE �0.311(I);
�0.693(II)

�0.256(I); �0.657(II);
�0.868(III)

–0.199

Epa(V) vs. NHE – �0.372(IV); �0.103(V);
0.04(VI)

0.322

DE(V) – 0.153 0.521
DE(V)-internal

standard
0.125 (Fc+/Fc) 0.125 (Fc+/Fc) 0.347 (K3[Fe(CN)6])
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dependence on the sweep rate. At 25 mV s�1 (Fig. 5(a)-inlet), two
cathodic waves could be observed, the first (I) at Epc

(I) = �0.711 V
versus Fc/Fc+ (�0.462 V versus Ag/AgCl) and the second (II) at
�Epc

(II) = �1.093 V versus Fc/Fc+ (�0.844 V versus Ag/AgCl). The
reduction waves could be observed at all sweep rates, while oxida-
tion waves could be observed only at higher ones. It is possible that
the reduced species formed at (I) and (II) have undergone some
irreversible chemical reaction, being unavailable for a subsequent
oxidative process. Although, at higher sweep rates, the newly
formed species could be oxidized before its transformation [70].
As the sweep rate increases, a third reduction process (III) and
three oxidation processes (IV, V, VI) appear. It is not possible to as-
sure that these new oxidation processes are related to the reduc-
tion processes I, II and III, however, if they are related they do
not correspond to reversible redox processes, even at 250 mV s�1,
due to the large DE values.

In order to compare our data with the literature at 100 mV s�1,
half-wave potential (E1/2

(I/V) = �0.580 V versus Fc/Fc+; �0.331 V
versus Ag/AgCl) were calculated for (I) and (V). The DE(I/V) =
153 mV, being characterized as a quasi-reversible process
(DE = 125 mV for Fc/Fc+). Moreover, the cathodic and anodic waves
do not have equal heights, and ipc
(I/V) > ipa

(I/V) for all rates. The plot
ipc

(I/V) versus (v)1/2 is linear though, while the plot ipa
(I/V) versus

(v)1/2 is not, confirming the quasi-reversible behavior. The two
reductions peaks at Epc

(II) = �1.057 V versus Fc/Fc+ and Epc
(III) =

�1.268 V versus Fc/Fc+ could be observed at higher sweep rates,
although, for smaller rates, a broad peak was observed instead.
The oxidation peak (IV) at Epa

(IV) = �0.772 V versus Fc/Fc+ can be
associated with one of these processes.

The tetranuclear complex [{Fe2(l-O)(l-OAc)2}2(l-bpteta)2]4+

(bpteta is 1,10-bis(2-pyridylmethyl)-l,4,7,10-tetraazadecane)
exhibits a single irreversible cathodic wave at �0.62 V versus Ag/
AgCl [41]. This value is close to the Epc

(I) = �0.656 V versus Fc/Fc+

(�0.407 V versus Ag/AgCl) for the title complex. The complex
[LFe2O(C5H6O4)]2(PF6)4 (L = 1,4-bis(1,4,7-triaza-l-cyclono-
nyl)butane) presents two reduction peaks at �0.500 and
�0.635 V versus Ag/AgCl, respectively, which correspond, as seen
in the reversed scan, to two oxidation peaks at �0.360 and
�0.580 V. The complex [(L3)2Fe2(l-O)(l-O2CMe)2](ClO4)2�2H2O
(L3 = N-methyl-N,N-bis(2-pyridylmethyl)amine) exhibits a quasi-
reversible FeIIIFeIII FeIIIFeII redox process at E1/2 = �0.32 V vs SCE
and DEp = 200 mV [71]. Based on these complexes, process (I/V)
can be assigned to the one-electron reduction process from FeIIIFeIII

to FeIIIFeII and the more anodic process (II or III/IV) to the reduction
from FeIIIFeII to FeIIFeII.



Fig. 5. Cyclic voltammogram of [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3 at various sweep rates. (a) CH3CN and (b) H2O. Inlet: voltammogram at 25 mV s�1. Ferrocene (E1/

2 = 0.239 V vs. Ag/AgCl; DE = 121 mV) or K3[Fe(CN)6] (E1/2 = 0,254 V vs. Ag/AgCl; DE = 347 mV) was used as internal standard, in CH3CN or H2O, respectively.

