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Diiron(II) complexes showing a reversible oxygenation induced by
a proton transfer mediated with a water molecule.
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Abstract

In our previous paper [J. Inorg. Biochem. (82) (2000) 153], diiron(II) complexes showing a reversible oxygenation have been reported
as a functional model of hemerythrin (Hr) using a novel dinucleating polypyridine ligand with a hydroxyl OH group, N,N,N 0,N 0-tetra-
kis(6-pivalamido-2-pyridylmethyl)-1,3-diaminopropan-2-ol (HTPPDO). The ligand has formed two kinds of diiron(II) complexes with
different structures, ½FeII

2 ðHtppdoÞðPhCOOÞ�ðClO4Þ3 and ½FeII
2 ðtppdoÞððp-ClÞPhCOOÞ�ðClO4Þ2, in which the former exhibited reversibil-

ity for dioxygen binding, while the latter was irreversible. Detailed reinvestigation of this interesting behavior has gave some first findings
as follows; the reversible oxygenation of the diiron(II) complexes are induced by a proton transfer mediated with a water molecule rather
than by higher redox potential of metal ion and higher hydrophobicity, which is an essential and important factor from a viewpoint of Hr
function. The diiron(II) complexes employed here have been isolated as the following complexes, which were characterized crystallo-
graphically, spectroscopically, and electrochemically; ½FeII

2 ðHtppdoÞððp-XÞPhCOOÞ�ðClO4Þ3 (X = H, (1); OMe, (2); Cl, (3); NO2, (4))
with which a hydroxyl proton of HTPPDO is retained, ½FeII

2 ðtppdoÞððp-ClÞPhCOOÞ�ðClO4Þ2 (5) which has a deprotonated l-alkoxide,
and ½FeII

2 ðtpppnÞððp-NO2ÞPhCOOÞ�ðClO4Þ3(6) (TPPPN = N,N,N 0,N 0-tetrakis(6-pivalamido-2-pyridylmethyl)-1,3-diaminopropane)
which has no such a hydroxyl group. The complexes 1–4 reacted with dioxygen in acetone solution containing small amount of water
at �50 �C to give (l-peroxo)diiron(III) complexes, which showed release of dioxygen by bubbling of Ar gas, although these complexes
did not react with dioxygen in absolute acetone at all. The rate constants of the reactions of 1–4 with dioxygen indicated the Michaelis–
Menten type saturation behavior for water concentration, indicating that the water molecule participates in the reversible dioxygen bind-
ing for 1–4. These findings suggest that the proton transfer, which is induced by water as a mediator, is required for the reversible oxy-
genation with the diiron(II) complexes, which is the first proposal on biological significance of the proton transfer in oxygenation process
of Hr and on the roles of a water molecule near l-hydroxo oxygen in the active site of deoxyHr.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Biological organization is constructed by a precise con-
trol system in which a molecule recognizes the specific part-
ner molecule. Non-covalent interactions, such as
electrostatic, hydrophobic, van der Waals, and hydrogen
bonding interactions, play very important role as the essen-
0022-328X/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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tial factors in the biological molecular recognition system,
because their molecules need not only to associate but also
to dissociate each other. Particularly, hydrogen bonding
interaction is a key in maintaining of a structure of biolog-
ical molecule, as seen in Watson–Crick base pairing in
DNA and a-screw and b-sheet structures in proteins, and
in appearing of protein functions [1]. In metalloproteins,
hydrogen bond concerns to an interaction with an external
molecule at the active site and to proton transfer pathway
consisted of amino acid residues and water [2]. For example,
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in myoglobin (Mb), which storages oxygen molecule in
muscle, the distal histidine interacts with two oxygen atoms
of dioxygen molecule bound to heme iron. Recently,
Watanabe et al. reported that the mutant of Mb,
Mb(F43H/H64L), where the position of the distal histidine
has been replaced by other amino acids, demonstrated a
peroxidase-like activity [3], which indicates that hydrogen
bonding interaction supports functions of metalloproteins.
Also in oxyhemerythrin (oxyHr), one of non-heme diiron
proteins and plays a role of dioxygen carrier in several mar-
ine invertebrate phyla [4–6], the hydrogen bond is seen
between the bound hydroperoxide and l-oxo oxygen, and
it is supposed to participate in the reversible oxygenation.
Such a hydrogen bonding interaction and the proton trans-
fer behavior that are seen in Hr are very interesting, whose
role and mechanism have never been clarified yet.

The crystal structure of deoxyhemerythrin (deoxyHr)
revealed that the active site is consisted of two iron atoms
having different coordination numbers; one iron site is a
five-coordinate and another is a six-coordinate (Scheme
1) [7]. Dioxygen molecule binds to the coordinatively-
unsaturated iron site in an end-on fashion as a hydroperox-
ide anion to generate oxyhemerythrin (oxyHr), accompa-
nied by the two-electron reduction of dioxygen from
diiron(II) core and one-proton acceptance from bridging
l-hydroxide (Scheme 1) [8–10]. The active site of Hr, as
seen in those of many other metalloproteins, is surrounded
by many hydrophobic amino acid residues, such as Leu,
Ile, Phe, and Trp [7]. It has been reported that in myo-
hemerythrin (MHr) which has the same function as Hr,
their mutants with less hydrophobicity, MHr(L103V) and
MHr(L103N), have exhibited faster autoxidations than
the wild-type protein [11]. The hydrophobicity in dioxy-
gen-transporting cavities of Hr and MHr is an important
factor to prevent from autoxidation of the oxy types. Inter-
estingly, we became aware that in two of four subunits for
deoxyHr protein, water molecules have been found out
near the active site with a distance of 2.7 Å from l-hydrox-
ide oxygen [10]. However, the authors do not have given
any detailed discussion about presence and role of these
water molecules.