Fig. 6. Evolution of the O2 from H2O2 dismutation catalyzed by [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3 in water. (a) [H2O2]0 = 5.00 � 10�1 mol dm�3; [complex]0 is indicated on
the plot. (b) [complex]0 = 1.14 � 10�3 mol dm�3; [H2O2]0 is indicated on the plot.

Fig. 7. Lg vs. lg plot of v0 of O2 evolution vs. [complex] ([Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3) at [H2O2]0 = 5.00 � 10�1 mol dm�3. (a) water and (b) buffer (TRIS
0.25 mol dm�3).
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The voltammograms in water (Fig. 5b) show only one redox
process, with Epc

(I) = �0.408 V versus Ag/AgCl (�0.199 V versus
NHE) and Epa

(II) = 0.113 V versus Ag/AgCl (0.322 V versus NHE), at
100 mV s�1. The DE(I/II) = 521 mV for this process is quite large,
being characterized as a quasi-reversible process (DE = 347 mV
for K3[Fe(CN)6]). This process can be attributed to the electron
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transfer process FeIIIFeIII–FeIIIFeII. It is important to report that dur-
ing this analysis an orange precipitate was observed.
3.5. Catalase-like activity

3.5.1. H2O2 disproportionation reactions and kinetics experiments
The catalase-like activity promoted by the complex [Fe4

(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3 was investigated in order to
determine the ability of a synthetic tetranuclear iron complex to
disproportionate H2O2. Initially, the disproportionation reactions
were investigated in water, the natural environment for catalases.
Plots of the amount of dioxygen evolved, measured by volumme-
try, versus time for each set of experiments, at [H2O2]0 or [com-
plex]0 constant, are shown in Fig. 6. The results demonstrate that
the complex presents catalase-like activity. After 5 min of reaction,
at [complex]0 = 1.14 � 10�3 mol dm�3 and [H2O2]0 = 2.25 M,
2.6 � 10�5 mol of O2 were evolved (Fig. 6(b)). Control experiments
were conducted under the same conditions with no iron source
and only 2.86 � 10�6 dioxygen mol were evolved after 30 min. A
control experiment using Fe(ClO4)3 as catalyst in water was also
conducted and after 5 min at [salt]0 = 1.08 � 10�3 mol dm�3 and
[H2O2]0 = 2.17 mol dm�3, only 5.5 � 10�6 mol of dioxygen were
evolved.

The initial rates method was applied to determine the kinetic
parameters and the initial rate values (v0) were calculated from
Table 4
Related kinetics values for catalase enzymes and synthetic models.

Entry Complex/enzyme KM (M)

1 [Fe4(l-O)(l-OH)(lOAc)4(L)2](ClO4)3 1.010
2 [Fe4(l-O)(l-OH)(lOAc)4(L)2](ClO4)3 2.882
3 [Fe4(l-O)(l-OH)(lOAc)4(L)2](ClO4)3 0.7489
4 T. thermophiles 0.083 (0.008
5 T. album 0.015
6 L. plantarum 0.35
7 [MnII

4(2-Ohpicpn)4](ClO4)4 2.6 (0.3)
8 [MnIII(2-OH(5-MeOsal)pn)]2 0.011 (0.002
9 [L1Mn2(l-Oac)](ClO4)2 0.035 (0.015
10 [L1Mn2(l-Oac)](ClO4)2 0.0003 (0.00
11 Na[Mn2(3-Me-5-SO3-salpentO) (l-MeO)(l-AcO)(H2O)]3�4H2O 0.0066 (0.00
12 [MnIII

2(5-OMe-salpentO) (l-AcO)(l-MeO)(MeOH)2]Br 0.0071(0.00
13 [MnIII

2(5-OMe-salpentO) (l-AcO)(l-MeO)(MeOH)2]Br 0.0044(0.00
14 [MnIII

2(3-OMe-salpentO) (l-AcO)(l-MeO)(MeOH)2]Br 0.0013(0.00
15 [MnIII

2(3-OMe-salpentO) (l-AcO)(l-MeO)(MeOH)2]Br 0.025(0.002

HL = 1,3-bis[(2-aminoethyl)amino]-2-propanol; 2-OHpicpn = N,N0-bis-1,3-(picolinimin
= N,N,N0 ,N0-tetrakis(2-methylenebenzamidazolyl)-1,3-diaminopropan-2-ol; salpentOH =

Fig. 8. v0 of O2 evolution as a function of [H2O2]. Open circles: experimental data. Contin
[complex]0 = [cat]T = 1.14 � 10�3 mol dm�3; (b) water, pH 7.2 (buffer TRIS 0.25 mol dm�
the maximum slope of the O2 versus time curves. The plot of the
logarithm of v0 versus the logarithm of complex concentration
(Fig. 7(a)) showed a linear dependence with a slope of
1.04 ± 0.09, indicating a first-order reaction in relation to the com-
plex in aqueous solutions.

The plot of v0 vs. [H2O2] (Fig. 8(a)) could be fit with the Michae-
lis–Menten equation Eq. (2), revealing a saturation kinetics for the
H2O2 dismutation by the title complex. Following the recommen-
dations of different authors [72,73], a nonlinear least square fit
was applied to calculate the Michaelis–Menten parameters, pre-
sented in Table 4.

m0 ¼ kcat½cat�T½S�0=ðKM þ ½S�0Þ; ð2Þ

where kcat is the turnover number; KM is the Michaelis constant;
[S]0 is the substrate initial concentration; [cat]T is the catalyst
concentration.

The KM value equal to 2.88 mol dm�3 for the title tetramer in
water at pH 7.2 is greater than the values for the natural enzymes
from Thermus thermophilus (KM = 0.083 mol dm�3) [74], Tricholoma
album (KM = 0.015 mol dm�3) [74] and Lactobacillus plantarum
(KM = 0.35 mol dm�3) [73,74], indicating a lower affinity to the
substrate. A similar affinity was observed for the tetranuclear man-
ganese model [MnII

4(2-Ohpicpn)4](ClO4)4 (KM = 2.6 ± 0.3 -
mol dm�3) [21] (entry 7 on Table 4), which presents saturation
kinetics retaining the multinuclear structure. The kcat value equal
kCAT (s�1) (kCAT/KM) (s�1 M�1) Solvent Refs.

1.41 � 10�4 1.40 � 10�4 H2O this work
3.50 � 10�3 1.21 � 10�3 H2O, pH 7.2 this work
5.37 � 10�2 7.17 � 10�2 CH3CN this work

) 2.6 � 105 3.13 � 106 H2O Ref. [74]
2.6 � 104 1.73 � 106 H2O Ref. [74]
2 � 105 0.57 � 106 H2O Ref. [74]
– 55 (9) H2O Ref. [21]

) 4.2 (0.1) 382 (80) CH3CN Ref. [75]
) 0.1 (0.005) 2.9 98% CH3OH/2% H2O Ref. [11]
004) 2.1 (0.1) 700 89% H2O/11% CH3OH Ref. [11]
4) 10.5 (2) 16(1) � 102 H2O, pH 10.6 Ref. [76]

4) 2.0(1) 28 CH3OH Ref. [18]
3) 1.62(2) 36 DMF Ref. [18]
2) 6.2(3) 48 CH3OH Ref. [18]
) 7.9(3) 32 DMF Ref. [18]

e) propan-2-ol]; 2-OHsalpnH2 = 1,3-bis(salicylideneamino)propan-2-ol;); L1 -
1,5-bis(salicylidenamino)pentan-3-ol.

uous line: Nonlinear Least Square fitting using Michaelis–Menten Eq. (2). (a) water,
3), [complex]0 = [cat]T = 1.25 � 10�3 mol dm�3.



Fig. 9. pH monitoring of the H2O2 (2.5 � 10�1 mol dm�3) disproportionation reaction catalyzed by [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3 (1.25 � 10�3 M). (a) pH variation
over time at different TRIS concentration; (b) lg vs. lg plot of v0 vs. TRIS concentration (angular coefficient = �0.28 ± 0.01; R = 0.94).

Fig. 10. Kinetics of the H2O2 disproportionation in CH3CN: (a) lg(v0) vs. lg([complex]0) at [H2O2]0 = 1.00 � 10�1 mol dm�3 and (b) v0 vs. [H2O2]0 at
[complex]0 = [cat]T = 7.50 � 10�5 mol dm�3.