In order to clarify the binding mechanism of dioxygen to
the active centers of diiron proteins such as Hr and soluble
methane monooxygenase, several diiron–peroxo complexes
have been prepared through Fe(II)2/O2 [12–20] or Fe(III)2/
H2O2 [21–27] system. Most of the diiron model complexes
prepared from the Fe(II)2/O2 system gave the correspond-
ing peroxo complexes which dioxygen irreversibly coordi-
Scheme 1.
nated to two irons in a l-1,2 fashion, which were
thermally unstable at room temperature. Kitajima et al.
and Suzuki et al. independently succeeded in appearance
reversible oxygenation using [FeII(PhCOO)(MeCN)-
(HB(3,5-iPr2pz)3)] and ½FeII

2 ðMe4 � tpdpÞðPhCOOÞðH2OÞ�-
ðBF4Þ2, which demonstrated the reversibility at �20 �C
and �40 �C, respectively [28–30]. Furthermore, Suzuki
et al. improved the ligand and succeeded in preparation
of a thermally stable diiron–peroxo species using diiron(II)
complexes with sterically bulky ligands, ½FeII

2 ðPh-bimpÞ-
ðPhCOOÞ�ðBF4Þ2, in which the complex ½FeIII

2 ðPh-bimpÞ-
ðPhCOOÞðO2Þ�ðBF4Þ2 was very stable at room temperature
and showed reversible oxygenation [31]. Lippard et al. have
recently reported that the diiron–peroxo complex prepared
from the reaction of ½FeII

2 ðl�OHÞðl� Ph4DBAÞ-
ðTMEDAÞ2ðOTfÞ� with O2 demonstrated the UV–vis and
resonance Raman spectra similar to oxyHr, but the forma-
tion of peroxo complex was irreversible, which is of impor-
tance as one of structural model complexes of Hr [32,33].
Considering that the redox potentials of the former diiron
complexes coordinated with many nitrogen atoms are
higher and those of the latter complexes coordinated with
some oxygen atoms as well as nitrogen atoms are lower,
the reversibility/irreversibility of oxygenation function in
Hr model complexes may depend on the redox potentials
of complexes.

Generally, it is thought that the reversible oxygenation in
the model complexes is achieved by introduction of the iron
ions that have been surrounded by hydrophobic environ-
ment and that have higher redox potentials. However, the
structural information in Hr and oxygenation behaviors
in the model systems brought the following three serious
questions for us: (i) why is the two redox potentials of native
Hr [34] (110 and 350 mV vs. NHE for FeII–O–FeIII/FeIII–
O–FeIII and FeII–OH–FeII/FeII–OH–FeIII) rather lower
than those of model complexes reported hitherto? [30,35],
(ii) what is the role of a water molecule near l-OH of diiron
active center in deoxyHr? and (iii) what is the purpose of
proton transfer of l-OH in oxygenation process from deox-
yHr to oxyHr? In the model systems, these factors are
seemed to be unfavorable from a viewpoint of the dioxygen
transport function, because the lower redox potential favors
the formation of iron(III) than iron(II) and the water and/
or l-hydroxo protons lead the generated peroxo species to
hydrogen peroxide or its decomposition.

Recently, we also succeeded in the preparation of
function model of Hr, in which two kinds of diiron(II)
complexes with reversibility and irreversibility were inde-
pendently prepared using our originally designed ligand
HTPPDO [36]. The diiron(II) complexes synthesized are
½FeII

2 ðHtppdoÞðPhCOOÞ�ðClO4Þ3 (1) and ½FeII
2 ðtppdoÞ-

ððp-ClÞPhCOOÞ�ðClO4Þ2 (5). The former showed the
reversibility for oxygenation, while the latter was irre-
versible. The diiron complex with HTPPDO (1) exhibited
lower redox potentials (292 and 790 mV vs. NHE under
air) [36] in comparison with the model complexes
reported hitherto [30,35].
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Our subsequent examination using the diiron complexes
with HTPPDO gave quite important information in con-
nection with essential factor on the reversible oxygenation
in Hr: the reversible oxygenation is expressed by the proton
transfer from l-OH of deoxyHr to peroxide which has been
induced by mediation of water. This behavior is also stud-
ied using the new dinucleating ligand without hydroxyl
group, N,N,N 0,N 0-tetrakis(6-pivalamido-2-pyridylmethyl)-
1,3-diaminopropane (TPPPN) (Scheme 2) as a comparison
experiment. Here, we will describe and discuss the struc-
ture–function relationship on the reversible oxygenation
in Hr, and concluded that the mobile proton and water
molecule as a mediator as well as higher redox potential
of diiron ions and hydrophobic environment around the
active site are key factors.

2. Experimental

2.1. General procedure

All reagents used were of the highest grade available and
were used without further purification. Ligand HTPPDO
was synthesized according to the previously reported
method [36]. Caution: Perchlorate salts are potentially

explosive and should be carefully treated!

2.2. Synthesis of TPPPN

To a 1,4-dioxane solution (100 mL) containing the crude
product 2-bromomethyl-6-pivalamidopyridine [37] (5.4 g,
0.020 mol) was added 1,3-diaminopropane (0.25 g,
3.4 mmol) and a NaOH (1.2 g, 0.022 mol) dissolved in water
(10 mL). The solution was stirred for 1 day at room temper-
ature, and then evaporated under reduced pressure. The res-
idue dissolved in water was extracted by dichloromethane.
The dichloromethane layer was dried over anhydrous
MgSO4 and evaporated under reduced pressure. The prod-
uct was purified by silica gel column (eluent: ethylacetate).
Yield: 0.75 g (27%). 1H NMR (CDCl3, 300 MHz): d 1.31
(36H, s, t-Bu), 2.51 (4H, t, NCH2), 3.62 (8H, s, NCH2py),
7.10 (4H, d, py), 7.62 (4H, t, py), 8.09 (4H, s, NH) 8.11
(4H, d, py). FTIR (KBr, cm�1): 3437, 2964, 1689, 1599,
1578, 1520, 1453, 1402, 1364, 1304, 1224, 1152, 803.

2.3. Syntheses of diiron(II) complexes

The preparation of diiron(III) complexes was carried
out under Ar atmosphere in glove box as follows. The com-
Scheme 2.
plexes, ½FeII
2 ðHtppdoÞððp-XÞPhCOOÞ�ðClO4Þ3 (X = H (1),

OMe (2), Cl (3), NO2 (4)) and ½FeII
2 ðtppdoÞððp-ClÞ-

PhCOOÞ�ðClO4Þ2 (5), were also prepared by the previously
reported method [36].

2.3.1. ½FeII
2 ðHtppdoÞðPhCOOÞ�ðClO4Þ3 (1)

The preparation and characterization were previously
described [33]. FTIR (KBr, cm�1): 3350, 2971, 1655,
1617, 1531, 1463, 1421, 1303, 1217, 1087, 801, 728, 625.

2.3.2. ½FeII
2 ðHtppdoÞððp-OMeÞPhCOOÞ�ðClO4Þ3 (2)

60.4 mg (Yield 43%). Anal. Calc. for 2 Æ H2O (C55H75-
Cl3Fe2N10O21): C, 46.19; H, 5.29; N, 9.79. Found: C,
46.07; H, 5.18; N, 9.72%. FTIR (KBr, cm�1): 3357, 2971,
1654, 1618, 1531, 1463, 1421, 1101, 800, 623.

2.3.3. ½FeII
2 ðHtppdoÞððp-ClÞPhCOOÞ�ðClO4Þ3 (3)

116 mg (Yield 80%). Anal. Calc. for 3 Æ H2O (C54H72-
Cl4Fe2N10O20): C, 45.21; H, 5.06; N, 9.76. Found: C,
45.01; H, 4.96; N, 9.60%. FTIR (KBr, cm�1): 3374, 2972,
1653, 1617, 1531, 1463, 1422, 1090, 801, 627.

2.3.4. ½FeII
2 ðHtppdoÞððp-NO2ÞPhCOOÞ�ðClO4Þ3 (4)

123 mg (Yield 85%). Anal. Calc. for 4 Æ H2O (C54H72-
Cl3Fe2N11O22): C, 44.88; H, 5.02; N, 10. 66. Found: C,
44.79; H, 4.98; N, 10.56%. FTIR (KBr, cm�1): 3365,
2972, 1652, 1617, 1531, 1464, 1423, 1343, 1108, 799, 624.

2.3.5. ½FeII
2 ðtppdoÞððp-ClÞPhCOOÞ�ðClO4Þ2 (5)

The preparation and characterization were previously
described [36]. FTIR (KBr, cm�1): 3369, 2967, 1668,
1613, 1562, 1528, 1461, 1404, 1159, 1088, 798, 624.

2.3.6. ½FeII
2 ðtpppnÞððp-NO2ÞPhCOOÞ�ðClO4Þ3 (6)

To a methanol solution (5 mL) of Fe(ClO4)2 Æ 6H2O
(72.6 mg, 0.200 mmol) was added a mixture of TPPPN
(83.5 mg, 0.100 mmol) and (p-NO2)PhCOONa (18.9 mg,
0.100 mmol) in methanol (5 mL), which was stirred for
10 min. The standing of the reaction solution for several
days gave a red crystal 130 mg (Yield 92%). Anal. Calc.
for 6 Æ 2H2O(C54H80Cl3Fe2N11O22): C, 44.66; H, 5.42; N,
10.62. Found: C, 44.48; H, 5.11; N, 10.51%. FTIR (KBr,
cm�1): 3350, 1643, 1618, 1577, 1529, 1463, 1419, 1343,
1090, 625.

2.4. Measurements

Electronic absorption spectra were recorded on a
JASCO V-570 spectrophotometer. Solid state IR spectra
were measured on the KBr-disk method using a JASCO
FT/IR-410 spectrophotometer, and solution state ones
were recorded on AVATAR 360 FT-IR spectrophotometer
using KRS-5 cell in acetonitrile at �40 �C under Ar gas. X-
band ESR spectra were measured with a JEOL RE-1X
spectrometer at 77 K. 1H NMR spectral measurements
were performed on a Gemini 300 MHz NMR spectrometer
in CDCl3 with TMS as an internal standard. Elemental
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analysis was measured on a Perkin Elmer Japan 2440II
CHNO/S corrected by acetoanilide. Electrochemical mea-
surements were performed using a Bioanalytical Systems
(BAS) CV-1B cyclic voltammetry unit anaerobically, with
a three-electrode system consisting of a glassy carbon
working electrode, a Pt-wire counter electrode and an
Ag/Ag+ reference electrode. All measurements were carried
out at room temperature with a sweep rate of 100 mV s�1

under Ar in degassed distilled acetonitrile, using n-
Bu4NBF4 as a supporting electrolyte. The electrochemical
potentials were corrected by measurement of the ferro-
cene/ferrocenium couple.

2.5. X-ray crystallography

Single crystals of 1–6 suitable for X-ray diffraction analy-
ses were obtained from their methanol solutions by standing
for a few days under Ar atmosphere. Each crystal was
mounted on a glass fiber, and the diffraction data were col-
lected on a Rigaku/MSC Mercury CCD using graphite
monochromated Mo Ka radiation at�100 �C. Crystal data
and experimental details are listed in Table 1.

All the structures were solved by a combination of direct
method and Fourier techniques, and all the non-hydrogen
atoms were anisotropically refined by full-matrix least-
squares calculations. Atomic scattering factors and anoma-
lous dispersion terms were taken from the International
Tables for X-ray Crystallography IV [38]. For all the crys-
tals, since the numbers of reflection data were not enough
to refine all the parameters of the hydrogen atoms, they
were not included for further refinement; their positions
were obtained from difference Fourier maps, except for a
part of the hydrogen atoms of water molecules. All the cal-
culations were carried out on a DELL computer by the
Crystal Structure program [39].

2.6. Kinetics

The reaction rates of 1–4 with dioxygen were measured
with a 1 cm path length quartz cell whose temperature
was controlled at�50.0 �C by an Oxford thermostat (exper-
imental error was ± 0.1 �C). The preparation of the diiron–
peroxo species was monitored by following the increase in
the absorption intensity at 610 nm. For the reaction condi-
tion of addition of excess dioxygen to diiron(II) complexes,
where the concentration of 1–4 was 0.50 mM, the absorp-
tion change obeyed a first-order rate law. The data were
analyzed with Delta Graph (Polaroid Computing) running
on a Macintosh computer and fitted to an exponential func-
tion by non-linear least-squares method.