Fig. 11. Spectral changes during the H2O2 (0.1 M) disproportionation reaction
catalyzed by [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3 (1.5 � 10�3 M) in acetonitrile.
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to 3.50 � 10�3 s�1, however, is quite low when compared to the
natural enzymes T. thermophilus (kcat = 2.6 � 105 s�1) [74], T. album
(kcat = 2.0 � 105 s�1) [74] and L. plantarum (kcat = 2.6 � 104 s�1)
[74]. Despite this iron complex presents lower values of catalytic
efficiency than other models [11,18,21,75,76], it must be empha-
sized that these values were obtained in water and in pH close to
the natural, representing an advantage of the title complex with re-
spect to most of the published models, whose studies have been
conducted in organic solvent due to the lack of solubility or activity
in aqueous solution.

Some authors have observed a pH dependence in the H2O2 dis-
mutation [76]. To verify this effect in the studied system, the pH
variation over time was monitored during the H2O2 disproportion-
ation promoted by [Fe4(l-O)(l-OH)(lOAc)4(L)2](ClO4)3 and the re-
sults are presented in Fig. 9(a). After the addition of H2O2 the pH
solution immediately decreased from 5.24 to 5.10, and after
200 s the pH had decreased to 4.96, i.e., the pH has changed 0.28
units during the acquirement of the first points used to calculate
the initial rates. This pH decrease may be due to the coordination
of the peroxide to the complex concomitant with proton release.
As the pH decreased, an orange precipitate was formed, which
indicates the degradation of the iron complex during the reaction.
It is also known that the hydrogen peroxide decomposition is
accelerated at high pH. Taking these facts into account, we decided
to carry out the experiments in TRIS buffer at pH 7.2, a value close
to the biological pH. Monitoring of the reaction pH over time was
also carried out in buffer solution at different concentrations, 0.1,
0.25 and 0.50 M, as shown in Fig. 9(a). Although the pH also chan-
ged in the buffered solutions, it changed more smoothly as the
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buffer concentration increased. In the first 200 s at 0.5 M the vari-
ation was of 0.1 unities, at 0.25 M 0.15 unities and at 0.1 M 0.25
unities. In control experiments, in the absence of the complex,
the pH solution did not change in presence of H2O2 and no signif-
icant O2 volume was evolved, ruling out the hypothesis of oxida-
tive degradation of the TRIS molecules by the hydrogen peroxide.

The coordination of some types of buffers to metal coordination
compounds have been described, and in these cases it interferes in
the catalytic activity of the complex [77,78]. In order to estimate
the TRIS interference in the catalase-like activity of the title
Fig. 12. ESI(+)-MS spectra for the H2O2 (0.1 M) disproportionation reaction catalyzed b
H2O2 addition; (b) after 0.2 min; (c) 3 min; (d) 9 min and (e) 20 min of the H2O2 additio
complex, the initial rates were determined in the different buffer
concentrations. The logarithm dependence of the initial rate versus
buffer concentration is presented in Fig. 9(b) and it was observed
that as TRIS concentration increased, the initial rates decreased,
so it is likely that the buffer molecules coordinate to the iron cen-
ter, decreasing its activity. Trying to balance the lost of activity in
higher TRIS concentration with the lower efficiency in holding
the pH at lower TRIS concentration, the kinetics experiments were
carried out in the TRIS concentration of 0.25 M, and the results are
shown in Figs. 7(b) and 8(b). The same saturation kinetic behavior
y [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3 (1.0 � 10�5 M) in acetonitrile. (a) before the
n.
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was obtained in buffer, with first-order (1.03 ± 0.06) in relation to
the complex and a kobs of 3.50 � 10�3 s�1, 25-fold higher than in
water.

The catalytic efficiency of the title complex was also studied in
acetonitrile (Fig. 10) in order to compare with published data, since
most of the available kinetic experiments for synthetic models
were carried out in organic solvent. kcat (5.37 � 10�2) in CH3CN
was 381-fold higher than in water and 15-fold higher than in buf-
fer. The same trend is reported for other complexes [76], some
authors have shown that the catalase-like activity is accelerated
at higher pH values as well as in aprotic solvents as acetonitrile.
Probably, a high concentration of protons is capable of generating
inactive or less active species. The difference between the catalytic
efficiency in aqueous solution and in acetonitrile may also be re-
lated to the different electron transfer rates in both solvents, as evi-
denced by the cyclic voltammetry analyses. Furthermore, when the
experiments were performed in water a precipitate was formed,
indicating a faster decomposition of the initial complex.