3. Results

3.1. Preparations and physico-chemical properties of 1–6

Complexes 1–5 were prepared according to the previ-
ously reported methods [36], and complex 6 was synthe-



Table 2
Selected bond lengths (Å) for diiron complexes 1–6

1 2 3 4 5 6

Fe(1)� � �Fe(2) 4.974(1) 5.013(1) 4.999(1) 5.017(1) 3.722(1) 5.111(2)
Fe(1)–O(1) 2.325(3) 2.304(3) 2.254(4) 2.248(3) 2.057(2) –
Fe(2)–O(1) 3.523(3) 3.568(3) 3.551(4) 3.559(3) 2.190(3) –
Fe(1)–N(1) 2.278(3) 2.269(4) 2.266(4) 2.269(4) 2.298(3) 2.221(7)
Fe(2)–N(2) 2.274(3) 2.256(4) 2.255(4) 2.263(4) 2.346(3) 2.228(6)
Fe(1)–N(3) 2.321(3) 2.185(4) 2.198(4) 2.282(4) 2.300(3) 2.217(7)
Fe(1)–N(5) 2.198(3) 2.306(4) 2.289(4) 2.191(4) 2.357(3) 2.166(7)
Fe(2)–N(7) 2.164(3) 2.204(5) 2.214(5) 2.158(4) 2.278(3) 2.201(6)
Fe(2)–N(9) 2.199(3) 2.160(5) 2.155(5) 2.220(4) 2.384(3) 2.217(6)
Fe(1)–O(2) 2.125(3) 2.159(4) 2.154(4) 2.157(3) 2.075(2) 2.052(6)
Fe(1)–O(3) 2.167(3) 2.159(3) 2.151(4) 2.156(3) 2.244(3) 2.139(5)
Fe(2)–O(4) 2.139(3) 2.046(3) 2.030(4) 2.136(3) 2.212(2) 2.169(5)
Fe(2)–O(5) 2.072(3) 2.132(4) 2.129(4) 2.036(3) 2.164(2) 2.094(5)
Fe(1)–O(6) 2.082(2) 2.086(3) 2.126(3) 2.137(3) 2.093(2) 2.078(5)
Fe(2)–O(7) 2.082(3) 2.095(3) 2.106(4) 2.136(3) 2.131(2) 2.013(5)
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sized by the method described in Section 2. The character-
izations of these complexes were carried out by elemental
and X-ray crystal structure analyses and UV–vis, IR, and
ESR spectroscopies and CV measurement.

The electronic absorption spectra for 1, 2, 3, 4, 5, and 6 in
acetone solution exhibited intense bands at 404 nm (e =
1200 M�1 cm�1), 396 nm (e = 1300 M�1 cm�1), 395 nm
(e = 1300 M�1 cm�1), 407 nm (e = 1700 M�1 cm�1),
419 nm (sh, e = 1000 M�1 cm�1), and 420 nm (e =
1500 M�1 cm�1), respectively, which were assigned to a
MLCT of iron(II) to pyridine [40,41].

The solid state IR spectra gave intense bands character-
istic of the C@O stretching vibration, m(C@O), in the range
of 1650–1655 cm�1 for 1–4, at 1668 cm�1 for 5 and at
1643 cm�1 for 6, all of which shifted toward a lower fre-
quency region in comparison with metal-free HTPPDO
(1688 cm�1). These shifts imply the coordination of the car-
bonyl oxygens of ligand to iron, and the magnitude in these
shifts can be well explained from the crystal structures of
these complexes (see Table 2), as will be described at the
next section; the strength of Fe–O(pivalamide) bonds
becomes weaker in the order of 5 > 1–4 > 6.

Electrochemical properties of complexes 1–6 were mea-
sured in an acetonitrile solution at room temperature
anaerobically (Table 3 and Fig. S1). Redox potentials of
Table 3
Electrochemical properties of diiron complexes as measured anaerobicallya

E1=2ðFeIIFeIII=FeIII
2 ÞðDEpÞ

1 265 (70)
2 266 (77)
3 264 (67)
4 295 (pa)
½FeII

2 ðMe4 � tpdpÞðPhCOOÞðH2OÞ�2þ 455
½FeII

2 ðPh� tidpÞðPhCOOÞ�2þ 555
Hr 110

a The electrochemical values (mV) represented here are vs. Fc/Fc+.
b DE represents the difference from redox potential of FeIIFeIII/FeIIIFeIII to
c This work.
d Measured in CH2Cl2. Ref. [30].
e Measured in CH2Cl2. Ref. [35].
f Measured in water at pH 8.2 vs. NHE. Ref. [34].
complexes 1–4 exhibited two quasi-reversible redox waves,
while the exact potential values for 5 and 6 were not
obtained because they gave multi-oxidation waves that
are difficult to analyze. The two half-wave potentials
assignable to FeIIFeIII/FeIIIFeIII and FeIIFeII/FeIIFeIII

couples were observed at 265 and 92 mV vs. Fc/Fc+ for
1, at 266 and 78 mV for 2, at 264 and 102 mV for 3, at
295 and 127 mV (anode potential) for 4, respectively. The
value of FeIIFeIII/FeIIIFeIII couple was lower as compared
with those of previously reported diiron complexes [30,35],
which could be caused by raising the d-orbital energy levels
of the iron ions by coordination of pivalamide oxygens of
HTPPDO. Interestingly, these data clearly indicate that the
FeIIFeII/FeIIFeIII couples have significantly been affected
by para-substituent groups of bridging benzoate deriva-
tives, although such an effect has not been observed for
the FeIIFeIII/FeIIIFeIII couples; the redox potential values
for the diiron complexes coordinated by benzoic acids with
electron-withdrawing (3,4) and electron-donating groups
(2) as para-substituent group, (p-X)PhCOO�, are observed
in higher and lower potential regions than that with
PhCOO� (1), respectively. The above findings suggest that
the benzoate ligand may remove the hydroxyl proton of
HTPPDO to be released as benzoic acid from diiron core
in the FeIIFeIII/FeIIIFeIII oxidation process (Scheme 3).
E1=2ðFeII
2 =FeIIFeIIIÞðDEpÞ DEb Reference

92 (102) 173 c

78 (119) 188 c

102 (83) 162 c

127 (67) – c

65 390 d

65 490 e

350 �240 f

that of FeIIFeII/FeIIFeIII.



Fig. 2. Crystal structure of the cation part of 6, showing 30% probability
thermal ellipsoids. The hydrogen atoms are omitted for clarity.

Scheme 3.
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Furthermore, it is quite unique that the differences
between the redox potential values of FeIIFeIII/FeIIIFeIII

and FeIIFeII/FeIIFeIII couples for 1–4, DE, are very close
in comparison with those of diiron complexes reported
hitherto [30,35,40–45]. The smaller DE values in complexes
1–4 must have been induced by the protonation/deproto-
nation of the OH group of HTPPDO. The redox potential
values for Hr are 110 and 350 mV for FeIIFeIII/FeIIIFeIII

and FeIIFeII/FeIIFeIII couples, respectively, and the DE

value is negative (�240 mV), although those in diiron com-
plexes and diiron proteins should generally be FeIIFeIII/
FeIIIFeIII > FeIIFeII/FeIIFeIII. This unique behavior in Hr
is interpreted in terms of the proton transfer phenomenon
(Fe–OH–Fe! Fe–O–Fe). Diiron complexes that give lar-
ger DE value are stabilized at the oxidation state of FeII-

FeIII to disadvantage the reversible oxygenation, and the
smaller value makes it smooth. A protonation/deprotona-
tion of bridging hydroxo group affects a reversible
oxygenation.

3.2. Crystal structures of 1–6

All the single crystals of complexes 1–6 were obtained
and analyzed by X-ray method. Complexes 1 and 5 were
also reanalyzed and refined, although they were reported
previously [36]. The crystal structures of the cation parts
for complexes 1 and 6 are shown in Figs. 1 and 2, respec-
tively. Since those for complexes 2–4 are essentially the
same as that of 1 and complex 5 has been reported previ-
Fig. 1. Crystal structure of the cation part of 1, showing 30% probability
thermal ellipsoids. The hydrogen atoms except for the proton of alcohol
group are omitted for clarity.
ously, their figures have been omitted. The selected bond
lengths around the diiron cores for 1–6 are listed together
in Table 2.

The geometries around the two iron(II) ions for com-
plexes 1–4 are asymmetric. The Fe(1) site has a seven-coor-
dinate capped octahedron comprised of an N3O4 donor set
which includes the hydroxyl oxygen of HTPPDO, and
another Fe(2) center forms a six-coordinate distorted octa-
hedron with an N3O3 donor set with a dioxygen-accessible
vacant site. Although the two iron centers are bridged by
benzoate, the hydroxyl oxygen of HTPPDO does not par-
ticipate as the bridging ligand. These complexes showed
longer Fe–N(pyridine) bond lengths (2.16–2.32 Å) as com-
pared with the Fe–N(pyridine) bonds reported previously
(2.10–2.25 Å) [46,47], as seen in Table 2. Interestingly, the
hydroxyl proton of HTPPDO, as is apparent from the crys-
tal structure of complex 1 (Fig. 1), has been left as it was.
The hydroxyl oxygen linked to Fe(1) weakly with a dis-
tance of 2.325(3) Å and the hydroxyl proton attached to
O(1) hydrogen-bonded to the carboxylate oxygen O(7)
with the O(1)� � �O(7) distance of 2.653(4) Å and the angle
of \O(1)–H–O(7) = 165(6)� (Table 4), which lies in the
shortest side of the general hydrogen bond distances
(2.6–3.2 Å) and is close to an ideal angle for a hydrogen
bond. These results mean the formation of strong intramo-
lecular hydrogen bond between the hydroxyl proton and



Table 4
Bond parameters showing intramolecular hydrogen bonding interaction
for diiron complexes 1–4

O(1)–O(7) (Å) O(1)–H (Å) O(7)� � �H (Å) \O(1)–H–O(7) (�)

1 2.653(4) 1.18(7) 1.49(9) 165(6)
2 2.631(4) 1.04(11) 1.6(2) 160(10)
3 2.618(5) 1.039(4) 1.631(7) 156.6(3)
4 2.620(4) 1.18(12) 1.5(2) 158(7)
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the carboxylate oxygen of benzoate derivatives. It is quite
unique that the OH group of HTPPDO does not play as
a bridging ligand, which is attributed to the steric repulsion
between bulky pivalamide groups attached on six-position
of pyridines. The coordination of benzoate to diiron ions
for 1–4 is significantly influenced by the electronic effect
of para-substituent groups of the benzoate derivatives;
those with the electron-donating and electron-withdrawing
substituent groups cause the bond lengths of Fe(1)–O(6)
and Fe(2)–O(7) to shorten and lengthen, respectively
(Table 2), and then the Fe(1)–O(1) bonds for 1–4 also indi-
cated the reverse tendency reasonably. The strong coordi-
nation of carboxylate oxygen O(6) with Fe(1) that was
induced by electron-donating para-substituent group will
shorten the Fe(1)–O(6) bond, which will decrease the acid-
ity of Fe(1) and then weaken the coordination of O(1) to
Fe(1). These follow the Hammett’s rule as shown in Fig. 3.

The structure of 5, as described previously, revealed that
the two iron ions have a capped octahedral geometry with
N3O4 donor sets each other, and that both of hydroxyl
oxygen of TPPDO and benzoate oxygens played a role of
bridging ligand. The structure of 6, in which the two iron
ions are coordinated with N3O3 donor sets each other,
was almost the same as those of 1–4 except for the absence
of the bridging hydroxyl group. The shorter Fe(1)–O(6)
and Fe(2)–O(7) bonds for 6, as compared with those for
1–4, might have been caused by lack of repulsion between
their bulky tert-butyl groups because of the flexible diami-
nopropane backbone due to the absence of hydroxyl
group.
Fig. 3. Hammett plots of Fe(1)–O(1) and Fe(1)–O(6) bond lengths of 1–4

of vs. r+.
3.3. Electronic absorption, ESR and IR spectra in reactions

of 1–6 with O2

Reactions of complexes 1–4 with dioxygen in acetone
solution showed two critical differences between in the
presence and absence of water, although such a difference
in reaction behaviors was not detected in the cases of com-
plexes 5 and 6 as described below.