3.5.2. Progress of H2O2 disproportionation reactions followed by
UV–Vis, ESI-MS/Q-TOF and EPR

The catalase-like activity of the title complex in water, in buffer
and in acetonitrile was monitored by electronic spectroscopy. The
aqueous and buffered solutions presented similar spectra, as
shown in Fig. 3(a). During the reaction, no significant change was
observed besides the increase of the spectral line in the region of
500–900 nm (Fig. S4), which can be originated from light disper-
sion caused by suspended particles. The spectral line increased fas-
ter in water than in buffer and it is associated to the orange
precipitate observed during the experiments. These results also
indicate that the generation of the precipitate is pH-dependent.

Different from the aqueous solutions, in acetonitrile an isos-
bestic point was observed around 600 nm, with the decay of the
band at 675 nm and the increasing in the intensity of the band at
550 nm (Fig. 11). As the band at 675 nm was attributed to the
Fe–O–Fe core, its disappearance indicates that the new species
formed does not possess an oxo bridge.

Since ESI is a gentle ionization technique and causes little or no
fragmentation of the sample, it has been used extensively to study
reaction mechanisms involving organic or inorganic species [79].
The ESI(+)-MS spectrum of the complex in acetonitrile (Fig. 12)
showed the presence of a few low molecular weight mononuclear
species with the compositions [FeII

2(l-OH)(l-O)]+ (m/z 145),
[FeII

2(l-O)(l-OAc)]+ (m/z 187), [FeIII(l-OAc)3Na+]+ (m/z 256) and
[FeII

2(l-O)2(l-OAc)2(H+)3]+ (m/z 265), and some tetranuclear spe-
cies with the compositions [FeII

4(l-O)(l-OAc)(L-H+)(L)(ClO4)]+

(m/z 747), [FeII
4(l-OAc)3(L-H+)(L)(ClO4)]+ (m/z 849), [FeIII

4

(l-O)2(l-OAc)2(L-H+)(L)(ClO4)2]+ (m/z 920) and [FeIII
4(l-O)2

(l-OAc)3(L)2(ClO4)2]+ (m/z 981). This indicates that the solid-state
structure is not well preserved in acetonitrile, but some of the spe-
cies formed in solution still maintain the tetranuclear core.

In order to get some information about the mechanism, the
reaction of the complex with H2O2 was monitored by ESI(+)-MS
in acetonitrile at room temperature. H2O2 was added to the com-
plex solution, which was directly infused into the ESI source of a
Q-TOF mass spectrometer. The spectra are presented in Fig. 12
and they were recorded before the addition of the substrate and
after 0.2, 3, 9 and 20 min the reaction has started. The addition
of H2O2 immediately caused a major shift in the spectrum, only
peaks in the range of 100–650 m/z were observed and any of these
peaks refers to a tetranuclear core. Peaks in the range of 100–
250 m/z may refer to low molecular weight complexes caused by
the cleavage of the complex in solution. The series of ions above
400 m/z differing by m/z 58 repeating units is not related to an
iron-containing species since the characteristic first peak from
the iron isotope pattern is absent. They can be attributed to the
cluster [(L)2(Na+)3N2]+, m/z 447.2879, with units of propylene
oxide, probably from the plastic bottle of the H2O2. The species be-
tween 250–400 m/z can be assigned to iron mononuclear
complexes with compositions [FeII(L)(H2O)N2]+, [FeIII(L)(l-OH)
(CH3CN)N2]+, [FeII(L)(H2O)4N2]+, [FeII(L)(H2O)5N2]+ and [FeIII(L)
(l-OH)(CH3CN)(H2O)4N2]+ of m/z 277, 317, 331, 349 and 389,
respectively. The peak of m/z 305 increases with time and does
not refer to an iron species, it can be attributed to the cluster
[(L)(Na+)2(N2)3]+ and indicates the complex degradation over time.
A control test where pure water was added to the solution instead
of hydrogen peroxide showed no changes from the original com-
plex spectrum. We conclude that the active species in acetonitrile
is a mononuclear species.