An exposure of dioxygen to an absolute acetone solu-
tion of 1 at �50 �C did not exhibit a remarkable spectral
change, although a small broad band was observed in the
range of 600–700 nm and the solution color changed
slightly from yellow to greenish-yellow. It indicates that 1

does not react with dioxygen in absolute acetone. The small
broad band observed, as is described below, might be
attributable to the presence of slight amount of water that
has been dissolving into the solution by the bubbling of
dioxygen in spite of careful treatment. When 500 equiva-
lents of water to 1 was added to its absolute acetone solu-
tion, the solution color turned vigorously from yellow to
green, indicating the preparation of a peroxo species (1-
O2). Because the electronic absorption spectrum showed
an intense band at 606 nm (e = 1800 M�1 cm�1 per 2Fe)
assignable to LMCT band of peroxo to iron(III), which
is the same as the previously reported behavior [36]. The
reactions of 2, 3, and 4 with dioxygen under the same con-
dition also revealed the same spectral changes with the
bands at 609 nm (e = 2000 M�1 cm�1 per 2Fe), 606 nm
(e = 1800 M�1 cm�1 per 2Fe) and 603 nm (e = 1600 M�1

cm�1 per 2Fe), respectively, as shown in Fig. 4 and Table
5. These characteristic bands disappeared by bubbling of
Ar gas as soon as the solution was warmed from �50 �C
to room temperature, which were reproduced by exposure
to dioxygen at �50 �C. They exhibited reversibility by
alternate bubbling of O2 and Ar for all cases. Additionally,
Fig. 4. Electronic absorption spectra of the peroxo adducts prepared from
the reaction of 1–4 with dioxygen molecule at �50 �C in water-containing
acetone solutions of 1–4.



Table 5
Spectroscopic data and kinetic parameters for the reaction of diiron(II)
complexes 1–4 with dioxygen at �50 �C in acetone

kmax (nm) e (M�1 cm�1) KM (M) k0on (10�3 s�1)

1 606 1800 0.18(1) 6.7(2)
2 609 2000 0.17(1) 6.3(2)
3 606 1800 0.12(1) 3.8(1)
4 603 1600 0.056(6) 2.81(5)

Fig. 5. Solution and solid state IR spectra in relation to the reaction of
½FeII

2 ðHTPPDOÞðPhCOOÞ�ðClO4Þ3 (1) and O2: ½FeII
2 ðHTPPDOÞ-

ðPhCOOÞ�ðClO4Þ3 (1) in KBr pellet (A), and 1 in MeCN (B). The peroxo
diiron(III) complex obtained by bubbling of O2 into MeCN solution of B
(C). PhCOOH in MeCN (D).
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the reversible oxygenation reactions of 1–4 were exhibited
in aprotic solvents such as acetonitrile, but not in protic
solvent like methanol (Fig. S2), implying that an electro-
static interaction such as hydrogen bond relates to the
reversible oxygenation. These findings indicate that the
peroxo–diiron species generated from 1–4 are all almost
the same ones. The subtle change in the kmax values may
be attributed to the electronic effect of the para-substituent
group of benzoate derivatives. The magnitude in molar
extinction coefficient might reveal the amounts of peroxo
species generated. Considering that the coordination struc-
tures of the peroxo complexes derived from 1–4 are all the
same, the benzoate derivatives with larger pKa value, as
will be described below, will appear higher deprotonation
ability for the hydroxyl OH of HTPPDO to make the per-
oxo species generate effectively.

Reaction of complex 5 with dioxygen gave the color
change from yellow to purple for both in absolute acetone
and in water-containing acetone solution at �50 �C, whose
electronic absorption spectra exhibited a broad band
assignable to LMCT of peroxo to iron(III) at 550 nm
(e = 1200 M�1 cm�1 per 2Fe) for both cases. The difference
in the spectral behaviors between 1–4 and 5 clearly indi-
cates that the peroxo species generated are different. More-
over, the peroxo species derived from complex 5 did not
show the release of dioxygen by bubbling of Ar even at
ambient temperature.

For reaction of 6 with dioxygen, it did not show any
spectral change both in absolute acetone and in water-con-
taining acetone solution at �50 �C, and further it did not
react with dioxygen even in the solution warmed to room
temperature. It indicates that 6 does not react with dioxy-
gen to be divalent just as they were.

ESR spectra of the reaction products of 1–4 and 5 with
dioxygen, as measured in acetone at 77 K, were silent due
to a strong antiferromagnetic coupling between two iro-
n(III) atoms, suggesting that they prepared l-peroxo
adducts. Furthermore, the resonance Raman spectrum of
the reaction products of 1, as were described in the previ-
ous paper [36,48], supported the formation of peroxo
species.

IR spectra of the peroxo species derived from complex 1

in MeCN at �40 �C revealed a new absorption band char-
acteristic of C@O stretching vibration of benzoic acid at
1713 cm�1, besides the C@O stretching vibrations from
the pivalamide carbonyl groups were observed in the range
of 1650–1655 cm�1 (Fig. 5C). The specific region of the
C@O stretching vibration of the pivalamide carbonyl
group did not show any drastic change between before
and after the formation of peroxo adduct, indicating that
all the amide oxygen atoms maintain the coordination with
iron ions. The new C@O stretching vibration at 1713 cm�1

appeared in the same region as that of metal free benzoic
acid measured in MeCN (Fig. 5D) [49,50]. These facts
imply that the benzoate ligand bridging to the iron ions
abstracts a proton to be liberated as benzoic acid. Interest-
ingly, the spectral pattern of m(C@O) stretching band in the
peroxo complexes was different from those of metal free
benzoic acid with two bands at 1713 and 1723 cm�1 which
are observed as the equilibrium state between monomer
and dimer molecule via intramolecular hydrogen-bonding
interaction. Since the lower m(C@O) band at 1713 cm�1 is
attributed to that of hydrogen-bonding dimer, it is consid-
ered that the benzoic acid of the peroxo complex interacts
by a hydrogen-bonding interaction with the other benzoic
acid or the complex from which it liberates.

The above findings reveal that the reversible-binding of
dioxygen molecule requires the hydroxyl group with mobile
proton and a water molecule.

3.4. Kinetics for reactions of 1–6 with O2

In order to elucidate the participation of water in bind-
ing with dioxygen, the kinetic study on binding rates of
dioxygen with the diiron complexes were carried out on
concentration dependence of water. The rate constant
(kobs) observed at the formation of peroxo adduct (1-O2),
as measured in the presence of excess oxygen molecule,
obeyed a good first-order kinetics, which depended on
the concentration of water [H2O]. The plots of kobs vs.



Fig. 7. Hammett plots of equilibrium constants in preparation of peroxo
adducts vs. r+.
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[H2O], as shown in Fig. 6, demonstrated the Michaelis–
Menten type saturation behavior, indicating that the dinu-
clear iron(II) complex 1 forms a certain association with
water molecules before it reacts with O2. The reaction of
1 with dioxygen under existence of water can be expressed
with the following equations [51]

1þH2O ¢
k1

k�1
1 � � �H2O ð1Þ

1 � � �H2OþO2!
kon

1�O2 ð2Þ

Since [O2] is excess compared with [1 � � � H2O], the Eq. (3)
is derived from the Eqs. (1) and (2) according to the
Lineweaver–Burk equation [52],

½H2O�
kobs

¼ ½H2O�
k0on

þ KM

k0on

ð3Þ

where KM is the Michaelis constant and k0on is a pseudo-
first-order rate constant in the reaction of 1 � � � H2O with
dioxygen. According to Eq. (3), the Michaelis constant
for 1 was estimated to be 0.18(1) M, and the other com-
plexes also exhibited similar values; 0.17(1), 0.12(1), and
0.056(6) M for 2,3, and 4, respectively (Table 5). The larger
KM value means that in formation of (l-peroxo)diiron(III)
complex, the diiron(II) complex requires much water so
that the proton is easily transferred from hydroxyl group
to benzoate. We can consider the following two schemes
as the possible association type; (i) the complex that water
molecule bound to the iron ion and (ii) the attractive inter-
action between water molecules and diiron core. From the
results of IR spectra of 1, it is supposed that the structure
does not cause any remarkable change between at solid
state and in MeCN solution (Fig. 5A and B), suggesting
that the water molecule does not bind with irons but
weakly interacts. As is clear from the Hammett plots of
Fig. 7, Michaelis constants KM were sensitively affected
by the para-substitutent groups of benzoate derivatives;
the constant KM decreased in the diiron complex with the
Fig. 6. Plots of the observed rate constants for generated amount of 1-O2

vs. concentration of H2O in acetone at �50 �C. Inset: the double-
reciprocal plot.
electron-withdrawing substituent group and increased in
those with electron-donating group. Consequently, the
interaction between the complex and water is supposed to
occur at the position that the substituent effect of benzoate
ligands sensitively appeared. As described above, such a
tendency was also detected in the bond lengths Fe(1)–
O(1, hydroxyl oxygen) and Fe(1)–O(6, benzoate oxygen)
for the crystal structures of 1–4 (Fig. 3). Considering that
complex 6 without the hydroxyl group was not affected
by water for the reaction with dioxygen, the interaction
sites of 1–4 with water are around the hydroxyl group.
That is, the complex with benzoate derivatives having elec-
tron-withdrawing group does not need much water, be-
cause the proton transfer from O(1)H group to benzoate
carboxylate is easily caused by the lower basicity of O(1)
that was reduced by formation of stronger Fe(1)–O(1)
bond. The k0on values exhibited similar tendency, 1,2 >
3 > 4: they are attributed to the pKa values of benzoate
derivatives that are affected by the abstraction of proton
and/or the redox potentials of complexes. They became
small in the diiron complexes with para-substituted benzo-
ate ligand having a lower basicity (such as Cl (3) and NO2

(4)), which increase the redox potential of the iron, and
they became larger in those having a lower one (such as
OMe (2)).

In order to examine the contribution of hydroxyl proton
of HTPPDO ligand in the oxygenation for the diiron com-
plexes, the pseudo-first-order rate constants of formation of
the 1-O2 adduct were studied in the presence of H2O and
D2O [53], which were estimated to be 3.86(15) · 10�3 and
3.35(9) · 10�3 s�1, respectively. The kinetic isotope effect
(KIE) value was 1.2. Since the KIE values of formation
and dissociation of the peroxo adduct in Hr accompanied
by proton transfer are 1.0 and 1.2, respectively [54], this
value estimated here is quite appropriate. Therefore, the
KIE value indicates that the proton transfer of hydroxyl
group to benzoate includes in the rate-determining step in
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the formation of the peroxo–diiron complex. Considering
that the basicity of alcohol group is larger than that of ben-
zoic acid, it is very interesting that the water mediates and
promotes the proton transfer from hydroxyl group to ben-
zoate. Here, we can claim that the water molecule compen-
sates the proton through weak interaction with OH group,
which assists the dissociation of hydroxyl proton.

4. Discussion

4.1. Reaction mechanism for the reversible oxygenation in

complexes 1–4

From the above experimental results, the following three
possible mechanisms are proposed for the reaction between
the diiron complexes and dioxygen; (i) the benzoate is first
removed as benzoic acid from the diiron complex, and then
the dioxygen molecule reacts with diiron core, (ii) the diox-
ygen molecule attacks to the vacant site (Fe(2)) of diiron
core, and then benzoate is released as benzoic acid, and
(iii) the binding of dioxygen and release of benzoate ligand
proceed simultaneously. However, the process (i) will be
excluded from the IR spectral results that the benzoate of
complex 1 is not removed in MeCN before dioxygen reacts
with the irons. The process (ii) will also be removed by the
experimental results that the complex 6 does not react with
dioxygen, although it has a vacant site to be accessed by
dioxygen. Consequently, it may be reasonable to consider
that the binding of dioxygen and elimination of benzoic
acid proceed simultaneously as follows (Scheme 4).

The O(1)H proton of HTPPDO of 1 in acetone solution
containing water is in the situation of being easy to move.
Such a condition will make the access of dioxygen to the
vacant site of Fe(2) easy. Then the divalent Fe(2) atom will
react with dioxygen to form an iron(III)-superoxo species,
Scheme
which are immediately continued by the transfer of O(1)H
proton to the benzoate oxygen and the binding of deproto-
nated O(1) with Fe(2). The result that the benzoate has
been liberated in the oxidation process from FeIIFeIII to
FeIIIFeIII agrees well with the finding that the redox poten-
tials of FeIIFeIII/FeIIIFeIII couple, as described at the elec-
trochemical results, are not affected by the electronic effect
of para-substituted benzoate derivatives. The formation of
l-alkoxide will induce the electron transfer from divalent
Fe(1) to trivalent Fe(2) through the Fe(2)–O–Fe(1) bond,
next the extra electron on the Fe(2) will be transferred to
superoxo to generate peroxo, and then the peroxide will
immediately link to Fe(1). In the oxygenation, the benzoic
acid that has once been released is required to be linked to
the complex in order to maintain the reversibility, which
may be understood from the IR spectrum of 1-O2

(Fig. 5C). Only one m(C@O) band was detected at
1713 cm�1 for the oxygenated complex, which may suggest
that the benzoic acid is not completely liberated. Because
two m(C@O) bands, corresponding to the monomeric and
intermolecular hydrogen-bonded benzoic acids (Fig. 5D),
must be observed if it was liberated as the benzoic acid.