EPR spectra of the complex in presence of H2O2 were also col-
lected in CH3CN at 77 K, from 0 to 20 min of reaction (Fig. S7).
All the measurements furnished EPR silent spectra. This is in agree-
ment with the ESI(+)-MS experiments, once the majority of the
species formed after reaction with peroxide are Fe(II) and EPR si-
lent. Similar results were found for the binuclear complex [Fe2-

O(bipy)4(OH2)2][ClO4]4, where the final products of the reaction
were mononuclear iron(II) and iron(III) species [25]. We believe
that in our case the concentration of the iron(III) species observed
on the ESI(+)-MS spectra are too low to give an EPR signal.
3.6. Cyclohexane oxidation

Some authors [25,27] have described the competition between
hydrogen peroxide dismutation and oxidation chemistry, when a
substrate is present, using (l-oxo)diiron(III) complexes. In order
to verify if the title tetranuclear complex is promiscuous or selec-
tive for either catalase- or monooxygenase-like activity, we carried
out the cyclohexane oxidation with [Fe4(l-O)(l-OH)(l-OAc)4

(L)2](ClO4)3 and H2O2, in CH3CN. The oxidized products (measured
after 24 h), cyclohexanol and cyclohexanone, were formed in small
yields (yield cyclohexanol/cyclohexanone: 0.8/0.7% (25 �C) and
2.9/2.6% (50 �C)). Cyclohexyl hydroperoxide was also formed
(10.2 at 25 �C and 28.1 at 50 �C), being the major product in both
temperatures. Control experiments were conducted under the
same conditions with no iron source and no oxidation of cyclohex-
ane was observed in both temperatures. Control experiments using
Fe(ClO4)3 as catalyst were also conducted and the yields of cyclo-
hexanol (1.8% at 25 �C; 1.4 at 50 �C) and cyclohexanone (2.2% at
25 �C; 1.1 at 50 �C) were comparable to the values obtained with
the tetramer in both temperatures. Cyclohexyl hydroperoxide
(2.9% at 25 �C; 42.4 at 50 �C) was also the major product. These re-
sults reinforce the low monooxygenase activity of the tetranuclear
complex, which oxidation of cyclohexane are in the level of iro-
n(III) salts and no influence from the ligand was observed. Cyclo-
hexane oxidation using iron(III) salts has been reported
previously, where high yields were obtained, with cyclohexyl
hydroperoxide as the major product as well [80]. Therefore,
[Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3 seems to prefer the pathway
that leads to the active species involved in the H2O2 decomposition
than those toward oxidation chemistry [25,27].
4. Conclusions

In summary, the complex [Fe4(l-O)(l-OH)(l-OAc)4(L)2](ClO4)3

was synthesized through the reaction between the known ligand
(1,3-bis[(2-aminoethyl)amino]-2-propanol) and the salts
Fe(ClO4)3�xH2O and NaOAc�3H2O, and possesses a (l-oxo)(l-hy-
droxo)bis(l-alkoxo)tetra(l-carboxylato)tetrairon core. The com-
plex shows catalase-like activity in water, in TRIS buffer and in
CH3CN. The kinetic experiments results revealed a Michaelis–Men-
ten behavior in relation to the H2O2 and a first-order kinetic in
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relation to the complex. It was shown a strong pH dependence in
the catalytic activity and stability of the complex, low pH disfavors
both. Complex decomposition was supported by UV–Vis and ESI-
MS experiments, being more critical in presence of high concentra-
tion of proton. The catalytic activity was higher in CH3CN than in
aqueous solution, following the order: kobs(CH3CN) > kobs(buf-
fers) > kobs(H2O). Mononuclear species are the most probable cata-
lytic species in acetonitrile.

Acknowledgments

We acknowledge CNPq and FAPERJ for financial support, Labo-
ratório de Difração de Raios X (LDRX) from Universidade Federal
Fluminense (UFF) for the diffractometer facility, Laboratório Multi-
usuário de Espectrometria de Massas (LABEM) of Universidade
Federal do Rio de Janeiro (UFRJ) for the ESI-MS spectra and to Lab-
oratório Regional Sul de EPR from Universidade Federal do Paraná
(UFPR) for the EPR experiments.

Appendix A. Supplementary material

CCDC 794367 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. Supplementary data associated with this article
can be found, in the online version, at http://dx.doi.org/10.1016/
j.ica.2013.07.034.

References

[1] S. Choua, P. Pacheco, C. Coquelet, E. Bienvenüe, J. Inorg. Biochem. 65 (1997) 79.
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