4.2. Requirements in construction of model complex with

reversible oxygenation function

In construction of the diiron model complex of Hr that
can reversibly bind dioxygen, it is required that the diiron
complex can form a thermally higher stable peroxo
complex and easily turn between Fe(II)2 and Fe(III)2.
The former was achieved by the diiron complex ½FeII

2 -
ðPh-bimpÞðPhCOOÞ�ðBF4Þ2 that the dioxygen molecule-
bound space has been protected from attack of external
ligands such as water by the sterically bulky hydrophobic
groups [31]. The latter was performed by the diiron com-
4.
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plex ½FeII
2 ðMe4-tpdpÞðPhCOOÞðH2OÞ�ðBF4Þ2 having the

higher redox potentials (455, 65 mV vs. Fc/Fc+) because
of the weaker bond between the coordination atoms and
iron [30]. However, the potentials of Hr are not so high
(110, 350 mV vs. NHE). Here, there are three curious
behaviors in Hr’s function: (i) Hr exhibits reversible oxy-
genation in spite of its lower redox potentials. (ii) There
is a water molecule near the diiron core with the distance
of O(H2O)� � �O(l-OH) = 2.7 Å in deoxyHr. (iii) The l-OH
proton is transferred to peroxo in the oxygenation process
of deoxyHr. At this stage, it is very interesting to clear the
following questions; whether the higher redox potentials of
the irons are required or not for reversible oxygenation?
what is the role of the water molecule in deoxyHr? and
why is the proton transferred from l-OH to peroxide?
We succeeded in the preparation of the diiron complexes
having similar function to Hr, and the detailed examina-
tion gave very important aspects as follows.

(i) Complexes 1–4, which have hydroxyl proton, do not
react with dioxygen in absolute acetone, although they
bind dioxygen reversibly in acetone solution containing a
small amount of water. (ii) The benzoate anion coordi-
nated to diiron was released as benzoic acid when dioxygen
adduct was formed. (iii) Based on the kinetics experiments,
it is clear that the proton of benzoic acid has been supplied
from the hydroxyl proton of HTPPDO through mediation
of water. (iv) It is also interesting that complex 5, which
does not have a hydroxyl proton, reacted with dioxygen
to form peroxo species, regardless of the presence/absence
of water. However, this peroxo species did not show the
reversible oxygenation. (v) Complex 6, which does not have
the hydroxyl group, did not exhibit any reactivity for diox-
ygen, regardless of the presence/absence of the water.
These facts indicate that the hydroxyl group having mobile
proton is requested for the reversibility. (vi) Considering
that the redox potentials of complexes 1–4 are lower in
comparison with the diiron model complexes reported hith-
erto, although they are still higher than those of native Hr,
the diiron core with higher redox potentials may not be
required for the reversibility.

As described above, the reversible oxygenation in Hr’s
model complexes has been achieved not only by higher
redox potentials of diiron ions and hydrophobic environ-
ment around the active center but also by the mobile pro-
ton from OH group and water molecule assisting the
proton transfer. These structural features, needless to say,
are attached also in Hr. Although only the higher redox
potentials of irons and hydrophobicity around the active
site have been discussed hitherto as the required conditions
in construction of Hr’s model complex, here we have first
pointed out the roles and importance of the water and
mobile proton in Hr.

4.3. Biological implication

Recently, the reaction scheme of reversible oxygenation
in Hr has been proposed theoretically by Solomon and co-
authors [55,56]. In this scheme, they have proposed the
oxygenation scheme as follows: (i) the oxygenation is ini-
tially started by binding of O2 to the open coordination site
of the five-coordinated iron center of deoxyHr, (ii) the first
electron transfer is carried out by the concerted proton-
coupled electron transfer (ETPT) mechanism where the
proton transfer from bridging hydroxo to the O2 species
and electron transfer from extra electron of another iron
to p*-orbital of the O2 moiety through Fe–O–Fe mixed
p/r superexchange pathway proceed simultaneously, and
(iii) finally the second electron transfer is induced by
decrease of the Fe–O2H bond length. Here, based on our
experimental results, we can propose the roles of bridging
l-OH ligand and a water molecule near its l-OH group
in deoxyHr: That is, the water molecule that links to bridg-
ing l-OH by hydrogen-bond assists and promotes the pro-
ton transfer from l-OH to peroxide. The smooth proton
transfer mediated by a water molecule will assist Hr func-
tion, which might compensate the lower redox potentials
of iron that is unfavorable for the reversible oxygenation.

Comparing with the crystal structures between deoxyHr
and oxyHr [10], the water molecule detected near the active
site of deoxyHr was not found out in that of oxyHr. It is
sure that the small space of water in deoxyHr has been
replaced by dioxygen.

5. Concluding remarks

In order to understand the mechanism of reversible oxy-
genation in Hr and to construct the Hr model complex with
a low molecular weight, we have prepared some diiron
complexes of sterically bulky hydrophobic polypyridine
ligands with a hydroxyl group, 1–4, and that with bridging
l-alkoxide oxygen, 5, and that without such a hydroxyl
group, 6. They have been studied on the reactivity with
dioxygen, and also examined on the effect of water. Then,
the complexes 1–4 exhibited reversible oxygenation in ace-
tone solution containing water, in which the rate constants
of oxygenation depended on the concentration of water.
However, they did not show any reactivity with dioxygen
in absolute acetone. The complex 5, which does not have
a mobile hydroxyl proton, did not show reversibility,
although it binds with dioxygen, and complex 6, which
does not have a hydroxyl group, did not exhibit even reac-
tivity with dioxygen. These findings indicate that the
reversible oxygenation in Hr is required to have the mobile
proton and water molecule as its mediator rather than
higher redox potentials of diiron ions and hydrophobic
environment around the active site. Based on our experi-
ments using the diiron complexes of HTPPDO, we suc-
ceeded in explaining the unique features in oxygenation
function of Hr.
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